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ABSTRACT Recent developments on high-performance double-hooked-end steel fibers have enhanced the wide
applications of steel fiber reinforced concrete (SFRC). This study presents the compressive properties and the cyclic
flexural performance of the SFRC that were experimentally examined. Three different double-hooked-end steel fibers at
0.25%, 0.5%, 0.75%, and 1% volume fractions were considered. All fiber types had similar length to diameter ratios,
while the first two fiber types had similar anchorage mechanisms (4D) and tensile strength and the third type had
different anchorage mechanism (5D) and a higher tensile strength. The increased volumetric ratio of the fibers increased
the post-peak compressive strain (ductility), the tensile strength, and the cyclic flexural strength and cumulative energy
dissipation characteristics of the SFRC. Among the 4D fibers, the mixtures with the larger steel fibers showed higher
flexural strength and more energy dissipation compared to the SFRCs with smaller size fibers. For 1% steel fiber dosage,
4D and 5D specimens showed similar cyclic flexural responses. Finally, a 3D finite element model that can predict the
monotonic and cyclic flexural responses of the double-hooked-end SFRC was developed. The calibration process

considered the results obtained from the inverse analysis to determine the tensile behavior of the SFRC.
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1 Introduction

Applications of steel fiber reinforced concrete (SFRC)
have been growing due to its numerous advantages over
conventional reinforced concrete. SFRC enables faster
and lower-cost labour construction since the fabrication
and the placement of reinforcing bars is eliminated.
SFRC also enables elegant structural designs with thinner
and complex structural member shapes [1]. The addition
of steel fibers improves the post-cracking load carrying
capacity, the tensile strength, the flexural toughness, the
energy absorption capacity, and the durability [2-5].
Introduction of newly engineered steel fibers (with more
effective anchorage and higher strength) to the market
enabled fabrication of SFRC with superior performance.
However, more information is required on the effect of
anchorage and volume fraction of double-hooked-end
fibers on the compressive, cyclic flexural property and
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finite element modeling of SFRC fabricated with these
new types of fibers.

2 Scope and significance

To address the lack of experimental data, this paper
reported results on the flexural behaviour of double-
hooked-end SFRC under cyclic loading. The effects of
volumetric ratio of three different types of double-
hooked-end fibers with similar aspect ratios on the
compressive stress-strain relationship, tensile strength and
cyclic flexural resistance are investigated. The novelty of
the present work lies on the high level of mechanical
anchorage and tensile strength of the double-hooked-end
steel fibers. The additional anchorage increases the
pullout resistance and higher energy will be dissipated by
the plastic deformation (straightening) of the end-hooks.
The findings of this study provide a better understanding
of the energy dissipation characteristics under repeated
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loading that are necessary for widespread application of
the double-hooked-end fibers that have been recently
added to the market. In this study, surface crack
propagation and transverse strain of prisms under cyclic
loading are examined using digital image correlation
(DIC). DIC is an optical non-contact technique that uses
successive real-time digital images with random patterns
(speckles). The field displacement is measured by
comparing a small subset on an image taken prior to
deformation to a corresponding subset on an image taken
after deformation [6]. DIC avoids rigid body motion,
enables a high-resolution measurement of surface
deformation, and doesn’t require to pause running tests
for marking cracks (which is useful in cyclic tests). DIC
method has been successfully used in various experimen-
tal research including flexural cracking investigation in
concrete prisms [7], mechanical performance of
strengthened reinforced concrete beams in monotonic and
cyclic loading under four-point bending [8,9] and full-
scale testing of prestressed concrete structures [10]. This
technique was also successfully implemented to study
cracking behaviour of SFRC during splitting tensile [11]
and flexural tests [12].

3 Literature review

Structural performance of SFRC under monotonic and
cyclic loading depends on the geometry, distribution, and
volume fraction of the fibers, and the bond strength
between the matrix and fibers [13]. The fiber volumetric
ratio is a key parameter to determine the compressive,
tensile, and post-cracking flexural properties of SFRC.
Although the increase in the volume content of fibers
decreases the workability of SFRC, the addition of higher
dosage of fibers significantly enhances the splitting
tensile, flexural and compressive strengths of the mixture
[14]. Yoo et al. [15] used single-hooked-end fibers with
fiber content of 1.0% and 2.0% by volume of mixture that
increased the ultimate flexural resistance by 13% and
63%, respectively when compared to concrete without
fibers. Similarly, the deflection corresponding to the
ultimate flexural load increased with the increase of fiber
content leading to a more ductile failure. The 28 d
compressive strength and the modulus of elasticity of
regular concrete are slightly affected by the addition of
fibers. The maximum increase in compressive strength
and the modulus of elasticity due to the addition of fibers
up to 1.5% by volumetric ratio of concrete is found to be
less than 10% [16]. However, the axial strain-softening
behaviour in compression and the toughness are highly
improved by introducing more steel fibers to the mixture
[17].

Aspect ratio (L¢/ Dy, where L; denotes the fiber’s length
and D; is the fiber’s diameter) is one of the most
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important properties of the fibers, since it can influence
the fiber distribution and the workability of the mix. The
common aspect ratios of steel fibers available in the
market vary between 50 to 100 [14,18]. Both the flexural
and split tensile strengths of the SFRC increase with an
increase in the aspect ratio. This increase in the
mechanical properties attributed to the improvement of
heterogeneous distribution and flocculation of fibers with
the increase in aspect ratio [14]. Moreover, Han et al. [19]
concluded that the ratio of steel fiber length and
maximum aggregate size significantly affected splitting
tensile, flexural performance and fracture characteristics
of SFRC.

The interfacial bond and anchorage between the fibers
and the matrix plays a significant role in the capacity of
the fibers to transfer the applied stresses in cracked
concrete. Weaker bond strength between matrix and
concrete leads to the pullout of the fibers and limits their
reinforcing contribution, while too high bond results to
fibers’ fracture before being able to contribute to the post-
cracking strength [20]. Mechanical anchorage is one of
the main methods used to improve the pullout resistance
of steel fibers from the cementitious matrix. Among the
different types of steel fibers, end hook fibers are
commonly used due to their advantage to gradually
straighten prior to significant slippage [21]. New double-
hooked-end steel fibers have been recently released to the
market. These fibers were engineered to provide high
mechanical anchorage and tensile strength for better
structural performance. Abdallah and Fan [20] studied the
anchorage mechanism of single and double-hooked-end
fibers by conducting pullout tests. The double-hooked-
end fibers showed 50% and 25% higher maximum
pullout load and total pullout work, respectively, than the
corresponding single-hooked-end fibers. As a result, these
recently developed double-hooked-end fibers are recom-
mended to improve the mechanical properties for regular
and high strength concrete. Previous research has proved
that double-hooked-end fibers exhibited enhanced
structural performance over single-hooked-end fibers.
Results from uniaxial tensile tests on self-compacting
concrete with various end-hook steel fibers showed that
double-hooked-end fibers demonstrated significantly
higher peak and post peak response than single-hooked-
end fibers [22]. Chanthabouala et al. [5] experimentally
examined the punching shear strength of double-hooked-
end SFRC slabs and compared the results with single-
hooked-end fiber reinforced concrete. The results showed
that at 1.2% volume fraction double-hooked-end fibers
can increase the punching shear resistance by 110% to
156% which is significantly higher than the 35% to 65%
increase by conventional single-hooked-end fibers.
Compressive and cyclic flexural properties of concrete
mixtures with double-hooked-end fibers need to be
investigated for a wider application of these fibers.



1106

Performance of concrete structures under seismic
loading highly depends on the ductility and cumulative
energy dissipation characteristics of the structural
members [23]. The steel fibers in SFRC improve the
ductility and help the structure dissipate the energy
induced by earthquake [24]. Although the flexural
performance of SFRC under monotonic loading has been
studied by various researchers, very limited data exist
under cyclic loading [25]. Chalioris et al. [26] reported
that steel fibers at 1% to 3% volume fraction dosage
significantly improved cyclic flexural response of slender
concrete beams with longitudinal bars by enhancing
absorbed energy, ductility, crack limiting capability, and
damage prevention. Naghibdehi et al. [27] investigated
the effects of steel and Polypropylene (PP) fiber
reinforced prisms under reverse cyclic loading. Their
results showed that increasing hooked-end steel fiber
volume fraction from 0.5% to 1.5% doubled energy
dissipation capacity after 44 reverse cyclic load steps.
However, they reported that SFRC with 2% steel fibers
showed slightly lower energy dissipation than SFRC with
1.5% steel fiber. Recent developments on high-
performance steel fibers also require the evaluation of the
flexural strength under cyclic loading. Understanding the
cyclic flexural performance of SFRC is crucial to
estimating the energy-absorption, damage evolution,
crack propagation and deflection caused by repeated
loads [24,28]. Thus, cyclic flexural tests provide us with
some material parameters for the design of structural
members under service and seismic loads.

To supplement the experimental findings with the
objective to further examine the behaviour of SFRC,
nonlinear finite element analysis (FEA) can be considered
as an advantageous tool. Although there are various
constitutive models for plain concrete available in
different FEA software, there are limited models for
SFRC and a consensus on finite element modeling
parameters is not reached for SFRC. Among the limited
work, recent studies attempted discreetly representing
steel fibers and defining the interface with concrete
[29,30]. Bitencourt Jr et al. [31] modeled SFRC as a
composite made of concrete, discrete discontinuous fibers
and fiber-matrix interface. The steel fibers were modeled
as two-node finite elements with elastoplastic constitutive
behaviour and the quasi-brittle behaviour of the concrete
and fiber-matrix interface were simulated with continuum
damage models. Alternatively, plasticity-based constitu-
tive models that consider FRC as a homogeneous material
were developed [32-34]. Huo et al. [32] proposed a
model that combines plasticity-based smeared crack for
concrete and ideal elastic-plastic model for steel. The
proposed constitutive model accounts for the inclination
and distribution of fibers. Although the aforementioned
models appear to closely predict the SFRC mechanical
properties under the loading conditions they were
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evaluated, user defined material subroutine code is
required to use them in commercially available software.
This could create convergence and compatibility
problems that limit the application of the methods [35]. In
this research, an existing model for normal concrete, the
concrete damage plasticity model, which is available in
ABAQUS software is used to simulate the flexural
response of fiber reinforced concrete prisms. The
compressive stress-strain relationship of the FRC is
adopted from the experiments on the cylindrical
specimens. The tensile constitutive law is determined
from the simplified inverse analysis of four-point flexural
prism tests for tension hardening FRC according to CSA
S6:19 [36]. The FEM presented in this paper can
reproduce both the flexural load deflection responses and
crack patterns of the double-hooked-end SFRC, providing
an excellent tool for future parametric studies.

4 Experimental program

An experimental investigation was conducted on prisms
and cylindrical specimens of plain concrete and SFRC.
Thirteen different batches of concrete: one control mix
without steel fibers and twelve SFRC mixes with
different fiber types and volumetric ratios were prepared.
The concrete mix design was prepared based on
Kosmatka et al. [37] and the mixture composition is
presented in Table 1. General use Portland-Limestone
(GUL) type cement that met the standards of the
Canadian Standards Association (CSA) A3001 and
ASTM C595 with water to cement ratio equal to 0.5 was
used. Natural coarse aggregates with a maximum size of
9.5 mm and natural sand fine aggregate were used.
Superplasticizer (SP) was added for workability. Three
different double-hooked-end steel fibers (named as 4D
and 5D according to the manufacturer) with similar
aspect ratios (65) were examined. The geometry and the
tensile strength of the fibers used in this research are
shown in Table 2. The first two types of fibers (named as
type A and type B) had similar double-hook anchorage
shape and tensile strength (1850 MPa) but different
length and diameter while the third fiber (named as Type
C) had similar length and diameter with fiber type B but
different end-hook geometry and tensile strength. All
fibers were bundled with a water-soluble glue that can be
easily dispersed prior to mixing. Fiber volume fractions
(V) of 0% (control specimen), 0.25%, 0.5%, 0.75%, and
1.0% by volume of concrete were investigated for the
three types of fibers. The equivalent fiber dosages were 0,
19.5, 39.0, 58.5, and 78.0 kg/m3 of concrete, respectively.
The mixing procedure started by mixing the water with
the SP, then, the sand and the coarse aggregates were
placed into the mixer with half of the water content. The
cement and the remaining water then were added and
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Table 1 Concrete mixture proportion and slump test results
mixture steel fiber batch weight (kg/m®) SP* (mL) slump (mm)
type Vi (%) cement water gravel sand fiber
CS - - 456 228 768 891.3 - - 120
FRCAO0.25 A 0.25 456 228 766 886.7 19.5 20 120
FRCAO0.5 0.50 456 228 764 882.1 39.0 23 130
FRCAO0.75 0.75 456 228 762 877.5 58.5 25 130
FRCAL1 1.00 456 228 760 873.0 78.0 28 125
FRCBO0.25 B 0.25 456 228 766 886.7 19.5 20 135
FRCBO.5 0.50 456 228 764 882.1 39.0 23 130
FRCBO0.75 0.75 456 228 762 877.5 58.5 25 135
FRCB1 1.00 456 228 760 873.0 78.0 28 125
FRCCO0.25 C 0.25 456 228 766 886.7 19.5 20 135
FRCCO0.5 0.50 456 228 764 882.1 39.0 23 135
FRCCO0.75 0.75 456 228 762 877.5 58.5 25 130
FRCCI1 1.00 456 228 760 873.0 78.0 28 135
*Note: SP denotes the Superplasticizer.
Table 2 Types of steel fibers used
fiber type end hook length, Ly (mm) diameter, Dy (mm) LDy tensile strength (MPa)
0 10 20 30 40 50 60 70 double-4D
- 36 0.55 65 1850
A ‘H\‘HH‘HH‘\[ \‘\H‘| ;—ii‘“ ‘H \‘I \‘H 1|\rer =“\
0 10 20 30 40 5 60 70 double-4D
) bbb u||rw"n —— 60 0.90 65 1850
0 10 20 30 40 50 80 70 double-5D
A ||||u’||||’|m‘ 60 0-90 65 2300
c /——W‘J ~

mixed until the mix was homogeneous. Finally, the steel
fibers were gradually sprinkled by hand and mixed to get
the final mixture. For each mixture group, three prisms
with dimensions of 76 mm x 76 mm X% 292 mm for cyclic
flexural tests and nine 100 mm % 200 mm cylindrical
specimens for compressive and splitting tensile strength
were cast. The specimens were removed from the mould
after 24 h and cured in water for more than 27 d at a
temperature of (23 + 5) °C. After 28 d age the specimens
were cured in shade until the test day. To study the
mechanical properties at 28 d of age, the compressive and
tensile strength tests were performed at 28 d. The contribu-
tion of the fibers was reported to be significant at later
age, thus the prisms were tested at 90 d age. In addition,
the compressive strength at 90 d age was also tested.

The compressive and tensile strength tests were carried
out on cylindrical specimens with 100 mm x 200 mm
dimensions, using a hydraulically operated FORNEY
machine with 2000 kN load capacity. As it was
mentioned above, the compressive strength tests were
conducted at 28 and 90 d age. A compressive stress rate

of 0.25 MPa/s was used according to ASTM C39/C39M-
20 [38]. The axial deformation was recorded using two
linear potentiometers (LP) attached on opposite sides of
the compressive cylinder over a gauge length of 127 mm.
The modulus of elasticity was determined from the stress-
strain relationship according to ASTM C469/C469M-14
[39], that considers 0% to 40% of compressive strength.
The tensile strength of the specimens was measured using
splitting tensile tests according to ASTM C496/C496M-
17 [40] standard at the 28th day age.

4.1 Cyclic flexural test setup and loading protocol

The SFRC prisms were tested under four-point bending
according to ASTM C1609 [41]; the test setup is shown
in Fig. 1. A 250 kN testing machine (INSTRON 8802)
was used for all flexural tests. The prisms were supported
by two roller bearings one free to move and the other
fixed. The net mid-span deflection of the specimens was
measured relative to the centre of the specimen using LP
placed on one side. To avoid the effects of seating or
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Fig. 1 Cyclic flexural test setup.

twisting of prisms at the supports, an aluminium frame
connected to the prism at the mid-depth directly above
the supports and pinned to the bar holding the LP was
used (Fig. 1, detail 1). DIC technique was also used to
measure the formation and the propagation of all
developed cracks. Random speckle patterns were applied
on one face (the face opposite to the location of LP) and a
digital DSLR camera was used to take successive images
of the surface. DSLR Remote Pro software (Breeze
Systems, Camberley, UK) was employed to precisely
monitor the quality, storage and duration between the
successive images.

Displacement control loading with a rate of 0.6
mm/min for both loading and unloading was conducted.
The cyclic loading protocol is shown in Fig. 2. The
loading protocol has 9 displacement cycles starting at
0.25 mm and with an incremental increase of 0.5 mm.
The cycles were chosen to enable the measurement of
flexural properties under quasi-static repeated loading.
The maximum displacement according to the loading
protocol was equal to 4.25 mm. After completing all 9
cycles, the loading continued to be applied until the net
deflection hit 6 mm, to determine the residual strength.

5 Results and disscusion

5.1 Mechanical properties

5.1.1 Compressive and tensile strengths

The compressive and tensile strength test results are
summarized in Table 3, where SD represents the standard
deviation between specimens of similar mixture
composition. Three cylindrical specimens at 28 d age and
three specimens at 90 d age were tested under compre-
ssion for each mixture. Similarly, three cylindrical
specimens under splitting tensile were tested to determine
the 28 d tensile strength. The smaller values of standard
deviation and consistency of stress-strain responses show
that the mixtures were cohesive. The majority of the
mixtures containing steel fiber type A and B showed

6

L/3|L/3|.L/3

displacement (mm)
w

0 1 2 3 4 5 6 7 8 9
cycle

Fig. 2 Loading protocol.

slightly lower compressive strength (f;) at the 28th day
than the corresponding control specimen without fibers.
Mixtures with steel fibers type A and B at volume
fraction up to 0.75% showed a reduction in the
compressive strength less than 8.5%. While steel fiber
type A with 1% volume fraction resulted to the maximum
reduction, about 16%. Similar reduction in the
compressive strength was also reported by other studies
[13,25] on SFRC with single-hooked-end fibers. This
reduction of compressive strength attributed to the
orientation of fibers in cylindrical specimens, local stress
concentration around the fiber, insufficient compaction
and introduction of voids [42]. Up to 10% increase in the
28 d compressive strength was recorded in the specimens
with 1% steel fiber type B and in all mixtures with steel
fiber type C. At the 90 d of age, all SFRC mixtures
showed higher compressive strength than the control
specimen without fibers. The average increase at the 90 d
age compressive strength due to the addition of 1%
volume fraction of steel fiber types A, B, and C was
found to be about 19%, 13%, and 24%, respectively. This
increase in compressive strength was attributed to the
improvement of anchorage between the matrix and fibers
as the matrix strength increases during the hydration
process.

Unlike the compressive strength, the addition of fibers
in concrete significantly increased the tensile strength (f)
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mixture 28th d compression 90th d compression 28th d splitting tension
£ (MPa) SD (MPa) fe (MPa) SD (MPa) fi (MPa) SD (MPa)

CS 38.9 0.4 39.5 0.5 43 0.4
FRCAO0.25 36.6 4.1 452 33 4.9 0.6
FRCAO0.5 37.7 1.7 46.1 1.8 5.9 0.1
FRCAO0.75 36.0 2.6 47.5 34 6.3 0.0
FRCAL1 32.7 34 471 34 6.7 0.1
FRCBO0.25 36.4 3.2 50.9 1.4 5.4 0.2
FRCBO0.5 35.6 3.7 47.7 2.0 5.5 0.1
FRCBO0.75 36.9 6.0 472 0.9 5.8 0.4
FRCBI 43.0 1.7 445 3.1 8.1 0.5
FRCCO0.25 43.0 3.1 435 1.4 5.1 0.4
FRCCO0.5 43.1 1.3 45.7 3.5 5.8 0.1
FRCCO0.75 434 1.1 46.8 4.4 6.4 0.5
FRCCl1 43.2 5.5 48.9 1.4 7.8 0.2

of the mixtures. As presented in Table 3, increasing the
fiber content from 0.5% to 1.0% by volume of concrete,
resulted in 37% to 56% increase in the tensile strength for
steel fiber type A and 28% to 88% increase in the tensile
strength for steel fiber type B. Similarly, by adding 0.5%
and 1% (by volume of concrete) steel fiber type C the
tensile strength increased by 35% and 81%, respectively.
Previous research reported that the increase in splitting
tensile strength from adding similar aspect ratio (L;/D;=
65) single-hooked-end fibers (V; = 1%) on normal
strength concrete is between 20% and 40% [11,14,16].
This shows that the increase in tensile strength from the
addition of double-hooked-end steel fibers (used in this
research) is significantly higher than that obtained with
the corresponding dosage of single-hooked-end fibers.
The splitting tensile strength among the three different
fibers showed small variation for volume fractions less
than 1%. However, at fiber dosage of 1% by volume fiber
types B and C (longer and thicker fibers) showed
significantly higher splitting tensile strength than that
obtained with fiber type A (shorter and thinner fibers).

5.1.2  Stress-strain behaviour in compression

When steel fibers are added in concrete, both the strain
corresponding to the peak compressive stress (&) and the
strain at ultimate stress (&) are increased. Typical
compression stress—strain curves at 28 d age are presen-
ted in Fig. 3. In the majority of the SFRC specimens, the
average strain at peak stress (&) increased with an
increase in fiber dosage. After the peak stress, SFRC
showed a more extended softening branch than plain
concrete. In all the three fiber types, the mixture with 1%
fiber volume showed a pronounced post-peak stress
softening, maintaining about 60% of the compressive

strength at a strain value of 0.001. For most of the
mixtures, the modulus of elasticity slightly increased with
the increase in percentage fraction of steel fibers.

SFRC specimens with a higher dosage of steel fibers
showed a more ductile failure. For the purpose of this
study compressive failure is defined as the last point in
the test and for FRC specimens, the last point corresponds
to a stress value equal to around 50% of the ultimate
stress. Figure 4 shows the compressive failure patterns of
the specimens together with the corresponding values of
failure strain (g,) and failure stress (f,;). At failure,
single major diagonal (shear) cracks were observed in the
lesser fiber dosage specimens. Whereas multiple cracks
(in the direction of the compressive stress) were observed
on cylindrical specimens with a higher volume of fibers.
This was mainly due to the contribution of the fibers to
produce more ductile failure by resisting growth and
propagation of cracks and providing confinement.

5.1.3 Comparison between experimental results and
analytical models

Several methods have been proposed to predict the stress-
strain relationship of SFRC in compression. Comparison
of the present experimental results and proposed models
from selected previously published models for 28 d age
SFRC in compression and tension are shown in Fig. 5.
The models were derived from regression analysis of
extensive experimental results by their respective authors
[16,43-45]. The first three models [16,44,45] predict
mechanical properties of SFRC based on compressive
strength of plain concrete and reinforcing index (RI) of
the fibers, while the last model [43] considers the
experimental compressive strength results of SFRC rather
than plain concrete. Details of equations of these models
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Fig. 3 Typical stress-strain response of SFRC cylinders under compression at 28 d age: (a) fiber type A; (b) fiber type B; (c) fiber type C.
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Fig. 4 Failure patterns of the specimens after compression test (the fs values are in MPa units).
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Fig. 5 Average 28 d age experimental results and comparison with previous research model predictions for: (a) compressive strength;
(b) modulus of elasticity; (c) compressive strain at maximum stress; (d) compressive strain at end of test; (e) splitting tensile strength.

are presented in the Appendix. The models seem to
overestimate most of the compressive strengths of FRCA
and FRCB while they seem to underestimate the
compressive strengths of the FRCC specimens, Fig. 5(a).
The models from Thomas and Ramaswamy [16] and Ou
et al. [45] showed relatively closer predictions of strain at
peak compressive stress of SFRC specimens, Fig. 5(c).
Model from Ou et al. [45] predicted the modulus of
elasticity better than the other models. Nataraja et al. [44]
seem to overestimate most of the strain at the end of
compression test (g,¢) values, Fig. 5(d). Predictions from

Lee et al. [43] represent the better compressive strain at
the end of the compression test (g,) than the other
models, Fig. 5(d). As shown in Fig. 5(e), splitting tensile
strength prediction from Thomas and Ramaswamy [16]
underestimated the experimental results of all the FRC
mixtures by a significant margin. Summary for the
average standard deviation between the experiment and
model predictions is presented in Table 4. In Table 4, f,
&, [l and &, denote the plain concrete peak
compressive stress, plain concrete strain at peak
compressive stress, SFRC peak compressive stress and
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Table 4 Summary of the average standard deviation between model prediction and experimental results

model average standard deviation between model and experiment

7. (MPa) £eor (107) £ur (107) Ees (GPa) . (MPa)
Thomas and Ramaswamy [16] 2.51 0.16 - 7.01 0.73
Nataraja et al. [44] 2.67 0.18 7.74 6.22 -
Ou et al. [45] 2.50 0.35 1.09 1.49 -
Lee et al. [43] - 0.25 0.95 3.70 -

SFRC strain at peak compressive stress, respectively. A
more comprehensive model in future research is needed
for wider application of double-hooked-end SFRC.

5.2 Flexural response under cyclic loading

Typical hysteresis responses of the tested specimens
under cyclic loading are shown in Fig. 6. The fibers start
being effective after the first crack formation and enable
SFRC to be ductile; while the plain control specimen
suddenly fails at a very small deflection (0.05 mm) as
shown in Fig. 6(g). At the initial cycles, the SFRC prisms
were in the elastic range and the area under the hysteresis
was small. On subsequent cycles, the specimens entered
to the elastic-plastic region and the area under the
hysteresis curves was increased with the formation of
multiple cracks. Following that, the material damage
progressed while the peak load corresponding to each
cycle gradually started to decline and the residual
deformation started to accumulate. The slope of loading
and unloading path decreased with the increased number
of cycles; this stiffness degradation was attributed to
material damage [25]. For all the three fiber types,
addition of more fibers significantly increased the
maximum load in each cycle as shown in Fig. 6. The
residual displacement is defined as the displacement
corresponding to the zero load after unloading. As the
number of cycles increased, the residual displacement and
residual strain rose. The cyclic hysteretic responses show
that, after the first crack formation, the increase in
residual displacement was approximately equal to the
increase in displacement.

The ultimate flexural strength (f,, MPa) can be
determined using Eq. (1). In Eq. (1), P, denotes the peak
load (in N) and L, b, and d denote clear span, width, and
depth of the prism in mm, respectively.

_PL
Cobd?

Ju O]

For all three types of fibers, the ultimate flexural
strength of SFRC increased with an increase in the fiber
volumetric ratio. Plots for the average ultimate flexural
strength versus the fiber dosage are shown in Fig. 7. The
addition of 0.25% fiber dosage (for all fiber types) doesn’t

significantly alter the ultimate flexural strength when
compared to the mixture without fibers. At the fiber
volumetric ratio of 0.5%, all three fibers showed a similar
response; only fiber type C showed slightly a higher
ultimate flexural strength compared to the other mixtures.
The improvement in ultimate flexural strength compared
to the control specimen was 13%, 10%, and 18% for
FRCAO.5, FRCBO0.5, and FRCCO0.5 mixtures, respective-
ly. At 0.75% fiber dosage, the contribution of steel fiber
C is significantly higher than that of fiber A and C. The
increase in ultimate flexural strength for 0.75% steel fiber
A, B, and C was 20%, 33%, and 48%, respectively. At
1% fiber dosage, fiber type B and C showed similar
responses, around 94% increase in flexural strength.
These strength increases are considerably higher than the
35% to 40% increase in flexural strength from 1% by
volume of similar length and aspect ratio single-hooked-
end fibers reported in previous research [14]. The results
align with remarkable splitting tensile strength improve-
ment from double-hooked-end steel fibers. On the other
hand, 1% volume fraction fiber type A showed a 41%
increase in flexural strength compared to the control plain
concrete specimen. Single-hooked-end fibers with length
and aspect ratios similar to fiber type A showed 13% to
30% increase in flexural strength at 1% dosage [15,16]
which was lower than was observed for specimens with
double-hooked-end fibers. It is worth mentioning that the
results could have been influenced by specimen size
variations. Among the 4D steel fibers, steel fiber type B
(longer and thicker fiber) showed superior ultimate
flexural strength than steel fiber type A (shorter and
thinner fiber) at 1.0% fiber dosage. This effect might be
attributed to the better distribution of the fiber and higher
stiffness of anchorage of individual fibers due to the
larger diameter. The advantage of steel fiber type C
(greater anchorage and higher tensile strength) on
ultimate flexural strength is reflected only at fiber
contents of 0.5% and 0.75% (where the flexural strength
results of FRCC are higher than FRCB). However, at 1%
volume fraction, fiber types B and C showed similar
effects. The increased anchorage advantage of fiber type
C was not fully obtained at 1% fiber dosage because the
concrete matrix fails before the fibers become fully
effective. Therefore, to fully take advantage of fiber type
C (at fiber dosage higher than 1%), the concrete strength
needs to be increased.
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Fig. 6 Cyclic flexural load deflection plots for: (a) FRCA 0.25 and 0.5; (b) FRCA 0.75 and 1; (c) FRCB 0.25 and 0.5; (d) FRCB 0.75 and
1; () FRCC 0.25 and 0.5; (f) FRCC 0.75 and 1; (g) control specimen.
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5.2.1 Fiber distribution

The performance of SFRC is controlled by the number of
effective fibers oriented in the direction of the principal
stress. The dissipated energy increases as more fibers
cross the fractures. The fiber distribution in the flexural
members was evaluated using an orientation factor, «,
that was formulated by Krenchel [46] and further
developed by Refs. [47,48]. The orientation factor was
calculated by dividing the number of fibers in a specimen
cross-section (N) to a theoretical number of fibers (V).
N, is based on the assumption that all the fibers are
arranged perpendicular to the cross section. After the
flexural test the prisms were broken into two halves at the
fracture line, the number of fibers (N) was calculated by
manually counting the fibers on the two sides, shown in
Fig. 8(a). The orientation factor is calculated using
Eq. (2). In Eq. (2), V; is fiber volume fraction, A; is cross-
sectional area of a single fiber and A, is cross-sectional
area of the prism.

N A¢
VA,

2

ultimate flexural strength (MPa)

4 4 J
24 -= FRCA -+ FRCB -=-FRCC 1
0 ’ ’ . :

0.00 0.25 0.50 0.75 1.00

volume fraction of fiber (%)

Fig. 7 Ultimate flexural strength versus fiber volume fraction
of the three different types of fibers.

(2)

Fig. 8 (a) Fiber distribution in a fractured cross-section; (b) orientation factor for the three fiber types.
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The fiber orientation factor results for all mixtures are
presented on Fig. 8(b). All the mixtures showed a good
orientation with fiber type A with a smaller avalue than
for types B and C. The range of @ was 0.40 to 0.48 for
fiber type A, 0.50 to 0.63 for fiber type B, and 0.53 to
0.61 for fiber type C. Dupont and Vandewalle [48]
conducted a series of experiments to study distribution of
fibers in a rectangular section for various dosage and
dimension of hooked-end fibers using 150 mm x 150 mm
cross-section beams. Evaluating their experimental results
with Eq. (2), the average range of @ for 35 and 40 mm
long fibers at various proportions (0.45% to 0.75%
volume fraction) provided 0.37 to 0.41. The average «
value for 60 mm long fibers at different dosages varied
from 0.4 to 0.83. Thus, although the current work used
smaller size prisms, the orientation factor results were
within the range observed for larger specimens from
previous research [25,48]. Future research should
consider larger size specimens.

5.2.2 Energy dissipation

The area under the hysteretic load-deflection curves
represents the energy dissipated during the loading and
unloading cycle [25]. Energy dissipation capacity is
essential for structural performance under cyclic loads
(e.g, earthquakes). Structures can survive seismic loads
only if they can dissipate the energy exerted by the
earthquake [28]. The cumulative energy dissipation
versus displacement curves of all specimens, are plotted
in Fig.9. The cumulative energy dissipated by the
specimens is calculated by summing up the area under the
load-deflection curve before reaching the specified dis-
placement. For all three steel fiber types, the cumulative
dissipated energy considerably increased with the
increase in fiber content. After reaching the peak stress,
the energy dissipation is attained by the slip and
straightening of the hooks in the fibers, and as the
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deflections increase, the fibers become more active and
more energy is dissipated, as shown in Fig. 9.

Comparison of the amount of energy dissipation among
the three different types of fibers is presented in Fig. 10.
In all four percentages (0.25%, 0.5%, 0.75%, 1.00%) of
fiber mixtures, fiber type A (shorter and smaller diame-
ter) showed lower energy dissipation than fiber type B
(longer and thicker), even though the two fibers have
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similar aspect ratios. The total energy dissipation at 4.0
mm mid-span deflection for FRCBI1 is 39% higher than
FRCAL. This higher energy dissipation characteristic of
fiber type B compared to fiber type A might be due to its
better distribution and higher mechanical anchorage from
its longer end hook and higher stiffness due to larger
diameter. Steel fiber type C has slightly higher energy
dissipation than type B.
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Fig. 9 Cumulative energy dissipation of specimens, the effect of fiber volume fraction for: (a) FRCA; (b) FRCB; (c) FRCC.
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Cumulative energy dissipation of specimens, the effect of fiber type for volume fractions: (a) 0.25% and 0.5%; (b) 0.75% and 1%.



1116

5.2.3 Damage evolution

The addition of steel fibers in concrete enhances the
damage tolerance of structures. The strengthening of the
fibers during higher tensile stress leads to either the
matrix damage in the fiber-matrix interface or the fiber
damage [49]. Understanding the damage evolution plays
a significant role to accurately predict the structural
performance of SFRC [50]. The damage evolution for
cyclic flexural behaviour of SFRC can be evaluated using
stiffness degradation over subsequent cycles. The
stiffness degradation was expressed in terms cyclic
modulus (E,,.) and the degree of reversibility (R) [25]. As
shown in Fig. 11, the cyclic modulus is defined as the
slope of a line connecting the start of unloading to
beginning of reloading of the load deflection curve. The
initial modulus (E,) is the slope of the tangent line at
beginning of the load deflection curve. The degree of
reversibility is calculated as the ratio of the difference
between maximum deflection and residual deflection to
the maximum deflection, R = (Omux — Oresidual) / Omax-

5.2.3.1 Cyclic modulus

The cyclic modulus (Ecyc) decreases as the number of

Front. Struct. Civ. Eng. 2022, 16(9): 1104-1126

cycles and displacement decreases for all the fiber
reinforced concrete studied, shown in Fig. 12. For most of
the mixtures with similar fiber type early cycle modulus
of elasticity is grater for higher percentage of fibers. For
fiber type A, the 1% by volume of steel fiber has about
twice initial stiffness than the 0.25% fiber dosage, shown
in Fig. 12(a). While for steel fiber type B and C, mixture
with the 1% steel fiber has about three times higher initial
stiffness than the 0.25% fiber content, Figs. 12(b) and
12(c). And the difference in stiffness between various
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Fig. 11 Cyclic damage parameters.
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Fig. 12 Cyclic modulus of elasticity for: (a) FRCA; (b) FRCB; (c) FRCC at different fiber percentage; (d) the three fiber types at 1% fiber

content.
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fiber dosages decreases as the number of cycles grows as
the contribution of the fibers lowers by pulling of the
fibers by the widening of cracks. Mixture with 1% of the
30 mm long fiber (FRCAL1) has 35% less initial stiffness
than the similar dosage 60 mm long fibers (FRCB1 &
FRCCI1) and the difference in decreases after a deflection
of 0.25 mm, shown in Fig. 12(d).

5.2.3.2 Degree of reversibility

Figure 13 presents plots of degree of reversibility versus
deflection across cycles. As expected, the degree of
reversibility decreases with the increase in number of
cycles caused by the material progressive damage. For all
the fiber types, the degree of reversibility is higher for 1%
fiber content. During the initial cycles, the reversibility is
higher due to the elastic deformation of the fibers during
loading and the recovery while unloading. On the subse-
quent cycles, the reversibility decreases as the anchors
straighten and/or break leading to irreversible deforma-
tion. The grater fiber dosage in the mixture produced a
higher reversibility due. It was also observed that higher
anchorage and larger fiber size increased the degree of
reversibility. At 1% fiber dosage, fiber type C (higher
anchorage and 60 mm long) showed greater reversibility
than fiber types B and C as shown in Fig. 13(d).
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5.2.4 Crack evolution from digital image correlation

DIC technique can be considered as a useful method to
evaluate crack propagation. Figure 14 shows the
deflection measurements of one of the specimens relative
to the center of the specimen using DIC and LP during
initial cycles. DIC and LP measurements are in good
agreement (Fig. 14); which shows the DIC method used
in this study is valid to measure the displacements.

Figure 15 shows the longitudinal strain contours for the
SFRC prisms after unloading at the 3rd, 6th and 9th
cycles. The contours show that for all the three fiber types
as the percentage of steel fiber in the mixture increases
the cracks change from single major to multiple smaller
size cracks. The formation of these multiple cracks is
responsible for the higher energy dissipation in prisms
with more percentage of steel fiber. After unloading at the
third cycle, the longitudinal strains for steel fiber type B
and C are lower than the strains in mixtures with steel
fiber type A. In addition, FRCB and FRCC mixtures with
more than 0.5% steel fiber show multiple smaller cracks,
while FRCA with more than 0.5% steel fiber show fewer
major cracks. This shows that the fiber types B and C
perform better in delaying crack propagation and re-
centering compared to the fiber type A.

Cumulative crack width at the bottom of the specimens
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Fig. 13 Degree of reversibility across cycles for: (a) FRCA; (b) FRCB; (c) FRCC at different fiber percentage; (d) the three fiber types at

1% fiber content.
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Fig. 14 Comparison between LP reading and DIC
measurement for load deflection plot of FRCA1 during initial
cycles.

is measured using DIC and the crack width evolution
over the cycles is presented in Fig. 16. For all three fiber
types, the increase in volume of fraction of fibers limited
the width of cracks and increased the re-centring (crack
width reduction after unloading to a given cycle). The
cumulative crack width for the different steel fiber types
at equal fiber content is similar except the FRCC1 which
has higher re-centring and lower crack width than the
other specimens with similar fiber dosage (Fig. 16(d)). It
would be worth noting that although the cumulative crack
width for FRC with fiber A and fiber B is similar,
mixtures with fiber A had fewer and wider cracks, while
FRC with fiber B had multiple narrow cracks. This made
FRCB mixtures to dissipate considerably larger energy
than FRCA.

6 Finite element modeling

3D nonlinear finite element modeling is used to simulate
the flexural load deflection and crack formation response
of the fiber reinforced concrete prisms. The FEM was
conducted using the concrete damaged plasticity (CDP)
model in ABAQUS [51]. The material parameters, the
modeling technique and the results are presented in this
section. The section presents the numerical results only
for the FRCC1 (fiber reinforced concrete with 1% fiber
type C volume fraction).

6.1 Concrete damaged plasticity model

CDP model has the potential to represent the full inelastic
responses of concrete both in tension and compression,
that makes it a great selection for modeling the structural
response of both plain concrete and fiber reinforced
concrete structures under monotonic and cyclic loading
[52,53]. In addition to the compressive and tensile stress
strain relationships of the fiber reinforced concrete, the
CDP model requires other additional input material
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parameters which are discussed in the next sections. The
complete compressive stress strain relationship for the
fiber reinforced concrete was adopted from the cylindri-
cal compressive strength tests presented in the section
512

6.2 Tensile behaviour of fiber reinforced concrete

The tensile strength is one of the most essential properties
of the fiber reinforced concrete and can be characterized
by a stress crack width relationship. Direct tensile tests
might be the best way to determine the tensile behaviour
of fiber reinforced concrete since directly provides us
with the stress strain behaviour. However, direct tensile
tests are difficult to perform because they require
specialized equipment and the results are sensitive to
stress concentration, shape, boundary conditions, and
specimen size compared to gravel and fiber size [54,55].
Although splitting tensile test is a cheap and simple way
to determine tensile behaviour of FRC, stress localization
at load application points might lead to overestimating the
SFRC strength [56]. Simplified inverse analysis from
four-point bending tests of unnotched prisms is one of the
easiest and appropriate methods to determine the tensile
stress—strain and stress-crack opening relationships of
FRC [57]. It is well established that increasing the
volume fraction and mechanical anchorage of fibers
increases the tensile stress of SFRC [15,20,22]. The
multilinear tensile stress-crack width relationship (o—w)
of single-hooked-end (3D), and double-hooked-end (4D
and 5D) SFRC was investigated by Gao et al. [58]. The
results showed that, with increasing fiber dosage, the
o—w relationship changed from tensile strain softening to
strain hardening. SFRC with 4D and 5D fibers showed
tensile stress hardening at 1.5% and 1% fiber volume
fractions, respectively. Similarly, self-compacting SFRC
with 0.5% and 1% volume 5D steel fibers exhibited
tensile strain hardening that was due to the high
anchorage and high strength property of 5D fibers [22].
Thus, the FRCC1 (fiber reinforced concrete with 1% 5D
fiber) modeled in this section was considered as a tension
strain hardening material. Constitutive law in the present
work is determined using the inverse analysis method
from four point bending tests provided by the Canadian
highway bridge design code, CSA S6:19 Annex AS.1
[36]. A specimen size of 76 mm X 76 mm X 292 mm
(similar to the prisms for cyclic loading) under four-point
bending at a constant rate of 0.6 mm/min was used.
Figure 17 shows the relationship parameters from the
load deflection plots. It is worth mentioning that this
method applies for tension hardening FRC and used only
for FRCC1 among the mixtures considered in this paper.
The mixtures other than FRCCI1 should be modeled as
tension softening FRC, which is not covered in this work.
The parameters determined from the slope deflection
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Fig. 15 Longitudinal strain field (¢,,) as measured by DIC after unloading for 3rd, 6th and 9th cycles.

curve include: the initial slope s,; points 1 and 2 that
represent the intersection of slope deflection curve and
the straight line starting at the origin with slope of 75%
and 40% of the initial slope s,; and points 3 that represent
97% maximum applied load and point 4 that denote 80%
of the load at point 3. Then Egs. (3)—(9) were used to

determine the post cracking tensile properties of FRC for
a prism size of width (), depth (%) and distance (/)
between supports. Then modulus of elasticity in tension
(Ey), the cracking strength (f,.,), ultimate tensile strength
(fru), cracking strain (g.), strain corresponding to
ultimate strength (&,,) and the crack opening displacement
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Fig. 16 Longitudinal crack width evolution at the bottom of specimens measured using DIC for: (a) FRCA; (b) FRCB; (¢) FRCC for
different fiber volume fraction; (d) between the three fiber types at 0.5% and 1% fiber dosage.
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Fig. 17 (a) Key points from the load deflection curve used for inverse analysis; (b) the bilinear tensile behaviour found using the inverse

analysis.

were calculated using those equations. Equations (3)—(9)
are valid only for tension hardening FRC specimens with
unsupported length (/) to depth (%) ratio equal to 3 [36].

7.2
Ey= b
P,
fem =k R where

— S0,

fem

o — T 5
&€ E, Q)

03
Eu = kr&,, Where k, = (7.65— - 10.53), 6)

(3) gl

0.19
K = %, @) fov = ks foms Where ks = k018 (2.46& - 1.76), %)
. )41



Demewoz W. MENNA et al. Compressive and cyclic flexural response of SFRC

)
&0 = ky&,, where k; = kK0 (35_4 - 1.80), (8)

3

10 3h
woz(gm—sm+ 3;2“)7 )
Figure 18 presents tensile properties of FRCCI

calculated from the inverse analysis. The ultimate tensile
strength (fzy) results for FRCC1 from splitting tensile
strength tests are twice those of the results from the
inverse analysis. This effect might attributed to the over
estimating tendency of splitting tensile tests due to stress
localization around load application points [56].

6.3 Finite element analysis

The tensile stress—strain and stress-crack width results
(shown in Fig. 18) were used as an input tensile property
in the FEA analysis. Figure 19 shows the geometry of the
fiber reinforced concrete prisms. Symmetry along XY
plane was used and half of the specimen is modeled. In
addition to the FRC specimen the test setup including the
support and loading steel rollers were included in the
FEA model, this will help to represent the localized
deformation due to the rotations of the steel shafts
[59,60]. The friction coefficient between the FRC and the
steel shafts was equal to 0.35 and between the steel plate
and steel shafts was takes as 0.25. The support conditions
represent the experimental setup with a displacement
loading applied at the top steel bars. Support was
provided by the combination of the bottom steel bars and
plates. The FRC prism was modeled using eight node
hexahedral elements with reduced integration (C3D8R).
The material properties and plasticity parameters of
CDP model for the fiber reinforced concrete (FRCC1) are
shown in Table5. The compressive strength is
determined from the experimental results as presented in
Subsubsection 5.1.1. Stress—strain relationship in tension

45
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201 :
154
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(@)
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Fig. 18
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is determined using the simplified inverse analysis,
discussed in Subsection 6.3. Modulus of elasticity shown
in Table5 is the average of the elastic modulus in
compression (E,) and tensile modulus of elasticity (E).
E. was determined from the compressive stress-strain
relationship according to ASTM C469/C469M-14 [39],
defined as the slope of the line connecting 0% to 40% of
maximum compressive stress, discussed in Section 5.1.2.
While E,, is calculated from Eq. (2). Poisson’s ratio was
taken as 0.2 and mass density of the FRC was calculated
to be 2480 kg/m’.

The plasticity parameters for CDP include dilation
angle, eccentricity, stress ratio, shape factor, and
viscosity. Dilation angle (¥) of concrete defines the
change in volume associated to shear deformation. The
effects of wvariation in dilation angle values were
evaluated with values of 25°, 30° and 35°. The default
value for the eccentricity is 0.1 which assumes the
concrete has similar dilation angle regardless of the
variation in confining pressures [51]. Similarly, the
default of 1.16 was taken for the ratio of the biaxial
compressive strength to the uniaxial compressive strength
(0w0/0 ). The shape factor (k.) determines the shape of
the of the yield surface in the deviatory plane with a
default value of 0.667 [51].

Material damage at the softening stages in CDP was
expressed in terms of compression damage parameter (d.)
and tensile damage parameter (d,). The compression
damage parameter is calculated from the compression
plastic strain (&) and inelastic strains (¢") using Eq. (10).
The inelastic strain (¢") for a given compressive stress
(o.) is the difference between the total strain (g,), and the
elastic strain (g, ), where &, = 0./ E.

) d. o
pl: in __ c c 10
R (1o
=g —&. (11)

45 —————————————
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251 1
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tensile stress (MPa)
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0 2 4 6 8 100 12 14 16
crack width (mm)

(b)

Tensile properties of FRCC1 calculated from inverse analysis: (a) stress—strain properties; (b) stress-crack width properties.
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loading

symmetry plane

supports

Fig. 19 Symmetrical model of FRC prism.

Table 5 Material property and plasticity parameters for concrete
damage plasticity model of FRCC1

parameter value
compressive strength, f{ (MPa) 48.9
tensile strength, fry (MPa) 3.95
modulus of elasticity, E. (GPa) 20.45
dilation angle, ¥ (°) 30
eccentricity 0.1
stress ratio, opo/0 o 1.16
shape factor, k. 0.667
viscosity parameter 0

The tensile damage parameter (d,) is calculated from
Eq. (12). In these equations &} ' is the tensile plastic strain
and &* is the cracking strain corresponding to a tensile
stress (o). The cracking strain is calculated using
Eq. (13), where & and & denote the total and elastic
tensile strain, respectively, and & = 0/ E.

d, oy

gpl :ng———’
‘ ' l_thtO

(12)

ck __ _ el
g =& — &y

(13)

6.4 Finite element analysis results

The finite element analysis (FEA) results for the four-
point bending test under monotonic and cyclic loading of
double-hooked-end fiber reinforced concrete at the 1%
fiber content of fiber type C (FRCC1) are presented in
this section. The load deflection responses of the
experiment and the FEA model are shown in Fig. 20.
Based on the proper calibration that has been conducted
for the selection of the material parameters, the FEA
results seem to be in agreement with the experimental
results and this indicates the predictive capability of the
FEA model to analyse SFRC.
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Fig.20 Comparison between FEA and test in terms of load
deflection response.

The concrete damage plasticity model assumes
initiation of crack when the maximum principal stress
becomes positive. These cracks happen perpendicular to
the maximum principal stress and the crack pattern is
described using the principal stress distribution [61].
Crack patterns at 2 mm deflection for the experimental
specimen and the model are shown in Fig. 21. Cracks
form at the bottom tensile face and propagate towards the
compression face (Fig. 21(a)). Similar cracking is shown
in the FEA model in Fig. 21(b).

Finally, the calibrated model is used to simulate the
cyclic flexural response of FRCCI1 for the loading
protocol discussed in Subsection 4.1. Comparison
between the experimental specimen and the model are
presented in Fig. 22. The model reasonably predicted the
experimental results for most of the cycles. However,
there is a considerable difference between the FEM and
the experiment on the slope of the unloading path at the
later cycles. The test specimen has a lower unloading
slope that led to a reversibility (R). This shortcoming
could be attributed to the limitations of the CDP model to
account for the degradation in cyclic modulus of elasticity
across repeated cycles even if damage parameters were
considered in both tension and compression.

Comparison of the longitudinal strain between DIC and
FEA after unloading to the third, sixth and ninth cycles is
shown in Fig. 23. The FEA model showed lower strain at
the initial cycles and higher strains during the later cycles
than the results from DIC. This difference could be a
result of limitation on the tensile stress strain constitutive
law obtained by inverse analysis and the variation
between model and experimental setup details like
restraint provided by steel rolls. At the end of the third
cycle, the test specimen reached had an ultimate strain of
0.017 while the maximum strain in the FEA model was
0.010. At the end of the 6th cycle the DIC and FEA
showed an ultimate strain of 0.040 and 0.045,
respectively. At the end of the 9th cycle the DIC readings
for some of the section with maximum strain was not
recorded due to the loosening of reference dots at the
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Fig. 21 Crack pattern at 2 mm deflection: (a) experiment; (b) FEA model.
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Fig.22 Load deflection response of FRCCI model and
experiment.

location of bigger cracks, while a maximum strain of 0.15
was recorded in the FEA as shown in Fig. 23.

7 Conclusions

The mechanical properties and the cyclic flexural
performance of SFRC with three different double-
hooked-end steel fibers were experimentally studied. The
experimental results considered DIC to obtain the
developed strains and cracking, while an advanced

Y

L‘X 3rd cycle, DIC 6th cycle, DIC
Y

t—'X 3rd cycle, FEM 6th cycle, FEM

nonlinear FEA model was calibrated to understand better
the behavior of SFRC. The following conclusions can be
drawn.

1) The addition of double-hooked-end steel fibers
improved the 28 d age tensile strength, strain at ultimate
compressive load and post ultimate load strain, and the 90
d age compressive strength, while slightly reduced the
28th day compressive strength in some specimens.

2) Among the two 4D fibers, steel fiber type B (the
longer and thicker fiber) was found to be superior in
tensile strength, ultimate flexural strength, and in energy
dissipation for fiber dosages greater than 0.5% by
volume.

3) The comparison between the present experimental
results with previously developed models for the
mechanical properties of SFRC show that the models do
not accurately predict all the mechanical properties of the
specimens and thus a more comprehensive model is
needed for wider application of double-hooked-end
SFRC.

4) Double-hooked-end steel fibers enhanced both the
ductility and the ultimate flexural strength of the prisms
under cyclic loading. The improvement in flexural
strength increased with the increase in the volume
fraction of steel fibers. The ultimate flexural strengths of

specimens with 1% steel fiber for the three fibers namely:
FRCA1, FRCBI, and FRCC1 were 41%, 92%, and 94%

Eax

. +4.000e—02
+3.200e—-02
. +2.500e-02

+1.700e—-02
+1.000e—02
+2.000e—03
—5.000e—03

9th cycle, DIC

+1.502e-01
+4.000e—-02
+3.200e—-02
+2.500e—-02
+1.700e—02
+1.000e—02
+2.000e—03
—5.000e—03
—7.439e-03

9th cycle, FEM

Fig. 23 Longitudinal strain distribution results from DIC and FEA.
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higher than the control plain concrete specimen,
respectively.

5) The cumulative energy dissipation and degree of
reversibility under cyclic loading was significantly
increased with the addition of fiber for all three fiber
types.

6) Among the two 4D steel fibers, fiber type B (longer
and thicker fiber) had superior flexural strength and
energy dissipation characteristics than did steel fiber type
A (shorter and thinner fiber). SFRC with steel fiber type
C (5D) showed better flexural strength and energy
dissipation than fiber type B at dosages less than 1% by
volume fraction. For 1% steel fiber dosage, fiber type C
and type B have similar responses to each other, and to
take advantage of the strength and anchorage of steel
fiber type C (at a higher volume fraction of fibers) the
compressive strength of the matrix needs to be increased.

7) DIC analysis provides an accurate visualization of
the evolution and width of cracks during cyclic flexural
loading. Mixtures with a higher dosage of steel fiber
show multiple smaller cracks, while mixtures with

Table A1 Models for strength properties predictions of SFRC

Front. Struct. Civ. Eng. 2022, 16(9): 1104-1126

smaller fiber content have fewer wider cracks. Fiber type
C showed better crack closing capacity than fiber type A
and fiber type B.

8) The presented 3D FEA model showed comparable
results with the experiments in terms of monotonic and
cyclic load deflection response and crack distribution.
The strain distribution results from the FEA produced
comparable strain distribution and ultimate strain with the
results from the DIC.

The authors would like to thank the MasterCard
Foundation Scholars Program for the financial support provided to the first
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Appendix

Table A1 presents previously published model predic-
tions for 28 d age SFRC in compression and tension that
are used in Subsubsection 5.1.3 (Fig.5). In these
equations o~ and & represent any point on the stress strain

reference

model

Thomas and Ramaswamy [16]

= [ +0.05476 f/RI, + 1.02RI, (MPa)

fie = 0.6874(f2)°3 +0.3142(f7)3RI, +0.052RI (MPa)

Ecof =

Nataraja et al. [44]

fir = splitting tensile strength
Ecr = 4.997(f))"% +0.5fRI, +0.39RI (GPa)
[528.513(f2)°*** +4.2605 f:RI, +484.95RI, | x 10°

E =4.2[f] (GPa) for 30 MPa < f! <75 MPa
RI, = V¢Lt/ Dy,

V¢ = volume fraction of steel fiber
B
()
Ecof

7= f7+2.1604(Rly)
Ecof = Eco +446 X 1070 (RI,)

o Ecof

L

B =1.093 +0.7132(RI,,) "% for hooked-end fibers

RIy, = WiL¢/ Dy,

Wr = Weight fraction of steel fiber

o and & denote points on the stress strain relation graph

Ou et al. [45]

RI, = ViL¢/ Dy,

)

A—1+( £

Lee et al. [43]

&

A
" Ecof

O =Jer

Ecof

.

RI, = ViL¢/ Dy,

without specific experimental data &, = 0.002

v,

&
B-1+|—
Ecof
'C’f = f{+2.35(RI,) (MPa)
Ecof = Eco +0.0007 (RI)
B=0.71(RL,)> - 2.0(RI,)+3.05
V¢ = volume fraction of steel fiber
)0.12

&

a Ecof

e g

eof = (—0.0003RI, +0.0018) (7,
Ect = (=367RI, +5520) (f/)4! (MPa)

1

]_( ot )
EcofEct
A =1+0.723[RI,]7%7 for cf/&cor > 1.0

7, 0.064

5%) [1+0.882(R1,)%82] > A for ect/ecor > 1.0

for e./6, <1.0,A=

for ecf/&cor < 1.0

B

V¢ = volume fraction of steel fiber
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curves while f, &, f;, and g, denote the plain concrete
peak compressive stress, plain concrete strain at peak
compressive stress, SFRC peak compressive stress and
SFRC strain at peak compressive stress, respectively.
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