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Abstract: Concrete brittle fracture and low tensile strength constitute an important durability problem, since they can
lead to disastrous damage and failure of the reinforced concrete structures. The improvement of concrete mechanical
properties by adding steel fibers to plain concrete is considered as an interesting solution to the problem. This work fits into
the continuity of scientific contributions in the field of Steel Fiber Reinforcement Concrete (SFRC). It relies on an
experimental study conducted to examine compressive, flexural and abrasion resistance of steel fiber reinforced concrete
specimens. The used Steel Fibers (S.F) are curved steel elements with a length to diameter ratio equal to 67. Concrete is
made of local materials. The steel fiber contents examined are 0.5%, 1% and 1.5%. The purpose of this research is to
investigate the mechanical performances of steel fibers reinforced concrete regarding compressive strength, flexural
strength, mechanical abrasion and ductility according to the specimen age. The experimental results show a significant
improvement in the mechanical behavior of the SFRC specimens in comparison with plain concrete without reinforcement.
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1. Introduction

Concrete, because of its low cost and constant
technological progress, is the most widely used material in
civil engineering construction. However, its low tensile
strength, its fragility and its predisposition onto micro
cracking limit its use to compressed areas. When used
instructures  subjected to tensile stresses, some
reinforcement elements, usually steel bars, are needed. An
alternative technique, consisting in the addition of steel
fibers (SF) to concrete, is an effective way of replacing
classical reinforced concrete. The strengthening of concrete
with SF improves the mechanical behavior of concrete
elements; delays crack initiation and increase the ductility
to hinder brittle fracture [1]. The compressive strength of
cylindrical specimens made of plain concrete is generally
characterized by the appearance of breakdown points with
formation of shear lines and compressive cone or spalling.
The presence of SF in concrete enhances the compressive
strength and the ductility of the material.

When compressed, steel fibers tend to buckle quickly.
However, they contribute to prevent concrete swelling and

bursting through adhesion and shearing strength. Steel
fibers, indeed, can increase the adhesion between the
different components of the SFRC material matrix. Many
studies have shown that the addition of SF to concrete
increases the compressive strength by approximately 10%
to 20% compared with ordinary concrete [2, 3, 4, 5]. Some
specific studies also highlight these properties [6, 7, 8].
Moreover, for a SF volumetric content of 1.5%, the static
resistance after 28 days of compression fracture increases
by 35% [9] and by 21.2% for a SF content of 2% [10].

Steel Fiber Reinforced Concrete (SFRC) mechanical
relevance is certainly increased in the case of specimens
submitted to flexural and tensile loads. Under loading, the
steel fibers are then subjected to pulling forces but their
adhesion to concrete acts as crack inhibitor and increases
the global resistance of the specimen [11, 12, 13, and 14].
On a microscopic scale, the SF reinforcement is often
complex and depends on the microstructure the added
fibers have created [15]. Moreover, the geometrical and
mechanical characteristics of steel fibers change depending
on the fiber type. Consequently, each SF type affects the
mechanical behavior of SFRC elements differently. The
choice of fibers type depends on both the application scope
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and the mechanical properties desired [16]. Bending tests
are often carried out on laboratory specimens and real
beams [17]. Mechanical results are obtained using force
and displacement (stress/strain) control. The mechanical
ductility depends not only on the SF type content and
orientation but also on the nature of the deformation. Steel
fibers with bent ends are better than fully bent fibers
because of the mechanical anchor they induce [18]. Among
these, hooked-end fibers are best because of the good
mechanical grip they offer [19].

Concrete is used to build civil engineering structures,
which may be affected by mechanical friction when
concrete comes in contact with water. The abrasion
resistance is one key consideration of technical design.
Surface wear caused by abrasion and erosion contributes to
the reduction of concrete durability [20]. Abrasion due to
traffic particularly affects industrial floors, sidewalks and
roadways [21]. The addition of SF to concrete increases the
abrasion resistance, which is directly influenced by the
material compressive strength [22]. SFRC specimens with
volumetric contents of 0.5% and 1% can reduce the
mechanical wear by 2% to 9%, respectively [23]. SFRC is
distinguished by its ability to absorb and dissipate energy,
reduce the initiation and propagation of cracks, increase the
durability of concrete subjected to abrasion and slow the
degradation of the material.

This study comes within the continuation of scientific

investigations conducted yet not far enough, to examine
concrete, to whom steel fibers are added in order to
improve compression, bending and abrasion resistance.
Classical 16x32(diameter = 16 cm, height=32 cm)
cylindrical specimens are used for compression testing.
Prismatic 7x7x28cm’ specimens are used for the three-point
bending tests.7x7x14cm’specimensare used for “Micro-
Duval” Los Angeles abrasion testing. The SF contents of
the test specimens are different. Concrete mix contains
local materials from Chlef (Algeria) currently used in
actual concrete structures. The objective of this study is the
description of SFRC mechanical performances and the
quantification of its beneficial changes, in comparison with
plain concrete, as a function of SF volumetric content. The
adopted steel fiber percentages by volume are 0.5%, 1%
and 1.5%, respectively. Three specimens are made for each
test series. First results confirm those found in the literature
and are used to propose a behavioral mathematical
approach.

2. Material Characteristics

The materials used are of local origin and commonly
used for concrete building structures. The cement is a CPJ-
CEM 1I/A42.5 type material with a density of3.1 and a
specific surface area o0f3700cm?/g. Its chemical and
mineralogical characteristics are presented in Table 1.

Table 1: Cement composition (%).

Chemical composition SlOz Ales Fe;O; CaO SO3 MgO Kzo PAF
(%) 20.58 4.90 470 62.8 228 0.63 0.42 1.00
Mineralogical composition GS GS GA C.AF
(%) 41.8 333 5.1 10.7
Cement composition Clinker Calcareous Gypsum
(%) 86.5 10 35

Figure 1: « HE++ 75/50 »Steel Fibers.

Sand is river sand with a specific gravity of 1.63, a
fineness modulus, M;0f2.42 and a sand equivalent, Egof
89.74.Gravels are crushed aggregates (<10 mm) with an
impurity content of approximately 1.2% and a Los Angeles
coefficient Ly = 24%.To control concrete workability and
keep the same consistency while introducing steel fibers, a
super-plasticizer« MEDAFLOW 30 »type is added. This
yellowished-colored super-plasticizer is a high range water
reducer with a density of 1.07.Tap water is used with a
conventional considered density of 1000kg/m’. «HE++
75/50 » type hooked-ends steel fibers 50 mm in length and
a diameter of 0.79 mm are used. They have a tensile
strength of 1.9 Gpa and a geometrical ratio of (l¢/d; =67)
(Fig 1).

The super-plasticizer content increases with the SF
volumetric content. Tested SF concentrations by volume
are 0%, 0.5%, 1% and 1.5%, respectively. For a
homogeneous distribution of the SF during mixing, SF are
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introduced at the end of the process, after water and super-
plasticizer are added. Concrete mix design variables are
presented in Table 2.

16x32 cylindrical and7x7x28 cm’ prismatic specimens
are cast. The specimens are compacted by means of
vibration methods. All specimens are demoulded after 1
day and cured into water until test. Curing temperature is

20°C + 2°C. Three SF specimens and three specimens of
plain concrete (non-SFRC) used as control samples are cast
for each mechanical test series. Strength and deformation
measurements are carried out using a Control 3000 KN
hydraulic press and displacement sensors with a 10”-mm
uncertainty of measurement.

Table 2: Concrete composition (kg/m3)

Concrete (Sl?gn)d a(ggﬁregate g:gl;lent X)’ater e ?’2‘; uvant (Sl:gl Fiber (Scunl:)sidellce
(SOF“}:)C—“ 750 1058 400 180 0.45 1 0 8
(S()}'«“;I‘)/Co)_ﬂ.s - 1045 400 180 045 15 39 e
(SlFo}:)C—l 750 1031.7 400 180 0.45 2 78 9
?E;%LS 750 1017.8 400 180 045 25 117 10
3. Experimental Program formula(1):
3.1. Compression and Flexion Tests g, = Ai (N
.

The compression test (Fig.2) is performed in accordance
with « NF EN 1239-1 » and « NF EN 1239-3 » European
standards [24, 25].The16x32 cylindrical specimens are used
for determining concrete compressive strength at different
ages and for different SF volumetric contents. A uniform
rate of loading of 14 (MPa/min) is applied on the specimen
until failure. The maximum load is recorded. The
compressive strength is obtained using the classical

Figure 2: Compression tests.

The three-point bending test (Fig.3) is carried out in
accordance with "NF EN 12390-5" standard [26, 27]
oncubic7x7x28cm’® specimens. An increasing load is
applied at mid-span of the specimens with a constant
loading rate of 0.25 (= 0.03) mm/min until failure [26].
Load and displacement measurements are recorded
instantaneously. The deflection value corresponding to first
crack loading is recorded. The maximum load is measured
and the flexural strength is given by (2):

3FI
g, ==— 2
n= )

where F is the ultimate load, 1 is the distance between
both support points and b is the thickness.

where F is the maximum load and A, the area of the
specimen, on which the load is applied. For each SF
content (0%, 0.5%, 1% and 1.5%), three tests are carried
out and the mean value is calculated from the three single
values obtained for different concrete ages (1, 3, 7, 28, and
90 days).

Figure 3: Flexion tests.

3.2. Abrasion Tests

The abrasion tests are carried out on 7x7xl4cm’
specimens with approximately the same weight. These
smaller specimens are obtained from thecubic7x7x28cm’
specimens fabricated for the bending tests. A high
performance chainsaw is used for sample cutting and
preparation (Fig.4). The specimens are then introduced into
the "micro-Duval" abrasion-testing machine (Fig.5). In
each compartment of the device, we place: three concrete
prisms (weight=1.2 to 1.5kg), 3sphericalstainless steel balls
(diameter= 47+ 1 mm, weight=420 to445g), 1.5 kg of small
spherical stainless steel balls (D =10+0.5mm) and 2.5 liters
of water.
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Figure 4: Chainsawfor sample cutting and preparation.

The specimens are subjected to 12000rotationsper2 hours
at a constant speed of 100 £5rev/min. At the end of the test,
the specimens are washed, dried in the oven and weighed.
The difference in weight before and after abrasion testing
reveals the specimen mass losses for the different SF
contents according to abrasion time (2, 4, 6, and 8 hours).

4. Mechanical Test Results and
Discussions

All the mechanical measurements used to study the
effects of the addition of steel fibers to concrete mixes are
compared with those obtained with a control plain concrete
specimen prepared under the same conditions (non-SFRC
specimen).The results considered for each wvariable
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Figure 6: Compressive stress — age (day) evolutions.

The same trend is also observed at 28 and 90 days of age.

Moreover, at 28 and 90 days of age, the stabilization
observed in the resistance increase is, about 9%, 14% and
21% for the SF contents of 0.5%, 1% and 1.5%,
respectively (Fig.8). These results satisfactorily agree with
those found in the literature [28, 29, 30]. The small

Figure 5: Abrasion testing machine.

represent the mean value calculated from three single
measurements.

4.1. Compressive Strength

Compressive stress increases depending on the age of the
specimens (Fig.6) and on the SF content [28, 29]. The
effectiveness of steel fibers in enhancing compressive
strength is strongly related to content, geometry and type of
fibers. The relative resistance increase reaches, at 7 days of
age, 11%, 21% and 29% for a SF content of 0.5%, 1% and
1.5%, respectively (Fig.7). This observation is directly
related to the mechanical adhesion performances of steel
fibers within concrete which increase its ability to delay
cracking development.

Relative strength increase|

®mOS% ®10% =15% ® Dragicalevtié [30]

Figure 7: Relative stress — SF content (%) evolutions.

discrepancy observed (Fig.8) at 7 days of age between the
present results and those found in [28, 30] can probably be
accounted for by the difference in both drying conditions
and material types. Consequently, the effectiveness of SF
materials in enhancing the compressive strength of concrete
structures is confirmed.
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Figure 8: Relative stress — SF content (%) evolutions.

However, we note that the relationship between
compressive strength increase and SF content is linear
(Fig.9).From these results and the discussions found in the
literature, it appears that the quality and the type of steel
fibers affect compressive stress performances of SFRC
structures.

According to the graphical linear trend of Fig.9, it is
advisable to propose a mathematical model, which can
represent the relative extent of resistance by expressing
variable staking both the quality and the volumetric content
of steel fibers in concrete into account. The relationship
between relative compression strength at 90 days of age
and SF content appears to be linear (Fig.9), and the
correlation parameter R%is equal to 0.9. This relationship,
which is perfectly consistent with the results found in [29],
can be expressed by (3):

a-sfrc -0,

. o1 (%) :100( J:1+A ayVy @)

c

Where A = 20,0, is the relative compressive stress,
Osrre 1S the compressive stress of the SFRC element,o, is
the compressive stress of the non-SFRC element, Vis the
SF volumetric content and O is a coefficient that describes
the quality and type of the steel fiber.

For the SF presented in Figure 1, we considera= 0.6.
The coefficient Oy is used to characterize the type of steel
fiber. For steel fibers of type "Novotex FE0730 (1 =30 mm,
d = 0.7 mm)",0=land for type "Dramix fiber RC65/35BN
(1=35mm, d =0, 55 mm)" fibers,a= 0.5 [29]. It must be
noticed that the steel fibers of type "Dramix" similar in
shape to the fibers studied here (1 =50 mm, d = 0.75 mm),
while those of the "Novotex" type are different with hooks
at both ends. Moreover, all three types have different
tensile strengths (f; = 1.9 GPa for the SF studied here, f, =
1.1 GPafor the "Dramix" ones and f; = 1.15 GPa for the
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Figure 9: Relative stress — SF content (%) evolutions.

"Novotex" ones.

The enhancement of the resistance of concrete
containing steel fibers is also confirmed by the compression
tests carried out on cylindrical specimens and by the
bending tests carried out on prismatic specimens (4x4x16
cm’) [30].For steel fibers (I/d =50) with a volumetric
content 0f0.45%, strength can be improved by 17% at two
days of age and approximately 29% at 90 days (Fig. 8).
These results are higher than the results achieved
experimentally here because the resistance of the concrete
used in [30] is higher than that of the specimens used in the
present study.

4.2. Flexural Resistance

The bending resistance of the 7x7x28 c¢m® specimens is
mainly affected by the adhesion characteristics of the steel
fibers in the tensed parts of the concrete specimens.
Adhesion depends on the quality, the type, and the
geometrical characteristics (length, diameter, curvature, etc.)
of the steel fibers. However, it appears that the strength of
SFRC increases with time, and SF volumetric content (Fig.
10).Failure occurs in the form of brittle fracture for the
plain concrete specimens and ductile fracture for the SFRC
specimens (Fig.10).When the ultimate load is reached, the
concrete matrix fails and the first crack appears on the
beam specimen.

In all SFRC specimens, failure occurs at mid-span by
pulling out of the steel fibers at maximum deflection and
not by breaking up of the transverse sections.

For a SF content of 1.5%, strength is significantly
improved compared with the control specimen (1.5% curve
in Figs.10 & 11). Resistance tends toward a limiting value
in relation to time. This value is, itself, an increasing
function in terms of SF content (Fig. 11).
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Figure 10: Force-midspan displacement evolutions.

For a volumetric content of 1.5%, strength is enhanced
by approximately 96%, for SFRC specimens of 90 days age
(Fig. 12). The enhanced extent obtained with a SF content
of 0.5% is almost the same as that presented in [30] for a
0.45% content in different testing conditions (Fig.12). For 1%
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Figure 12: Relative flexural stress — age (day) evolutions.

The relationship between SFRC specimen real flexural
stress and SF content do not appear directly linear. The
relative strength of all the types of steel fibers found in the
literature, on the other hand, increases linearly with
increasing SF content [28, 29, 30]. However, this
relationship is justified considering the present testing
conditions and clarified by the relationships displayed in
Figure 13. For the approximation of formula (3), the
relative flexural strength can be represented by a linear
mathematical equation written as (4):

am,sﬁc -3,

am,rel (%) = 100[ “ ] =1+B an st (4)

m

where B = 113.3 and a,=0,6 which characterizes the SF
type; Oms 1S the relative bending stress of the SFRC
element; O, sprc 1S the SFRC specimen bending stress and
Oy, the bending stress of the non-SFRC elements.

Furthermore, the reliability of in service structures is
closely linked to the ductility of the materials. The ductility
factor is calculated from the average results according to
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Figure 11: Flexural stress — age (day) evolutions.

SFRC specimens, the flexural strength is improved by 62%.
This improvement can be mostly attributed to the crack-
seaming and crack-arresting effects of SF elements.
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Figure 13: Relative flexural stress — SF content (%) evolutions.

the recommendations of the technical standard [27] and
presented as a function of SF content in Figure 14. This
diagram shows that, right from a SF content of 1.5%,
specimen flexural performances, and consequently,
reliability, are already enhanced by 2.33in comparison with
non-SFRC ones (Fig.14). The ductility factor can be used
to highlight the quality of the steel fibers. It also depends
on the quality of concrete and of the strength of the
concrete/steel interface.

5

I
n

Ductility Factor
.

s
W

0 [ 1] 1 15
Volumetric SF Content (%)

Figure 14: Ductility factor.
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4.3. Abrasive Resistance

Concrete and reinforced concrete structures endure
variable and repeated loads, which may, in the end, induce
material fatigue. Fatigue may, in turn, generate a
progressive deterioration of the material up to failure,
especially under applied complex mechanical loading
cycles. High-performance of concrete materials, then,
requires durability and resistance. This resistance can be
expressed as the friction or abrasion bearing capacity of a
material.

Abrasion resistance is studied experimentally through the
weight (mass) loss of specimens resulting from abrasion
testing. The testing equipment is the “micro Duval”

80

machine  (Figs.4&S5). The tested specimens are
approximately the same weight and are subjected to the
same abrasive load.

Figures 15 and 16 display the weight loss values of the
different specimens tested at 28 days of age. It can be seen
that the abrasion resistance of the specimens containing SF
elements is remarkably improved and increases with the
increase in SF content. The plain concrete control specimen
(SFRC 0) degradation is almost linear according to
abrasion time (Fig.15) whereas it decreases, for the SFRC
specimens according to the SF volumetric content (Fig.16).
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Figure 15: Abrasion weight loss-time evolutions.

Steel ball abrasion method is very aggressive at the
beginning of the test. Skin concrete is abraded first but, as
soon as abrasion reaches coarse aggregates, weight loss
slows down. Differences in weight loss are directly visible

to the naked eye on the shape of the specimens after the test.

It is interesting to note that not only do steel fibers reduce
abrasion, but they also improve the consistency of the
material matrix.
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Figure 17 : Relative abrasive resistance- SF content.

The enhanced extent of abrasion resistance increases
with time. For a SF content of 0.5% for instance, the
resistance is improved by 10%, 14%, 20% and 23% after 2,
4, 6 and 8 hours, respectively (Fig.15). However, we note

&
o
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w
=1
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Figure 16: Abrasion weight loss-SF content (%) evolutions.

that the optimum volumetric content to reduce abrasion
impact is about 1% (Figs.16 &17). Beyond this value, the
relative weight loss remains constant or even decreases
slightly with increasing content (Fig.17).

If this observation is very important for construction
engineering, it, however, remains limited to the materials
and testing conditions used here. A survey of the literature
reveals that a considerable amount of effort has been
devoted to the study of the abrasion resistance of reinforced
concrete with, however, different testing conditions (type of
fibers, unique SF content, device, etc.)[31, 32, 33, 34].
None of them, nevertheless, has underlined the importance
of the SF volumetric content.

4.4. Relationships between Abrasive, Compressive and
Flexural Strengths

The abrasion resistance of SFRC is often related to
toughness, which can be expressed in terms of flexural and
compressive resistance [31, 32, 33]. Steel fibers, indeed,
can reduce the porosity of the material and increase the
adhesion between the different components of the SFRC
material matrix. Consequently, concrete specimens are
more resistant to mechanical abrasion.

Measurements have been carried out after 2h, 4h, 6h and
8h of abrasion. The relationship between the weight loss of
the SFRC specimens at 28 days of age and their
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compressive and flexural resistance is decreasing linearly
(Figs.18 & 19). The correlation coefficient, R?, used for the
mathematical identification of the measurement points, is
higher than 0.5, save after the 2-hour abrasion time, for
which result scattering is high and R*(0,4 (Figs.18 & 19).
Similarly, we can see that the abrasion resistance of the
tested SFRC specimens is proportional to both flexural and
compressive resistances and depends on the abrasion

B. Setti ef al.: Compressive, Flexural and Abrasive Performances of Steel Fiber Reinforced Concrete Elements

exposure time. The relative weight loss of the different
specimens is higher on the 8th hour of the abrasion test
(Figs.18 & 19).

These relationships are almost the same trend as those
presented in related previous studies conducted on both
steel and polypropylene fibers [31, 34]. The results,
however, are given according to the abrasive speed, Eg
(g/min) and for a unique abrasion exposure time.
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Figure 18: Abrasion vs. flexural resistance.

5. Conclusions

The purpose of this article was to quantify the effects of
the addition of SF elements within ordinary concrete
specimens by examining their mechanical properties
including compressive, flexural and abrasion resistance.
The study shows that compressive strength increases with
time for the optimum SF content of 1.5%. The effectiveness
of SF in enhancing compressive strength depends on the
content, the geometry and the type of steel fibers. The
enhanced extent is maximum at 7 days of age and stabilizes
after 28 days at a relative value within the range 10-20%.

The SFRC bending strength increases with time. The
addition of SF considerably improves bending resistance,
which doubles with a SF content of 1.5%. Ductility, which
is linked to the mechanical behavior of the tested
specimens as regards flexion, also increases. This improved
property helps prevent SFRC brittle fracture under bending
stress. The presence of SF in concrete allows for the
reduction of the material porosity and increases the
adhesion of the material matrix. Both are involved in the
significant increase in the ductility of the specimens and in
the reduction of cracking initiation.

Steel fibers also increase the abrasion resistance of SFRC
materials. The optimal SF content to reduce the effect of
abrasion is close to 1%. The relationship between the
weight loss of the SFRC specimens at 28 days of age and
their compressive and flexural resistance is decreasing
linearly. So the abrasion resistance of SFRC is highly
dependent on their compressive and flexural resistance.
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Figure 19: Abrasion vs. compressive resistance.
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