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Abstract Ten concrete mixtures, using long and
medium length hooked-end and short wave-shaped
steel fibers, were designed to experimentally investi-
gate the effect of hybrid reinforcement on workability,
drying shrinkage, and mechanical properties of hybrid
steel fiber reinforced concrete. The steel fibers reduced
the workability and drying shrinkage. Hybrid fibers,
including long hooked-end steel fiber, can produce a
synergistic effect on compressive strength. For the
adopted materials, a linear relationship was observed
between shrinkage strain and compressive strength.
The tensile splitting strength increased with the
volume fraction of the hybrid fibers. The hybrid steel
fibers generated a synergistic effect on the tensile
splitting strength, with an almost constant ratio of
tension splitting strength to compressive strength of
hooked-end steel fiber reinforced concrete. The use of
long hooked-end steel fiber reinforcement led to a
higher modulus of rupture, residual strength, and
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toughness than other mono fibers. Flexural strength
increased with the increasing volume fraction of
hybrid fibers. Residual strength of hybrid steel fiber
reinforced concrete varied with fiber hybridization.
Overall, a concrete reinforced with a hybrid mix of all
the considered steel fibers had the best performance
among the considered ones.

Keywords Concrete - Hybrid fiber - Synergistic
effect - Workability - Shrinkage - Mechanical
properties

1 Introduction

Concrete is one of the most widely used building
materials due to its cost and unique properties [1-3].
However, plain concrete is susceptible to cracking
because of its brittle nature and has relatively low
failure strain [4—6]. Many studies have been published
to improve the mechanical performance of concrete
(see, for instance, [6—-11]). The results showed that
adding randomly distributed fibers can effectively
improve tensile strength, toughness, and impact resis-
tance. The effectiveness of the improvement varies
with fiber material, fiber geometry, distribution,
orientation and content.

The fracture process of concrete is a multi-scale
process, from the onset and propagation of micro
cracks to macro cracks [8, 9, 12]. The presence of
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micro steel fibers with a relatively small diameter and
large aspect ratio have a better effect on restricting the
onset, extension, and coalescence of the micro cracks
during loading [13, 14]. But, micro steel fibers could
have a weak adhesion to matrix, leading to pull out and
propagation of macro cracks. Whereas, macro steel
fibers with relatively large diameters and lengths have
considerable bonding strength with the matrix. They
can bridge and restrain the extension of macro cracks
[15]. But, the mono fiber reinforcement of concrete
can only produce effect on cracks in its own scale.

The hybrid steel fiber reinforcement including both
micro and macro steel fiber may produce a synergistic
effect on the improvement of the mechanical proper-
ties. The randomly distributed hybrid fibers in con-
crete can arrest the coalescence and propagation of the
micro cracks and bridging the macro cracks
[1, 16-18]. These effects depend on the content,
shape, and material of fibers.

Studies on fiber reinforced concrete, especially
hybrid fiber reinforced concrete, have provided valu-
able knowledge and techniques for a wide range of
engineering applications [16, 17, 19]. However, more
in-depth understandings and extensive investigations
are still needed, mainly on the optimization of the
concrete reinforcement and mechanical properties,
which are of considerable importance for cost-effec-
tive and load-carrying concrete structures. The volume
fraction of the hybrid fiber, detailed in the literature,
varies from 0.1 to 4.5%. The higher volume fraction
may lead to higher tensile strength of the hybrid fiber
reinforced concrete, but it can also increase the cost
and reduce workability [20, 21]. Therefore, the mix
optimization is needed for a broader application of the
hybrid fiber reinforced concrete. Moreover, the fibers
in concrete influence the fracture process [22-24],
leading to the change of the mechanical properties,
especially the relationships between mechanical prop-
erties. However, the research on the relationships of
the mechanical properties of hybrid fiber reinforced
concrete is limited compared to plain concrete.

In this study, the effect of hybrid reinforcement on
the physical and mechanical performance of concrete
was investigated considering: workability of the fresh
concrete, drying shrinkage, compressive strength,
tension splitting strength, and flexural performance.
The influence of the volume fraction and hybridization
type on the engineering properties and fracture
characteristics were determined.

2 Materials and methods
2.1 Materials

Portland Cement CEM II/A-LL42.5R, river gravel
with the maximum nominal size of 16 mm, and
crushed limestone with the maximum nominal size of
22 mm have been adopted. The fine aggregate was
river sand having a maximum size of 4 mm. The
physical properties and grading curves of aggregates
are shown in Table 1 and Fig. 1. The additive
Aeternum Proof [25] was used to keep workability
above class S3 according to EN 206:2013 + A1:2016
[26]. The tap water was adopted with a temperature of
22 °C.

Three kinds of commercial steel fibers (see Fig. 2)
with different geometric shapes have been used. The
short steel fiber had a waved shape, while the long and
medium fibers have hooked-end. The properties of the
steel fibers used in this study are listed in Table 2.

2.2 Mix design and specimen casting

Ten concrete mixtures were designed, as shown in
Table 3. The mix ID includes fiber type (S, M, L) and
its volume fraction to present the fiber content in each
concrete mixture. For example, mix L1.350.2 repre-
sents the 1.3% volume fraction of long hooked-end
steel fibers and 0.2% of short wave-shaped fibers in
this mixture. PC is plain concrete, which serves as
reference material. S0.43, M1.5, and L1.5 contain

Table 1 Physical
properties of the aggregates

Coarse aggregate

Fine aggregate

River gravel Crushed limestone River sand
Density (kg/m®) 2737 2640
Water absorption 1.16% 1.05% 1.83%
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mono-type steel fiber. In M0.87S0.13, M1.3S0.2, and
M1.7350.27, the volume ratios between M and S are
the same, but the total volume fractions are 1.0%,
1.5%, and 2.0%, respectively. L0.65M0.6550.2,
L1.3S0.2, and L0.75M0.75 include hybrid fiber rein-
forcements with the same total volume fraction.

The concrete was mixed according to the following
process. First, the aggregates were mixed for 2 min
with 1/3 water. Then, cement, additive, and 2/3 water
were added and mixed for 3 min. After that, fibers
were added by hand slowly while mixing to have a
uniform distribution. Then the specimens were cast
according to the standard EN 12390-2-2019 [27]. The
specimens were kept in the molds for 24 h. Subse-
quently, they were demolded and cured in the chamber
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Fig. 1 Grading curves of the aggregates

with a temperature of 20 &+ 2 °C and relative humidity
90 £ 3% until the testing.

2.3 Test methods

The compressive strengths after 1, 7, 28, and 56 days
were measured on cubic specimens with a dimension
of 100 mm according to the standard EN
12390-3:2019 [28]. Three specimens were tested for
each mixture and each curing age. Tensile splitting
tests were conducted on the cylindrical specimens
with the dimensions of Diame-
ter x Height = 150 mm x 300 mm at 28 days,
according to the standard of EN 12390-6:2009 [29].
The flexural performance was investigated by three-
point-bending testing on the notched prismatic spec-
imens of Length x Width x Height = 600 mm x
150 mm x 150 mm according to the standard EN
14651:2005 + A1:2007 [30]. A notch with the
dimensions of Depth x Wide = 25 mm x 5 mm
was made on the mid-length specimen. The supports
distance was 500 mm. The loading was controlled by
the crack mouth opening displacement (CMOD). The
speed of the CMOD was set at 0.05 mm/min before
reaching 0.1 mm and then increased to 0.2 mm/min.
The shrinkage strain of the concrete mixtures
during the first 56 curing days (after 1, 3, 7, 14, 28
and 56 days) was monitored according to the standard
EN 12390-16:2019 [31]. The shrinkage of three
prismatic specimens for each concrete mixture with
the dimensions of Length x Width x Height = 500
mm x 100 mm x 100 mm was tested. The relative
humidity of the chamber was (90 £ 3%). Therefore,

Fig. 2 Steel fibers used in this study



195 Page 4 of 19

Materials and Structures (2022) 55:195

the shrinkage measured in this study was mainly
related to the autogenous shrinkage. Moreover, the
workability of fresh concrete was determined by
conducting the slump test according to the standard
EN 12350-2:2019 [32].

During the bending test, the digital image correla-
tion (DIC) technique was adopted to monitor the
development of the fracture process zone. The region
of interest (ROI) was randomly speckled with black
matte spray paint. The tests were assisted with a digital
camera (Nikon D800), equipped with an
adjustable lens with a focal length from 24 to
85 mm, located approximately 30 cm from the

inspected surface. The camera acquired frames at a
frequency of 1 Hz with a resolution of 5520 x 3680
pixels, with a scale factor of 5.78 um/pixel.

3 Experimental results and analyses
3.1 Workability
The slump test was adopted for determining the

consistency and workability of the fresh concrete. The
slump testing results of concrete mixtures are shown in

Table 2 Properties of steel fibers 250
S5
Long Medium Short AT T T T T T T T T T T T T T 50T T -
(L) hooked- (M) hooked-  (S) wave- 200 4
end end shaped
E 1504 I
Length (mm) 50 35 18 g o3
Diameter (mm) 1.05 0.75 0.2 g
= i x_
Aspect ratio (L/ 48 47 90 i
D)
Density (kg/m®) 7800 7800 7800
Tensile 1440 1250 2600
Strength (N/

2 RO < <, <y 4,
) O Y "y o Yy 0 Yy 7
Modulus of 200 200 200 Y, oy © 0

elasticity N JCPQ 2,
(GPa)
Fig. 3 Slump of concrete mixtures
Table 3 Concrete mixtures
Mix ID W/C Cement Aggregate (kg/m?) Volume fraction of fiber (%) Additive
(kg/m?) = , , , (kg/m’)
River gravel Crushed limestone  River sand Long Medium Short
PC 045 450 735 562 361 - - - 13.5
S0.43* 730 550 345 - - 0.43
ML.5 705 530 320 - 1.5 -
L15 705 530 320 1.5 - -
MO0.87S0.13 725 550 320 - 0.87 0.13
M1.350.2 705 530 320 - 1.3 0.2
M1.7350.27 705 530 320 - 1.73 0.27
L0.65M0.65S0.2 705 530 320 0.65 0.65 0.2
L1.350.2 705 530 320 1.3 - 0.2
L0.75MO0.75 705 530 320 0.75 0.75 -

* 0.43% is the maximum volume fraction of short fibers. Beyond this volume fraction, many fiber clumps appear in the concrete
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Fig. 3. According to the standard EN
206:2013 + A1:2016 [26], the results can be collected
into the five classes from S1 to S5. In real applications,
the fresh concrete transported by the pump should
have a slump belonging to S4 or S5. As can be seen
from Fig. 3, adding steel fiber reduces the workability
of the fresh concrete. The short wave-shaped steel
fibers produce a more considerable reduction effect on
workability than hooked-end steel fibers. For example,
only 0.43% short wave-shaped fiber in S0.43 reduces
the slump to 150 mm, which belongs to the S3 class,
but 1.5% long (L1.5) and medium (M1.5) hooked-end
steel fiber produce a smaller decrease compared to PC.
It could be related to the larger aspect ratio of short
wave-shaped steel fiber [2]. The increasing volume
fraction of the hybrid fiber has a negative effect on the
workability of fresh concrete. The slump decreases
from 180 to 115 mm when the volume fraction
increases from 1.0% (MO0.87S0.13) to 2.0%
(M1.7350.27). The higher volume fraction increases
the interaction between the steel fibers, reducing the
fluidity of the fresh concrete [2, 33]. For concrete
including hybrid fibers with the same volume fraction
but different combinations, the slumps vary with
hybridization type. Hybrid fibers containing short
wave-shaped steel fibers had an evident reduction
effect on the workability of fresh concrete. Except for
S0.43 and M1.7350.27, the workability of concrete
mixtures belongs to S4.

3.2 Shrinkage

The shrinkage strain of concrete is mainly related to
autogenous and drying one. The humidity of the
chamber was 90 & 3% during the whole testing
period. Therefore, the drying shrinkage was negligible
and the shrinkage, in this study, was mainly autoge-
nous (hydration reaction [34, 35]).

The shrinkage strain measurements for different
curing times up to 56 days are presented in Fig. 4.
Figure 4a shows the shrinkage strain of concrete,
including mono fibers. Mono steel fibers reinforced
concrete clearly shows a reduction of the shrinkage
strain. The short wave-shaped steel fibers had a better
effect on reducing shrinkage strain than hooked-end
steel fibers. The order of the shrinkage is PC >
L1.5 > M1.5 > S0.43. It is mainly motivated by the
larger aspect ratio of short wave-shaped steel fiber,
which produces a better effect on arresting the micro-

cracks caused by the shrinking tensile stress [36, 37].
Moreover, the medium hooked-end steel fibers were
more effective than the long hooked-end steel fibers.

The influence of the volume fraction on shrinkage is
indicated in Fig. 4b. The shrinkage of hybrids fiber
reinforced concrete increased significantly when the
volume fraction exceeded 1.0%. The shrinkage strain
at 56 days grew from 197 x 107® (M0.87S0.13) to
246 x 107° (M1.7350.27) when the volume fraction
increased from 1.0% to 2.0%. But shrinkage strains
were still lower than that of PC. Hybrid fibers
produced the positive effect of reducing shrinkage
by constraining the micro-crack propagation during
the hardening process [38].

Figure 4c shows the shrinkage strains of concrete
with different combinations of hybrid fibers. The
considered fiber combinations have a negligible effect
on shrinkage strain. The shrinkage strains of L1.350.2
and L0O.65M0.65S0.2 at 56 days were similar to L1.5.
But the shrinkage strains of L11.3S0.2 and
L0.65M0.65S0.2, including short wave-shaped steel
fiber, were lower than that of L0.75M0.75. It may be
caused by the adverse effect of the long hooked-end
steel fibers and the better bridging effect of short
wave-shaped steel fibers.

3.3 Compressive strength

The compressive strength of concrete mixtures during
the first 56 days is shown in Fig. 5. Mono fiber with
different shapes produced similar effects on the
compressive strength, as shown in Fig. 5a. The
compressive strengths fluctuate close to that of PC.
It could be connected to the voids and micro cracks
created by steel fibers [2, 38], which from the one hand
create local stress concentrations and, from the other,
delay the cracks propagation (bridging effect), restrict-
ing macroscopically the lateral expansion, as well
[39].

Figure 5b describes the influence of the volume
fraction of the hybrid reinforcement on the develop-
ment of compressive strength. After the same curing
time, compressive strengths decreased when the
volume fraction increased from 0% to 1.0% or 1.5%.
With a volume fraction of 2%, compressive strength
was at the same level as PC. The fluctuation of the
compressive strength with the increasing volume
fraction is attributed to the interaction of the
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Fig. 4 Shrinkage strain of concrete mixture: a mono fiber, b hybrid fiber with different volume fractions, ¢ different hybrid fiber

combinations. Error bars show the standard deviation of 3 replicas

introduced pores and the confinement effect of hybrid
fibers, enhanced by the higher content.

The influence of the combination of hybrid steel
fiber on the compressive strength is shown in Fig. 5Sc.
The hybrid fibers with different combinations pro-
duced a synergistic effect compared to mono steel
fiber. Compressive strengths of L0.65M0.65S0.2,
L0.75M0.75, and L1.3S0.2 at 56 days are 16.8%,
1.9% and 5.5% higher than that of L1.5. The possible
reason is the hybrid fiber produces a much effective
bridging effect at different crack scales. It is worth
noting that L0.65M0.6550.2 has a more substantial

synergistic effect than L0.75M0.75 and L1.3S0.2. The
mix L0.65M0.65S0.2, containing three kinds of steel
fiber, can arrest the propagation of both micro and
macro cracks more effectively [9, 17], leading to
higher compressive strength.

As depicted in Fig. 6, an almost linear relationship
was detected between shrinkage strain and compres-
sive strength for all considered concrete mixtures. A
similar linear relationship was reported in mortar [40]
and plain concrete [41]. The coefficients of correlation
can assess the reliability of the linear interpolation.
Except for S0.43, the coefficients of correlation are
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above 0.8. This liner relationship highlighted the
proportional evolution in time of the autogenous
shrinkage and the compressive strength and their
correlation during the hydration process.

3.4 Tensile splitting strength
The tensile splitting strengths of the concrete mixtures

at 28 days are shown in Fig. 7. The adding of the steel
fibers, regardless of the combination type and volume

fraction, improved the tensile splitting strength com-
pared to PC. The tensile splitting strengths of fiber
reinforced concrete ranged from 3.56 MPa to
6.16 MPa, which were higher than the 3.46 MPa of
the plain concrete. The mono fiber reinforcement
produced an increased ratio between 2.9% and 49.4%
compared to PC (see Fig. 7a). The hybrid fibers with
long hooked-end steel fiber improved the tensile
splitting strength by 2.9%, 9.9%, and 19.1% compared

to L1.5 (see Fig. 7c¢).
nilem
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Fig. 6 Relationship between the compressive strength and the shrinkage strain: a mono fiber, b hybrid fiber with different volume

fractions, ¢ different hybrid fiber combinations

Figure 7a presents the influence of the mono fiber
on the tensile splitting strength. S0.43 produces a
similar tension splitting strength to PC. However, the
tensile splitting strengths of M1.5 and L1.5 increase by
41.0% and 49.4% compared to PC, reaching 4.88 MPa
and 5.17 MPa, respectively. It can be explained by the
inhibitory effect of fibers on crack propagation. The
short wave-shaped steel fiber prevents the formation
and propagation of the micro cracks, delaying coales-
cence process of micro cracks [23]. But, they have a
negligible effect on the propagation of the macro
cracks as they are pulled out with the formation of
macro cracks. The hooked-end steel fiber has higher

pull-out strength. Therefore, the hooked-end steel fiber
can bridge macro cracks and transfer stress between
both sides of the macro cracks [18]. These beneficial
effects arrest the propagation of the macro cracks and
reduce the stress concentration at the crack tip,
improving the tensile splitting strength. The failure
modes provide evidence of the above analysis (see
Supplementary Information, Figure S1). Only one
macro crack is visible on the surface of PC and S0.43.
While the macro cracks surrounded by many small
cracks on the surface of L1.5 and M1.5 indicate the
bridging effect of the hooked-end steel fiber. The long
hooked-end steel fiber produced a higher improvement
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on the tensile splitting strength than the medium
hooked-end steel fiber. It is attributed to the higher
tensile strength and bonding strength of the long
hooked-end steel fiber.

Figure 7b shows the tensile splitting strength of
hybrid fiber reinforced concrete with different volume
fractions. Tensile splitting strength increases from
3.46 MPa to 5.16 MPa when the volume fraction
increases from 0% to 2.0%. It is possible to predict the
tensile splitting strength as a function of the volume
fraction of hybrid fiber by an exponential relationship:

(1)

where TS is the tension splitting strength, TS, is the
tensile strength of plain concrete, V; is the volume
fraction of the hybrid fiber (%), a, b and k are

TS = aTSy + be*"r

constants. In Fig. 7b, TS, is 3.46, while the best fitting
provided a, b and k as 1.01, 0.09, and 1.44, respec-
tively, with a coefficient of correlation of 0.98.
Equation (1) is valid only in the considered volume
fraction range (< 2%) and the concrete mixes in this
study; experimental measurements do not support
further extrapolations.

The effect of the hybrid fibers with different combi-
nations is presented in Fig. 7c. Hybrid fibers produce a
synergistic effect on the tensile splitting strength.
Tensile splitting strengths of L1.3S0.2, L0.75M0.75,
and L0.65M0.65S0.2 are 5.68 MPa, 5.32 MPa, and
6.16 MPa, higher than the 5.17 MPa of L1.5. Hybrid
fibers, including short wave-shaped fiber and hooked-
end fiber, like L1.350.2 and L0.65M0.65S0.2, had a
better beneficial effect than the hybrid hooked-end
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Fig. 8 Ratios between tensile splitting strength and compres-
sive strength

fibers. Short wave-shaped fibers worked actively on
restricting the propagation of the micro cracks, delaying
the formation of macro cracks. Once the macro cracks
appeared, short wave-shaped fibers were pulled out, and
the hooked-end steel fibers bridged the macro cracks.
The propagation of the macro cracks was restricted, and
stress concentration was reduced. This is visible
considering the multi-cracks failure modes of the hybrid
fiber reinforced concrete (see Supplementary Informa-
tion, Figure S1).

Figure 8 presents the relationships between the
tensile splitting strength and compressive strength of
concrete mixtures at 28 days. The ratio increases by
adding steel fiber. For plain concrete, the ratio is 0.066.
However, the ratio ranges from 0.091 to 0.114 for
concrete mixtures, including hooked-end steel fibers.
The range is similar to that obtained by Nataraja et al.
[42] and Choi and Yuan [7]. Except for S0.43, the
ratios are in a relatively narrow range between 0.091
and 0.114. Therefore, reasonable accuracy makes it
possible to predict the tensile splitting strength of the
steel fiber reinforced concrete containing hooked-end
steel fibers according to the compressive strength,
assuming the average ratio of 0.102.

3.5 Flexural performance
3.5.1 Flexural Stress-CMOD curve

Figure 9a depicts typical flexural stress-CMOD
curves. Steel fibers improve flexural behavior and

change the shape of the flexural stress-CMOD curve.
The flexural stress of PC increased almost linearly up
to the maximum flexural stress; then, it decreased
sharply showing a brittle failure. For steel fiber
reinforced concrete, a nonlinear behavior appeared
before the peak load, exhibiting a pseudo strain
hardening behavior with an increase of load after the
level at the onset of initial crack. It is probably
connected to the good bond of fibers and matrix,
leading to a proper load transfer by the fibers at the
early stage of the crack propagation.

After the peak point, the reinforced materials
exhibited softening behavior, with loading levels
slowly decreasing while increasing CMOD. This is a
consequence of the fibers bridging effect resulting in a
higher global bending deformation with relevant
increasing of the post-peak residual flexural strength.

For mono-fiber reinforced concrete, long hooked-
end steel fibers produced a higher improvement on
flexural peak stress. For the hybrid steel fiber with the
same combination (M and S), the higher volume
fraction of the hybrid fiber leads to better flexural
performance. The hybrid mixes with the same content
(LO.75M0.75, L1.3S0.2, and L0.65M0.65S0.2)
showed the best flexural response, both in terms of
hardening and post peak behavior, quite similar to
L1.5, which still highlighted the role of the long
hooked-end fibers in constraining the development of
meso/macro cracks.

Figure 9b summarizes the modulus of rupture
(MOR) of concrete mixtures. Modulus of rupture is
defined as the flexural strength at the peak load. The
inclusion of steel fibers, regardless of the volume
fraction and combination type, increases MOR. MOR
of fiber reinforced concrete mixtures range from 4.59
to 10.81 MPa, increased by 15.3% to 171.6% com-
pared with PC. It is mainly attributed to the bridging
and arresting effect of the steel fiber [18, 43]. For the
mono steel fiber, the MOR of L1.5 and M1.5 are higher
than that of S0.43. It is due to the pull-out of short steel
fibers at the appearance of macro cracks, while the
hooked-end steel fiber still effectively transferred the
stress across macro cracks [16, 23]. Therefore, con-
crete, including hooked-end steel fiber, can bear a
higher flexural load.

MOR increases with the volume fraction of hybrid
steel fiber. Figure 9b shows that the MOR increases
from 5.39 to 7.64 MPa when the volume fraction
increases from 1.0 to 2.0%. The increased number of
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fibers enhanced the crack restriction effect, leading to
a higher loading bearing capacity. According to
Fig. 9c, there was a linear relation between MOR
and volume fraction, as given by Eq. (2).

(2)

where F o 18 the modulus of rupture, Fy,or ¢ is the
modulus of rupture of PC, a and k are constants, V;is
the volume fraction of hybrid fiber (%). According to
the testing data, a is 1, and k is 1.85.

The considerable effect of the long hooked-end
steel fiber is clearly detected by the highest MOR in
the same experimental scatter band for all hybrid

Fyor = aFyorpo + kVy

reinforcements, including L  fibers (L1.5,
L0.65M0.6550.2, L.1.3S0.2, and LO.75M0.75).

The ratios of MOR to compressive strength at
28 days are shown in Fig. 10. The steel fiber rein-
forcement increased the ratio compared to PC, from
0.075 (PC) t0 0.218 (L.1.5). The long hooked-end steel
fiber produced a higher ratio than that of S0.43 and
M1.5. It is attributed to the higher bonding strength
between the long hooked-end steel fiber and cement
matrix. The ratios of hybrid fiber reinforcement
fluctuate with the increase of the volume fraction,
which could be attributed to the variation of bonding
strength, air voids, and micro cracks with the
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increasing volume fraction. As mentioned above, the
hybrid fibers combinations with long hooked-end steel
fiber produce a synergistic effect, comparable to L1.5.

The ratio of L0.65M0.65S0.2, L1.3S0.2 and
L0.75M0.75 reached 0.174, 0.187 and 0.199,
respectively.

3.5.2 Residual flexural strength

Residual flexural strength is an effective index for
evaluating the contribution of the fibers on the post
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cracking performance of concrete. The residual flex-
ural strength was investigated according to the stan-
dard of EN 14651:2005 4+ A1:2007. The limit of
proportionality (LOP) is the stress at the tip of the
notch, which is assumed to act in an uncracked mid-
span section with linear stress distribution of the
specimen subjected to the center-point load [30].
Conventionally, the LOP corresponds to the maximum
force for CMOD lower than 0.05 mm, and the residual
strength is estimated for CMOD of 0.5 mm, 1.5 mm,
2.5, and 3.5 mm. The corresponding flexural strengths
are named fjop, fros, fris. fros, and fgrzs. The
comparison of the flexural strengths is shown in
Fig. 11.

Figure 11a depicts the f; op of concrete mixtures.
As it can be seen, the inclusion of steel fibers increases
the f; op. Compared to PC, the average fi op of M1.5
and L1.5 were increased by 42.6% and 41.1%, while
the S0.43, containing 0.43% short wave-shaped steel
fiber, did not show enhancement having values in the
same experimental scatter. It is a consequence of the
higher bonding strength of hooked-end steel fibers,
leading to a slower crack propagation. The higher
volume fraction of the hybrid fiber produces the higher
fLop. The average fj op increased from 4.94 MPa to
6.07 MPa when the volume fraction rose from 1.0%
(M0.87S0.13) to 2.0% (M1.73S50.27). For concrete
mixtures with different combination types of fiber,
hybrid fibers produced the synergistic effect on f| op.
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Fig. 11 Flexural strengths of concrete mixtures: a f; op and b average residual flexural strengths. Error bars show the standard deviation

of 3 replicas
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L0.65M0.65S0.2 has the highest f; op of 7.11 MPa,
27.0% and 25.6% higher than that of L1.5 and M1.5,
respectively. Hybrid fiber, including steel fibers with
different geometric parameters, can bridge and arrest
both micro- and macro-crack. On the other hand, the
hybrid fibers transfer stress more effectively in the
concrete, reducing the stress concentration.

The residual flexural strengths of concrete mixtures
are presented in Fig. 11b. The steel fiber reinforce-
ment enhanced the residual flexural strengths. PC has
no residual flexural strength as the specimen suddenly
splits into two parts after the peak load, as shown in
Fig. 9. L1.5 produced a more significant improvement
on the residual flexural strength than M1.5 and S0.43.
The short wave-shaped steel fibers were pulled with
the extension of the macro cracks (see Supplementary
Information, Figure S2). Therefore, the short wave-
shaped fibers had a negligible effect on the propaga-
tion of the macro cracks. However, the hooked-end
steel fibers can bridge the macro cracks with the higher
bonding strength (see M1.5 and L1.5 in the Supple-
mentary Information, Figure S2), slowing down the
propagation of macro cracks and branching phenom-
ena the crack path [18].

The residual flexural strength of the hybrid fiber
reinforced concrete increases with the volume frac-
tion. For example, the residual flexural strengths of
M1.7350.27 are from 37.6 to 49.0% higher than that of
MO0.8750.13. Higher volume fraction provided higher

N 1T—7%c S043  ——MILs —LIs
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Toughness (N.m)

bond strength in the unit flexural surface. Therefore,
the extension of the macro cracks was arrested more
effectively, evidenced by the branching cracking paths
in ML5 and L1.5 (see Supplementary Information,
Figure S2). The hybrid fibers with the same volume
fraction but different combination types produced a
similar effect on the residual flexural strength com-
pared to mono long hooked-end steel fiber (L1.5).
Residual strengths of L0.75M0.75, L1.3S0.2, and
L0.65MO0.65S0.2 are similar to L1.5. It is because the
hooked-end steel fibers played a major role in bridging
and arresting the macro cracks after the peak load, as
the short wave-shaped fibers were pulled out.

3.5.3 Toughness and ductility

Toughness indicates the energy-absorbing ability of
concrete under loading, which can be obtained by
integrating the area underneath the load—displacement
curve (Fig. 12a). The toughness at the peak load (Tp)
and 3.0 mm (T3 ) deflection points were calculated.
The results are summarized in Fig. 12b.

Steel fibers, especially the long hooked-end steel
fibers, increase fracture toughness. For mono steel
fibers, the long hooked-end steel fiber produced the
highest T,, and T3, but the short wave-shaped fiber
has a negligible effect on the T,,. The hooked-end steel
fiber bridged the macro cracks, making the concrete
bear a higher peak load. The toughness of fiber
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reinforced concrete increases with the volume fraction
of hybrid fiber. T, and T3, increase from 8.58 to
14.52 N m and 41.44 to 60.85 N m. The hybrid fibers
with different combination types produce other effects
on toughness. The synergistic effect on toughness is
observed in L0.65M0.65S0.2 and L0.75M0.75, as the
T, and T3 are higher than L1.5. But L1.3S0.2 has a
lower T; o than that of L1.5, which shows the marginal
effect of the short fibers.

Overall, fiber reinforced concrete had a deflection
hardening behavior before the peak load (see Fig. 9a
and Fig. 12a), with enhanced global bending defor-
mation [38]. In this study, LOP is considered as the
load for the onset of the first crack. For concrete
mixtures, except for PC, the peak load is higher than
LOP, which highlights the ductility of the materials.
Here, the ductility index (DI) is adopted to measure
this property of the reinforced mixtures, defined by the
following relation [44]:

DI = 5p/dL0p (3)

where 0p is the deflection at the peak load and d; gp is
the deflection at LOP. The higher ductility index
indicates the higher ductility before the peak load. The
comparisons of DI are detailed in Fig. 13.

For the mono fibers, the long hooked-end steel fiber
(L1.5) produced a noticeable improvement on the
ductility index than other mono fibers. It is attributed
to the higher bonding strength of long hooked-end
steel fiber. The average ductility index increases from
1.16 to 1.93 when the volume fraction increases from
1.0% to 1.5%. But no further growth is observed when

the volume fraction exceeds 1.5%. Compared with
L1.5, hybrid fibers with different combination types
(L0.65M0.65S0.2, L.1.350.2, and L0.75M0.75) pro-
duce lower ductility as the average ductility index
decreases from 4.01 to 3.00, 3.74, and 3.68. It is
probably due to the short fibers’ negligible effect in
arresting the fracture’s propagation after LOP as
shown by the horizontal strain component &,, maps in
Fig. 14.

The fracture pattern at peak load and post-peak
90% peak load is depicted in Fig. 14. The short wave-
shaped steel fiber has a negligible effect on the fracture
as the pattern is similar to that of PC. The hooked-end
steel fibers created branched fracture as they bridged
cracks and transfer stress across the cracks, leading to
the improvement of the flexural performance. The
fracture evolution changed from almost vertical shape
to branching one when the volume fraction of hybrid
fiber increased from 1.0 to 2.0%. The hybridization of
long hooked-end steel fiber with other fibers widened
the fracture process zone and increased the number of
main cracks.

4 Hybridization effect evaluation

In this study, the hybridization effect of the steel fibers
on flexural performance was quantitatively analyzed
according to [45-47]. The hybridization effect coef-
ficient (o) is defined as:

oy Suc — fec 8 @)

> (fui —fec)

where fyc is the flexural strength of the hybrid fiber
reinforced concrete, fpc is the flexural strength of PC,
fai 1s the flexural strength of the mono fiber reinforced
concrete (i=1, 2, 3, where 1 =L1.5, 2=M1.5,
3 =S0.43), f; = V:/Vy;, where Vy; is the volume
fraction of the mono fiber reinforcement, and V; is the
volume fraction of fiber (i =1, 2, 3, where 1 =L,
2=M, 3=0S) in the considered hybrid mix. The
hybrid fiber produces a positive effect on the flexural
strength if o > 1, it is regarded as negative hybrid
effect if oo < 1. For the sake of comparison, the
hybridization effect coefficient of the hybrid fiber
mixes with total volume fraction of 1.5% is only
presented.
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<«Fig. 14 Map of horizontal strain component &, at: a peak load,
b post peak 90% peak load

The hybrid effect coefficient of the f; op, MOR, and
f,5 are shown in Fig. 15. The hybrid fiber mix
L0.65M0.65S0.2 and L.O.75M0.75 produced a positive
hybrid effect over the three parameters considered.
The hybridization of steel fibers has negligible or
negative effect when short fiber is mix with only L or
M, except for L1.3S0.2 which had a positive hybrid
effect on the first crack strength. Overall, the
hybridization of the long and medium hooked-end
steel fibers, which have the same aspect ratio but
different lengths, produced a positive hybrid effect. A
better effect was got when the mix contained the three
steel fibers. A rough interpretation is: the hybridization
of the long and medium hooked-end steel fiber can
produce a better restriction effect on the initiation and
propagation of the macro and meso cracks and better
stress transfer [47], while the short wave-shaped steel
fibers restrain the micro cracks. Therefore, the mix of
the three fibers created the better hybridization effect
with the highest values of o for L0.65M0.65S0.2.

5 Conclusions
The concrete reinforced with ten hybrid combinations

of three different steel fiber shapes allowed to
understand better the hybridization effect on the
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Fig. 15 Hybridization effect coefficient of hybrid fibers of the
hybrid fiber mixes with total volume fraction of 1.5%

mixtures’ mechanical performance. The main conclu-
sions are:

e The short wave-shaped steel fibers produced a
more considerable reduction of workability than
hooked-end steel fibers. The workability of the
hybrid fiber reinforced concrete decreased with the
volume fraction significantly particularly when the
volume fraction exceeded 1.5%. The effect of the
hybrid fiber including long hooked-end steel fiber
on the workability varies with the hybridization
type.

e Short wave-shaped steel fiber produced a lower
autogenous shrinkage strain than hooked-end steel
fibers. The long hooked-end steel fiber had a
negligible effect on autogenous shrinkage. Shrink-
age strain increased when the volume fraction of
hybrid fiber (M + S) exceeds 1.0%. The hybrid
reinforcement including long hooked-end steel
fibers did not have synergistic effect on autogenous
shrinkage.

e Mono steel fiber has no significant effect on
compressive strength. The compressive strength
decreases when the volume fraction increases from
1.0 to 1.5% but increases when it exceeds 1.5%.
Hybrid fibers with different combination types
produce a synergistic effect. A linear relationship
was detected between shrinkage strain and com-
pressive strength.

e Hooked-end steel fibers produced a more signifi-
cant improvement of the tensile splitting strength
than short wave-shaped steel fibers. An exponen-
tial relationship existed between tensile splitting
strength and the volume fraction, for the consid-
ered concrete mixes, when the volume fraction
increases from 0.0% to 2.0%. The ratio of tensile
splitting strength to the compressive strength of
hooked-end steel fiber reinforced concrete was
estimated as 0.102.

¢ Concrete reinforced with steel fibers exhibited a
pseudo strain hardening behavior. Steel fiber
reinforcement improved flexural strength and
fracture toughness. The long hooked-end steel
fiber increased the MOR, residual strength, and
toughness among the other fiber hybridizations.
Flexural strength increased with the increasing
volume fraction of the hybrid fibers. A linear
relationship was detected between MOR and the
volume fraction of hybrid fiber for the considered
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concrete mixes. The ratio of MOR to compressive
strength varied with different hybrid fibers.
L0.65S0.65 and LO.75M0.75 produced a synergis-
tic effect on MOR and toughness.

e The hybrid reinforced concrete L0.65MO0.65S0.2
containing the three considered fiber types had the
best performance according to the considered
engineering properties and the hybridization effect
coefficient.

The findings in this study can provide some
contributions for the hybrid steel fiber reinforced
concrete design according to the workability and
mechanical properties needed in the construction
applications. On the other hand, this study’s relation-
ship between mechanical properties provides neces-
sary information for more accurate numerical
modeling predictions, especially for the nonlinear
simulation. Further investigations must be devoted to
the durability and structural performance of the hybrid
steel fiber reinforced concrete.
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