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ABSTRACT: This study presents the preparation of steel-fiber reinforced concretes (SFRCs) using straight navicular fibers with
annular-sector-shaped sections and corrugated fiber with rectangular-shaped sections, respectively. The flexural and splitting
tensile strengths of both the respective SFRCs increase with increasing fiber volume fraction, whereas their compressive strengths
initially increase, then decrease, and then increase again. For the same fiber volume fraction, the mechanical properties of the
navicular fiber-reinforced concrete are superior to those of the corrugated fiber-reinforced concretes. The introduction of steel
fiber changes the failure mode of the plain concrete during bending from a typical brittle mode to a bimodal ductile failure mode.
As compared to the corrugated fiber, the navicular fiber has stronger interface bonding to concrete and a higher friction resistance
to fiber sliding and subsequent pullout. Furthermore, navicular fiber has a higher load-bearing capacity, which makes it more
favorable for improving the mechanical properties of plain concrete.
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RESUMEN: Efecto de la forma de la seccion de fibra y la fraccion volumétrica sobre las propiedades mecanicas de hormigones
reforzados con fibras de acero. Este estudio presenta la preparacion de hormigones reforzados con fibras de acero (SFRCs) utilizando
fibras lisas rectas con secciones en forma de sector anular y fibra corrugada con secciones en forma de rectangulo, respectivamente.
Las resistencias a la traccion por flexion y division de ambos SFRCs aumentan con el aumento de la fraccion de volumen de fibra,
mientras que sus resistencias a la compresion inicialmente aumentan, luego disminuyen y luego aumentan nuevamente. Para la
misma fraccion de volumen de fibras, las propiedades mecanicas del hormigén armado con fibras kisas son superiores a las de
los hormigones reforzados con fibras corrugadas. La introduccion de fibra de acero cambia el modo de fallo del hormigon simple
durante la flexion, de un modo fragil tipico a un modo de fallo ductil bimodal. En comparacion con la fibra corrugada, la fibra
lisa tiene una unién de interfaz mas fuerte con el hormigdén y una mayor resistencia a la friccion para el deslizamiento de la fibra
y la posterior extraccion. Ademas, la fibra lisa tiene una mayor capacidad portante, lo que la hace mas favorable para mejorar las
propiedades mecanicas del hormigon en masa.

PALABRAS CLAVE: Hormigoén reforzado con fibras de acero; Propiedades mecanicas; Forma de la seccion transversal; Modo
de falla; Refuerzo.
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1. INTRODUCTION

Steel-fiber reinforced concretes (SFRCs) have
been widely utilized in deep underground engineer-
ing, tunnels, and pavements due to their improved
strength, toughness, ductility, and ease of construc-
tion, etc. (1-6) In addition to the fiber volume fraction
and aspect ratio of length to diameter, the longitudinal
shape of the fibers affects the bonding strength be-
tween the fibers and concrete, thereby impacting the
pullout behavior of fibers and the mechanical proper-
ties of fiber-reinforced concretes (7-19). For example,
it has been confirmed experimentally that deformed
(i.e., hooked and twisted) steel fibers embedded in
concrete provide more effective pullout resistance
than straight steel fibers (7-14). Furthermore, exper-
imental studies demonstrate that for the same fiber
volume fraction, ordinary concrete reinforced with
deformed fibers performs better in terms of tensile
and flexural strengths than those with straight steel
fibers of the same cross-sectional size (7-9), and the
same to ultrahigh performance concrete (UHPC)
(10-14). Moreover, experimental results reveal that a
smaller fiber size provides an evident improvement
in the mechanical properties of concretes (7, 15-17).
Besides, concretes reinforced with straight steel fibers
with smaller cross-sectional dimensions outperforms
those with deformed steel fibers in terms of tensile
and flexural strengths (7, 14, 16). It should be noted
that the fibers involved aforementioned studies have a
circular shaped cross section.

Despite the limited number of reported studies,the
cross-sectional shape of the fibers is revealed to im-
pact the performance of fiber-reinforced concretes
(20, 21). According to Rezakhani et al., for instance,
steel fibers with a square-shaped cross-section of
0.91 x 0.91 mm contribute less toward enhancing
the compressive strength of concrete than those with
circular-shaped cross-sections with diameters of 0.5,
0.2, and 0.16 mm (20). Furthermore, the fiber with a
smaller diameter is more favorable for improving the
tensile strength and toughness of concrete than that
with a larger diameter (20). According to Ushida et al.,
the compressive and flexural strength of UHPC rein-
forced with straight steel fibers with a crescent moon-
shaped section having an area of 0.13 mm? is higher
than those reinforced with wavy steel fibers with a
square-shaped cross-section with an area of 0.25 mm?
and lower than those reinforced with hooked steel fi-

bers having a rectangular cross-sectional shape with
an area of 0.28 mm? (21). Therefore, to analyze the
impact of the cross-sectional shape of the fiber on
the performance of fiber-reinforced concretes, the
fibers concerned must have equivalent section sizes.
However, studies on the comparison of the mechani-
cal properties of SFRCs using fibers with equivalent
section sizes and various section shapes are lacking.
The steel fibers used in steel fiber reinforced concrete
in reported studies are mostly with circular or rect-
angular-shaped section. In China, steel fibers adopted
in refractory ceramic castables for industrial kilns are
typically with sector annular-shaped section (22-24).
It can be expected, for the same cross-sectional area,
the surface area per unit length of fibers with different
cross-sectional shapes may also be different, and thus
lead to the load transfer capacity during pulling been
different. However, there are no studies on the me-
chanical properties of SFRCs using fibers with sector
annular-shaped section.

In this study, steel-fiber reinforced ordinary con-
crete samples are prepared using straight navicular
steel fibers with sector annular-shaped section and
corrugated steel fiber with a rectangular-shaped sec-
tion of equivalent section size. Moreover, a com-
parative study is done to analyze the effects of the
fiber section shape and its volume fractions on the
compressive strength, splitting tensile strength, and
flexural strength of the concretes. A major part of this
analysis is focused on exploring the differences in
the mechanical properties based on the differences in
the two fibers in terms of interface bonding, interface
load transfer capacity, and the load-bearing capacity
of fibers.

2. RAW MATERIALS AND EXPERIMENTAL
PROCEDURE

In the experimental procedure, P.O. 42.5 R ordi-
nary Portland cement (Jidong Cement Co., Ltd., Chi-
na) and polycarboxylic acid water reducer (Sobute
New Materials Co., Ltd., China) are used. As coarse
aggregates, gravel with a particle size of 5-20 mm,
which has apparent, bulk and stacking densities of
2720 kg/m?, 1520 kg/m?, and 1650 kg/m?, respec-
tively, and water absorption of 0.22%, is used. As
the fine aggregate, sand with an apparent density of

TasLE 1. Gradation of aggregates.

Sieve size /mm 4.75 2.36 1.18 0.6 0.3 0.15 Sieve bottom
Fine

Cumulative sieve residue /% 2.45 9.99 18.18 39.33 68.86 88.29 100.00

Sieve size /mm - 26.5 19 16 9.5 4.75 Sieve bottom
Coarse

Cumulative sieve residue /% - 0.00 2.70 22.16 85.41 99.36 100.00
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(2)

(c)

(b)

(d)

FiGcure 1. Appearance and section shape of the steel fibers: (a) & (c) Navicular fiber; (b) & (d) Corrugated fiber.

TaBLE 2. Elements of the fibers (in weight %).

C Si Mn S Ni Cr Fe
Corrugated 0.14~0.22 0.3 0.3~0.65 0.045 0.05 - <0.030 Balance
Navicular <0.30 <3.00 <1.50 <0.04 <0.03 <0.45 24.00~27.00 Balance

2640 kg/m? is adopted. Table 1 lists the aggregate gra-
dation obtained by the screening test.

In this study, two types of steel fibers are used
as reinforcement: the straight navicular steel fiber
with an annular-sector-shaped section and the cor-
rugated steel fiber with a rectangular-shaped section.
The straight navicular steel fiber with annular-sec-
tor-shaped section (446, Zhengzhou Xuanhua Steel
Fiber Co., Ltd. China) is produced by extracting the
heat-resistant stainless steel melt followed by the rap-
id quenching method. The corrugated steel fiber with
a rectangular-shaped section (CF-35, Beijing Sino-si-
na Building Technology Co., Ltd. China) is cut from
a cold-rolled galvanized iron sheet. Table 2 lists the
composition of the fibers (only steel). Before mixing,
the navicular fiber is ultrasonically cleaned in a solu-

tion of citric acid. Figure 1 shows the appearance and
section shape of the two steel fibers, respectively.
The sectional shapes of the two fibers are simpli-
fied for further analysis into ideal rectangular and sec-
tor annular. Figure 2 depicts a schematic representa-
tion of the cross-sectional size parameters of the two
fibers. As indicated in the figure, point C represents
the section centroid. The x -axis and the y -axis rep-
resent the centroidal axes. The center of the circle
corresponding to the annular sector is represented by
point O. Table 3 displays the length and the geometric
parameters of the fiber sections observed through a
microscope (Axio Scope Al, Carl Zeiss Microscopy
GmbH, Germany) based on 11 groups of randomly
chosen fibers. The diameter of a solid circular section
fiber with the same cross-sectional area to a non-cir-
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(2)

(b)

FiGure 2. Schematic of simplified section and relevant size parameters of: (a) Navicular fiber; (b) Corrugated fiber.

TasLE 3. Cross-section size parameters of the fibers.

Length  Width Thickness Height Sectorial Sectionarea S.e ction Egulvalent Equivalent
fiber circumference diameter d / .
I/mm b/mm  &/mm h/mm  angle 26/rad A/mm? ¢ aspect ratio
p/mm mm
Corrugated 42.76 1.85 0.34 0.34 - 0.648 4.39 0.91 47.09
Navicular 26.79 1.89 0.30 0.62 2x0.734 0.818 5.61 1.02 26.26

cular section fiber is defined as the equivalent diame-
ter of a non-circular section fiber.

The water used for mixing is municipal water from
the city of Yangling. Concrete samples with different
fiber volume fractions of 0%, 0.5%, 1.0%, 1.5%, and
2.0% were prepared to analyze their impact on the
mechanical properties of concrete. The water-to-ce-
ment ratio of 0.5 is adopted for each mixture. Table
4 lists the sample numbers and their respective mix
proportions.

The compressive and splitting tensile strength test-
ing was conducted on cubes molded with a nominal
size of 100 mmx100 mmx100 mm, whereas the three-
point bending strength testing was conducted on un-
notched prisms that were molded with a nominal size
of 100 mmx>100 mmx>400 mm. The pullout behavior
of the steel fibers was measured using 8-shaped spec-
imens with four fibers embedded within the concrete
matrix. As depicted in Figure 3 (a), the fiber embed-

ment lengths are fixed at half of the fiber length from
the center of the 8-shaped sample. The samples were
demolded after casting for 24 h and subsequently
cured in a chamber with relative humidity (R.H.) of
95% at 20 °C for 28 days.

The testing of the mechanical properties of the
samples is performed by an Instron 1195 machine
at room temperature (25 °C and 65% R.H.). As dis-
played in Figure 3 (b), a uniaxial pullout load is
applied on the 8-shaped sample at a loading rate of
0.4 mm/min. The fiber pullout testing was conducted
on five samples in each group. The loading rate for
the compressive strength test and splitting strength
test is 0.4 MPa s!, while that for the flexural strength
test is 0.2 mm min™'. Every test involves the testing
of three samples in each configuration. The average
of the tested values that were chosen with an error
range within 15% is used to calculate the strength
under consideration.

TABLE 4. Sample number and mix proportion of the concretes.

Samples water/ce- Water Cement Fine aggregate Coarse aggre- Water reduce Navicular fi- Corrugated
number  ment ratio /(kg/m?) /(kg/m®)  /(kg/m®) gate /(kg/m®)  agent /(kg/m®)  ber /(kg/m®)  fiber /(kg/m?)
F0JO 0.5 180 360 805 1105 2.16 0 0

F5J0 0.5 180 360 805 1067 2.88 38 0

F10J0 0.5 180 360 805 1029 3.60 76 0

F15J0 0.5 180 360 805 991 4.32 114 0

F20J0 0.5 180 360 805 953 5.04 152 0

FO0J5 0.5 180 360 805 1067 2.88 0 38

FOJ10 0.5 180 360 805 1029 3.60 0 76

FOJ15 0.5 180 360 805 991 4.32 0 114

F0J20 0.5 180 360 805 953 5.04 0 152
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(a)

(®)

FiGure 3. Fiber pull out test (a) schematic of sample geometry; (b) test setup.

The bonding strength of the steel fibers to the con-
crete is calculated by (13):
P

— max [1]
' npL,

Equations [2] and [3] are used to determine the
splitting strength, 6, and flexural strength, G, respec-
tively (25, 26). ’ ’

2P

g, =" [2]
A
3PmaxL

%= b Bl

where P denotes the maximum load. p represents
the cross-sectional circumference of the fiber; L rep-
resents the embedment length of the fiber; and » de-
notes the number of embedded fibers, which, in this
study, equals 4. 4 represents the bearing area of the
cubic specimen. L denotes the span during the bend-
ing test and is equal to 300 mm. b and /4 are the width
and height of the cross-section of the bending sam-
ples, respectively.

3. RESULTS

Figure 4 displays the compressive strength of the
SFRCs with different fiber volume fractions. It is ob-
served that when the fiber volume fraction is 0.5%,
the compressive strength of both SFRCs increases.
This strength decreases as the fiber volume fraction
rises to 1.5%, after which it increases again. More-
over, the concrete reinforced with the navicular fiber
has a higher compressive strength than that with the
corrugated fiber. The compressive strength of plain

concrete is 39.5 MPa. However, when the fiber vol-
ume fraction is 0.5%, the compressive strengths of
the navicular steel-fiber reinforced concrete and that
of the corrugated steel-fiber reinforced concrete are
53.8 MPa and 52.6 MPa, respectively. The compres-
sive strengths of navicular steel-fiber reinforced con-
crete and that of corrugated steel-fiber reinforced con-
crete, respectively, are 51.9 MPa (enhanced 33.92%)
and 44.7 MPa (enhanced 9.11%) when the fiber vol-
ume fraction is 2.0%.

FiGure 4. Compressive strength of the steel-fiber reinforced
concretes.

Figure 5 shows the flexural strength of the SFRCs
with different fiber volume fractions. It is noted that
with increasing fiber volume fraction, the flexur-
al strength of both SFRCs increases. Furthermore,
for the same fiber volume fraction, the concrete re-
inforced with navicular fibers has a higher flexural
strength than that reinforced with corrugated fibers.
Moreover, the flexural strength of the plain concrete
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is 6.08 MPa. When the fiber volume fraction is 2.0%,
the navicular steel-fiber reinforced concrete and the
corrugated steel-fiber reinforced concrete have flexur-
al strengths of 7.90 MPa and 7.23 MPa, respectively,
which are 29.93% and 18.91% higher than the plain
concrete.

FiGure 5. Flexural strength of the steel-fiber reinforced con-
cretes.

Figure 6 shows several typical load-displacement
curves of plain and steel-fiber reinforced concretes
during bending. The load-displacement curves of
these two SFRCs are significantly different from
those of plain concrete. The load-displacement curve
of the plain concrete during bending demonstrates a
typical brittle failure mode that is characterized by
the monotonic and rapid increase of the load to the
maximum value and then sharply drops off a cliff.
The load-displacement curves of both types of SFRC
demonstrate a bimodal ductile failure mode. During
the entire loading process, the load initially rises
monotonically and rapidly to the maximum value and
then gradually decreases to a peak valley value. Sub-
sequently, it slowly rises again to a certain peak value
and then slowly decreases again until failure. Besides,

(2)

the maximum load during the bending process and
the displacement corresponding to the load dropping
to 20% of the maximum load of the fiber reinforced
concretes are considerably larger than those of plain
concrete. Thus, the incorporation of steel fibers can
significantly improve the strength and ductility of
concrete during bending. Notably, the load decrement
from the maximum value to the peak valley value of
the descending stage for the navicular steel-fiber re-
inforced concretes is less than that for the corrugated
steel-fiber reinforced concretes, whereas the load in-
crement from the peak valley value to the peak val-
ue of the descending stage is larger. For instance, the
maximum load, the peak valley value, and the peak
value of descending stage for the navicular steel-fiber
reinforced concrete F20J0 are respectively 18.02 kN,
13.84 kN, and 15.35 kN, whereas the respective val-
ues are 16.63 kN, 11.53 kN, and 12.23 kN for the
corrugated steel-fiber reinforced concrete F0J20.
Particularly, the load decrement from the maximum
value to the peak valley value of the descending
stage for the navicular steel-fiber reinforced concrete
F20J0 is 4.18 kN, which is less than the 5.10 kN of
the corrugated steel-fiber reinforced concrete F0J20.
Meanwhile, the load increment from the peak valley
value to the peak value of the descending stage for
the navicular steel-fiber reinforced concrete F20J0 is
1.51 kN, which is greater than that for the corrugat-
ed steel-fiber reinforced concrete F0J20, which has a
value of 0.70 kN. Furthermore, for the same fiber vol-
ume fraction, the displacements that correspond to the
peak load and the load falling to 20% of the maximum
load of the navicular steel-fiber reinforced concretes
are larger than those of the corrugated steel-fiber rein-
forced concretes.

Figure 7 demonstrates the splitting tensile strength
of the SFRCs with different fiber volume fractions.
The figure reveals that the splitting tensile strength
of both types of SFRCs increases with increasing
fiber volume fraction. The navicular steel-fiber rein-
forced concretes have a slightly higher splitting ten-
sile strength than the corrugated steel-fiber reinforced

(b)

F1GURE 6. Several typical load-displacement curves of the plain and steel-fiber reinforced concretes during bending.
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concretes. Moreover, it is observed that as the fiber
volume fraction increases from 0% to 2.0%, the av-
erage splitting tensile strength of the concrete rein-
forced with the navicular steel fiber and the corrugat-
ed steel fiber increases from 5.58 MPa to 7.06 MPa
and 7.04 MPa, which signifies an increase of nearly
26.52% and 26.16%, respectively.

FiGcure 7. Splitting tensile strength of the steel-fiber reinforced
concretes.

Based on the aforementioned findings, it is ob-
served that, though the addition of 2.0% corrugated
steel fiber improves the compressive strength of plain
concrete only slightly, there is a substantial improve-
ment in both splitting tensile strength and flexural
strength. The addition of 2.0% navicular steel fiber
can significantly enhance the compressive strength,
splitting tensile strength, flexural strength, and duc-
tility of plain concrete. Generally, fiber-reinforced
concretes are subjected to bending and compression.
Furthermore, the compressive strength of steel-fiber
reinforced concretes is significantly higher than the
tensile strength. Hence, improving the tensile and
flexural properties is of great significance, and the
addition of the 2.0% steel fiber is conducive to com-
prehensively improving the mechanical properties of
concrete.

4. ANALYSIS AND DISCUSSION

During compressive loading, the aggregate inside
the samples is typically subjected to a compressing
effect, while some of the steel fiber could also be sub-
jected to a bending effect in addition to the pressure.
The elastic modulus and compressive strength of steel
fiber are considerably higher than those of concrete.
Hence, the steel fiber is conducive to improving com-
pressive strength. However, as indicated in Figure 8,
increasing the fiber volume fraction increases the air
content of the concrete, which reduces the compact-
ness of the concrete matrix and consequently weak-

ens the compressive strength. The strengthening and
weakening effects will increase with increasing steel
fiber content. The compressive strength of SFRC de-
pends on the competition of these two positive and
negative effects.

FiGure 8. Air content of the steel-fiber reinforced concretes.

Based on the simplified cross-section shapes pre-
sented in Figure 2 and the size parameters of the two
fiber sections listed in Table 3, the computed values
of the moment of inertia of the cross-sectional area
about the centroidal axes x_and y_for the navicular
steel fiber, /.  and IFyC, respectively, are:

5(d-6) 25in’0
8

e (6+ sin0x cos@ - )=13.085x10" mm* [4]

5(d -0y
. _od-6 2 ) (6- sin6x cosf) =3.527x10" mm* [5]

The calculated values of the moment of inertia of
the cross-sectional area about the centroidal axes x,
and y_for the corrugated steel fiber, /, and I, re-
spectively, are:

o3
I _ b0 059%10% (6]
Jx, 12
ob’
I, =——=1.794x10" mm* [7]
Ve 12

Thus, the moment of inertia of the navicular fiber
on its centroidal axis is nearly 2.0 times that of the
corrugated fiber on the same centroidal axis. This im-
plies that the bending stiffness of the navicular steel
fiber is 2.0 times that of the corrugated fiber. When
the fiber is subjected to a bending load, the navicular
fiber has a larger bearing capacity than the corrugated
fiber. Additionally, as presented in Table 3, since the
cross-sectional area of the navicular fiber is slightly
larger than that of the corrugated fiber, it can with-
stand a greater axial load (tension and compression).
Thus, it can be inferred that for the same fiber volume
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fraction, the navicular steel-fiber reinforced concretes
can withstand a higher compressive load than the cor-
rugated steel-fiber reinforced concretes and demon-
strate superior compressive strength.

On the contrary, as indicated in Figure 8§, the air
content of both the fiber-reinforced concretes is ex-
tremely close to that of the plain concrete at a volume
fraction of 0.5%. In this case, the fibers are largely
subjected to compression, and due to the random dis-
tribution of fibers, relatively few fibers are subjected
to bending. Fiber-reinforced concretes exhibit a sig-
nificant increase in compressive strength since the re-
inforcement effect of fibers on concrete is greater than
the weakening effect. As the fiber volume fraction ex-
ceeds 0.5%, a substantial increase is observed in the
air content of the navicular fiber-reinforced concrete,
from 2.4% to 3.5%, and in the air content of the cor-
rugated fiber-reinforced concrete from 2.7% to 4.9%,
respectively. Consequently, the increase in the com-
pactness decrement of the fiber-reinforced concrete is
more evident, which implies an enhanced weakening
effect. Furthermore, the compressive strength of the
fiber-reinforced concretes decreases slightly as the
steel fiber volume fraction increases further. When
the fiber volume fraction exceeds 1.5%, the air con-
tent decreases slightly with steel fiber volume frac-
tion increasing. Therefore, the reinforcement effect of
fibers on concrete enhances, whereas the weakening
effect diminishes. Hence, the compressive strength of
fiber-reinforced concrete increases again.

The tensile and bending strengths of fiber-rein-
forced composites are mainly attributed to the fibers
acting as a bridge across cracks, followed by the pull-
out process (27, 28), which is directly influenced by
the bonding between the fiber and concrete matrix. A
better frictional and stronger adhesive bond along the
fiber interface improves the overall mechanical prop-
erties of the fiber-reinforced concrete (29). Based on
the morphologies of the two kinds of fibers depicted
in Figure 1, the surface of the navicular steel fiber is
noted to be rougher than the corrugated fiber. Figure
9 illustrates the load-displacement curves of the pull-
out test of the navicular and corrugated steel fibers.
The peak load for corrugated fiber (about 0.978 kN)
is observed to be slightly higher than that for navicu-
lar fiber (0.877 kN). However, the two types of fibers
achieve their maximum load at a displacement of near-
ly 1.0 mm. The load-displacement curve of the corru-
gated fibers sharply drops off a cliff with a displace-
ment of nearly 2 mm after peak load. The load-dis-
placement curve of the navicular fibers demonstrates
a clear, gradually decreasing segment following the
peak load until failure with a considerably increased
displacement of approximately 6 mm, which is indic-
ative of an evident sliding and pulling-off behavior.
Notably, the bonding strength of the navicular steel
fibers to the concrete (2.92 MPa) is slightly higher
than that of the corrugated fiber (2.61 MPa). Further-
more, as depicted in Figure 10, all of the navicular

steel fibers are pulled out and adhered with cement
paste, while all of the corrugated fibers are broken.
The broken section of the bent samples in Figure 11
reveals that the pulled-out navicular steel fibers are
also wrapped with a minimal amount of cement paste,
whereas traces of cement paste were observed on
the surface of the corrugated steel fiber. As listed in
Table 3, the navicular fiber has a larger cross-section-
al circumference than the corrugated fiber. Therefore,
the navicular fiber can withstand a higher friction load
than the corrugated fiber. Consequently, the navicular
steel fiber is anticipated to have greater friction resis-
tance to fiber sliding and subsequent pullout than the
corrugated steel fiber.

Ficure 9. Load-displacement curves of the pull-out test of the
steel fibers.

Ficure 10. Image of the pulled out navicular steel fibers.

Despite the random orientation of steel fibers in
concrete, it can be described as parallel loading di-
rection, perpendicular loading direction, and other
directions. The other directions can be viewed as the
superposition of the parallel and perpendicular load-
ing directions. The orientation of steel fibers paral-
lel to the loading direction and perpendicular to the
loading direction is analysed and numbered as 1 and
2, respectively, for ease of reference. The schematic
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FiGure 11. Fibers view on broken section of the bent samples: (a) F0J20; (b) F20J0.

view presented in Figure 12 reveals that near the con-
crete crack, fiber 1 primarily bears the tensile action
(the bridge across cracks), while fiber 2 predominant-
ly bears the tearing action of the concrete separating
from the fiber surface. Near the support, fiber 1 large-
ly bears the bending action caused by the shear force
perpendicular to the direction of fiber length. Mean-
while, fiber 2 mainly bears the shear action parallel
to the direction of fiber length. The aforementioned
actions are applied to the fibers by the load transfer at
the interface between the fiber and concrete. As com-
pared to the corrugated steel fiber, the navicular steel
fiber has a higher load transfer capacity and a higher
bearing capacity for the tearing action of the concrete
separating from the fiber surface. Furthermore, based
on the size parameters of the cross-section of the fi-
bers listed in Table 3, the volume of the individual
navicular fiber (21.91 mm?) is inferred to be consid-
erably smaller than that of the individual corrugated
fiber (27.69 mm?®). Therefore, for the same volume
fraction, the number of navicular fibers must be high-
er. Given that the navicular steel fiber has a higher
bearing capacity for bending and tensile loading, the
navicular steel-fiber reinforced concrete has a higher
bearing capacity for bending loads for the same fi-

ber volume fraction. Consequently, for the same vol-
ume fraction, the navicular steel fiber has superior
strengthening effects than the corrugated steel fiber.
However, as indicated in Figure 6, the gradual de-
crease in the load after the peak load implies that the
load is transferred from the concrete matrix to the
steel fibers following the formation of cracks in the
concrete matrix. Additionally, the sliding between
the fibers and the concrete matrix impedes the rapid
expansion and propagation of cracks in the concrete
matrix. Moreover, the smaller value of load de-
crease indicates a greater sliding resistance between
the steel fibers and the concrete matrix. Thus, the
load transfer effect is better, which implies that the
bonding between the steel fibers and the concrete
matrix is stronger. Similar to the dislocation move-
ment in crystal materials, when the sliding reaches
a certain degree, the sliding will be blocked, caus-
ing a gradual increase in the external load (30, 31).
The bond between the steel fibers and the concrete
matrix will be destroyed as the load increases to a
particular extent, resulting in the pullout of fibers
and load reduction. Consequently, the pullout of the
fibers at different positions decreases the load gradu-
ally (32, 33). Therefore, the load increment from the

FiGurk 12. Schematic of stress on fibers with different orientations during bending.
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Ficure 13. Image of three-point bending induced crack (a) F0J20; (b) F20J0.

peak valley value to the peak value of the descend-
ing stage represents the difficulty of fibers pulling
out and the ultimate overall cracking. Furthermore,
based on the images taken after three-point bending
(see Figure 13), it is noted that the navicular steel-fi-
ber reinforced concretes demonstrate more evident
multi-deflection crack propagation than the corru-
gated steel-fiber reinforced concretes. The cracks
will deflect when their propagation is hindered by
the steel fibers during loading after the formation of
the initial cracks in the concrete matrix. The more
visible the crack deflection, the more obvious the
inhibition effect of fibers on the crack propagation
of the concrete matrix, and the greater the energy
(load) required for the cracking of the concrete ma-
trix; hence, a better strengthening and ductility-en-
hancing effect on concrete (34-37). Based on the
aforementioned discussion, it can be concluded that,
as compared to corrugated steel fiber, navicular steel
fiber has stronger interface bonding to concrete, bet-
ter resistance to cracking and pullout damage, and
consequently a better ductility-enhancing effect on
concrete (see Figure 6).

The flexural strength and ductility of SFRC are
verified to be dependent on the number of steel fibers
bearing the tensile action (37). Fiber 1, bearing the
tensile action and acting as crack bridges, increases
with the increasing fiber volume fraction. Although
similar to the compressive strength, an increase in
the air content is unfavorable to bonding between the
fibers and concrete, which consequently reduces the
strength. However, the bonding and shear strengths
between the fibers and concrete and the tensile
strength of concrete are significantly lower than the
strength of the steel fibers. The strengthening effect
of fiber is greater than the weakening effect of tensile.
Consequently, the flexural strength and ductility of
both SFRCs are enhanced with increasing fiber vol-
ume fractions.

Bridging across cracks from the fibers inhibits the for-
mation and growth of initial cracks formed in the con-
crete matrix and is hence beneficial to tensile strength

(17, 38-40). As displayed in Figure 11 (a), the corru-
gated fibers are first straightened in the process of being
pulled out and subsequently hinder the expansion of the
cracks in the concrete matrix. Therefore, there is retar-
dation for the corrugated fibers to hinder the expansion
of the cracks. The navicular steel fibers are straight in
the longitudinal direction, which makes them free of the
straightening process and thus quickly inhibits the ex-
pansion of the cracks in the concrete matrix. However,
the larger aspect ratio of corrugated fiber is conducive to
the consequent bearing during the propagation of cracks.
Consequently, the splitting tensile strength of the navic-
ular steel-fiber reinforced concretes is roughly com-
parable to that of the corrugated steel-fiber reinforced
concretes. Additionally, with an increase in the fiber
volume fraction, the fibers bearing the tensile action in
the concrete increase. Consequently, the splitting tensile
strength of the concrete increases.

5. CONCLUSIONS

The introduction of steel fibers improves the me-
chanical properties of plain concrete. With increasing
fiber volume fraction, the compressive strength of
both SFRCs exhibits the same pattern of initially in-
creasing, then decreasing, and then increasing again,
and displays the maximum value when 0.5% of steel
fiber is added. The flexural strength and splitting ten-
sile strength of both SFRCs increase with increasing
fiber volume fraction. For the same fiber volume
fraction, the concrete reinforced with navicular steel
fibers has superior mechanical properties than those
reinforced with corrugated steel fibers.

During bending, plain concrete presents a typical
brittle failure mode, while both SFRCs present a bi-
modal ductile failure mode.

The addition of 2.0% of steel fiber is conducive to
comprehensively improving the mechanical proper-
ties of concrete.

The difference in improvement in the mechanical prop-
erties of the two types of SFRCs arises from the difference
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in the characteristics of their cross-section. As compared
to the corrugated steel fiber, the rougher surface and the
larger section circumference make the navicular steel fiber
have a stronger interface bonding to concrete and conse-
quently possess a higher friction resistance to fiber sliding
and subsequent pullout. The larger bending stiffness and
cross-sectional area contribute to the higher load-bearing
capacity of the navicular steel fiber.
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