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AssTrACT. High-strength concrete is a brittle material, and the higher
the strength of concrete the lower its ductility. This inverse relation
between strength and ductility is a serious drawback for the use of
higher-strength concrete, and a compromise between these two char-
acteristics of concrete can be obtained by adding discontinuous fibers.
Addition of fibers to concrete makes it more homogeneous and iso-
tropic and transforms it from a brittle to a more ductile material. The
objective of this study is to investigate experimentally the mechanical
properties of normal and high-strength steel fiber reinforced concrete.
A total of 288 specimens with concrete compressive strength

ranging from 24 to 81 MPa (3,500 to 11,700 psi) were tested in this
investigation to evaluate the effect of steel fibers on the stress-strain
behavior, compressive strength, modulus of rupture, splitting tensile
strength, modulus of elasticity and Poisson's ratio of both normal and
high-strength concrete.

1. Introduction

The term high-strength concrete (HSC) is generally used for concrete with com-
pressive strength higher than 42 MPa (6,000 psi). The use of high-strength con-
crete in the construction industry has steadily increased over the past years and
leads to the design of smaller sections. This in turn reduces the dead weight al-
lowing the design of longer spans and more usable area of buildings. Reduction
in mass is also important for economical design of earthquake resistant struc-
turesl!-3]. Such advantages often outweigh the higher production cost of high-
strength concrete associated with careful selection of ingredients, mix propor-
tioning, curing and quality control.

High-strength concrete is a brittle material, and as the concrete strength in-
creases the post-peak portion of the stress-strain diagram descends steeply or al-
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most vanishes!!3-7]. The increase in concrete strength reduces its ductility. This
inverse relation between strength and ductility is a serious drawback for the use
of high-strength concrete, and a compromise between these two characteristics
of concrete can be obtained by adding discontinuous fibers. The concept of using
fibers to improve the characteristics of construction materials is very old[8-13],
Addition of fibers to concrete makes it more homogeneous and isotropic and
transforms it from a brittle to a more ductile material. When concrete cracks, the
randomly oriented fibers arrest the cracks and limit its propagation, thus improv-
ing strength and ductility.

The main objective of this investigation is to study the mechanical properties
of normal and high-strength fiber reinforced concrete materials. A total of 288
specimens were prepared and tested to study the effect of fiber content on the
compressive strength along with compressive stress-strain relationship, splitting
tensile strength, modulus of rupture and load-deflection diagrams.

2. Experimental Program

In this paper, various properties of fiber reinforced concrete (FRC) are re-
viewed. The effects of the concrete compressive strength, the fiber content and
the specimen size are also examined. All tests were performed following ASTM
standards and ACI 544.2R recommendations[!4].

Table 1 presents the concrete mix proportions used in the testing program.
General purpose Type I ordinary portland cement and natural desert sand with
high fineness modulus of 3.1, and a specific gravity of 2.69 were used. Coarse
aggregate (crushed basalt) with a maximum size of 9.5 mm (3/8 in.), a crushing
strength of 7.7%, a specific gravity of 2.84 and an impact value of 3.8% was
used. Light gray densified-microsilica (10% of cement weight) with a specific
gravity of 2.2, a bulk density of 6.0 kN/m3 (37.4 1b/ft?) and a specific surface of
23 m?/g was used in the highest strength mix.

Hooked-ends mild carbon steel fibers used. The average fiber length is 60
mm (2.36 in.), the nominal diameter is 0.8 mm (0.03 in.), the aspect ratio is 75,
and the yield strength is 260 MPa (37,681 psi). The fibers come in water soluble
glued bundles to ensure their good dispersion in the concrete during mixing. A
group consists of about 30 steel-fibers of average width of 24 mm (0.94 in.) as
shown in Fig. 1. The collated fibers create an artificial aspect ratio of approxi-
mately 15. The fiber content dosage (V) ranged from zero to 1.5% by volume
of concrete.

Due to the relatively low water content and high cement and micro-silico
contents, and also due to the absence of a larger coarse aggregate content, the
efficient mixing of high-strength concrete is more difficult than conventional
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concrete. For these reasons, a superplasticizer was used and the mixing time
was increased to produce uniform concrete without any segregation. The
hooked steel fibers performed well during mixing and no balling occurred. For
mixes with 1.5% fiber content, extra time was required for mixing and finishing
the specimen surfaces. All specimens were covered with wet burlap for 24
hours, then demolded and cured under water (25°C) until one day before testing.
All specimens were tested after 28 days from casting.
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Fic. 1. Details of steel fiber.

3. Test Results
3.1. Compressive Strength

The compressive strength tests (ASTM C 31, C 39, and C 192) were carried
out using 150 x 300 mm and 100 X 200 mm cylinders and 150 mm cubes load-
ed uniaxially. Test results show that the addition of fibers improved the com-
pressive strength values. Fig. 2 shows the effect of fiber content on the stress-
strain curves of specimens tested in compression. The figure shows that the as-
cending portion of the curve for the specimens with the higher concrete strength
is steeper than that of the lower strength concrete and is almost a straight line.
The descending part of the plain concrete with no fiber almost vanished and
specimens failed violently. The fiber addition influence both the ascending and
descending portions of the stress-strain curve, however, the effect is more pro-
nounced in the descending part of the low strength concrete. The presence of fi-



Mechanical Properties of Normal and High-strength...

w
o
-

91

COMPRESSIVE STRESS, fc MPa

60

[¥8]
?

0.5°/
0.0 N

0 [ | 1 1 1 1
90 T | T T
g
z
‘.3 7
2 .
o 1.5 %/
o
@
w
=
(2}
(2]
w
[+4
a
=z
o
(&) .
0 T T T T ’ T T |
0 160 320 4800 160 320 480

STRAIN, (UE)

STRAIN,(ME)

Fic. 2. Influence of the fiber content on the stress-strain curves.

ber altered the failure mode of the concrete cylinders from a brittle to a more
ductile failure. Increasing V from 0.0 to 1.5% resulted in a slight increase in the

strain at peak stress.

Table 1 and Fig. 3 show that increasing the steel fiber content from 0.0 to
1.5% in all mixes caused increase in the compressive strength ranged from 12
to 50% compared to an increase from 0 to 15% for normal-strength con-
crete 13181 and 4.6% for high-strength concretel!?]. The contribution of fibers
is more effective in the lower strength concrete.

Fig. 4a shows the relationship between the compressive strength values deter-
mined using 150 x 300 mm [fc(150)] and 100 x 200 mm [fc(100) cylinders
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Fic. 3. Influence of the steel fiber content on various concrete properties.
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versus 150 mm [fcu(ISO)] cubes. A regression analysis of the test results of 96
cylinders and 48 cubes provided the following relationship:

fc(150) = 0.94 1,150 (I-a)
foc100) = 0-96 foy150) (1-b)

Fig. 4b shows the wvariation of the compressive strength of the 100 x 200
mm (t::u(IOO)) cylinder when compared with 150 x 300 mm cylinder (féu(1 50))~
The following expression is estimated:

for00) = 101 fyis0) )

This equation indicates that the compressive strength of 100 x 200 mm
cylinder is slightly (1%) higher than the larger cylinder (150 x 300 mm) which
agrees with ACI 363-R92[1],

3.2. Modulus of Rupture

The flexural strength (modulus of rupture) tests (ASTM C 1018) were per-
formed using 150 x 150 % 530 mm [fr(ISO)] and 100 x 100 x 350 mm [ﬁ'(IOO)]
prisms loaded at third points. Results of beam specimens showed that beam
without fiber had little ductility, and once the maximum tensile stress was
reached the beam failed suddenly after the occurrence of the first crack without
warning as presented in Fig. 5. The failure characteristics were, however, com-
pletely changed as a result of the addition of fibers. After the occurrence of ini-
tial cracking, the specimen did not fail and the randomly oriented fibers crossing
the cracked section resisted the propagation of cracks and separation of the sec-
tion. The fiber presence resulted in more closely-spaced cracks, reduces the
crack width, and bridges crack. This caused an increase in the load-carrying ca-
pacity beyond the first cracking. The applied load ultimately reached a peak val-
ues. This value is a function of the fiber content, the fiber tensile strength and the
fiber bond strength[®]. Beyond the peak value; the applied load decreased gradu-
ally up to failure. This may be attributed to the straightening of some of the fi-
bers present at the cracked section and the possible loss of their bond with con-
crete resulting in a decrease of the peak tensile strength of the section. Table and
Fig. 3b show that for the different concrete compressive strength, increasing the
steel fiber content from 0.0 to 1.5% increases the modulus of rupture by about 69
to 118% for the 150 x 150 x 530 mm prisms, compared to about 50 to 70% for
normal-strength concretel!3-18] and 67 to 81.7% for high strength concretel1°].

Fig. 6 shows the variation of the modulus of rupture values of 150 x 150 x
530 mm, 100 x 100 x 350 mm prisms as a function of the concrete compressive
strength. Based on regression analysis of the test result of 96 prisms, the follow-
ing equations are obtained:
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Fig. 7 shows the correlation between the modulus of rupture values measured
using the 100 x 100 x 350 mm and 150 % 150 %X 530 mm prisms for various fi-
ber contents. A regression analysis provided the following relationship:

fias0) = 097 fi100) 4)
18
16 |
—~~
o
= 14 +
3 12}
_._t"
10 F
o
=¥
= 8 o
=)
1.4
6 6 |
n
3
=~ L
O
=
2 -
0 1 1 1 1 I 1 1 1

0] 2 4 6 8 10 12 14 16 18
Modulus of Rupture, f_ (MPa)
(100)

Fig. 7. Relationship between modulus of rupture of 150 x 150 x 530 and 100 x 100 x 350 mm
prisms.
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This equation yields higher values than those given by Johnson!!3] of 0.94 for
normal-strength FRC, and by Wafa et al.l13] of 0.91 for high-strength concrete.

Ductility or energy absorption of concrete is increased considerably by the
addition of fibers. The ductility is calculated as the area under the load-
deflection curve and is given in Table 1. All the specimens made of plain con-
crete failed immediately after the first cracks and hence the ductility for these
specimens is ranged between 11 and 35 kN-mm. The ductility for specimens re-
inforced with fibers was between 30 and 430 kN-mm depending on the percent-
age of fiber content.

3.3. Splitting Tensile Strength

The indirect tensile strength (splitting tensile strength) tests (ASTM C 496)
were carried out using 150 x 300 mm cylinders. Table 1 and Fig. 3c show that
the peak value of the splitting tensile strength, fsp, depends on the fiber content
and the compressive strength. Increasing the fiber content from 0.0 to 1.5% in-
creases the splitting tensile strength by about 53 to 94%.

Fig. 8 shows the variation of the splitting tensile strength as a function of the
concrete compressive strength. Based on the test result of 48 cylinders tested in
split tension, a regression analysis was performed and the following equations
are provided:

foo = 0.69 \[fiaso) (5a)

£

0.69 /100 (5b)

Fig. 9 shows the relationship between the modulus of rupture of 150 x 150 %
530 and 100 x 100 x 350 mm prisms and the splitting tensile strength of 150 x
300 mm cylinders. A regression analysis of the test results provided the follow-
ing relationship:

3.4. Modulus of Elasticity

The modulus of elasticity of concrete varies with the compressive strength val-
ue and the fiber content. The experimental modulus of elasticity values using 150
x 300 mm cylinder were estimated using the secant modulus from 25 to 50% of
the compressive strength. Fig. 3d shows that the increase of both the steel fiber
content and the compressive strength increase the modulus of elasticity.
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3.5. Poisson's Ratio

Table 1 and Fig. 3e show that the increase of both the concrete compressive
strength and the fiber content increase the Poisson's ratio values (pt). The values
of u ranged from 0.12 to 0.19 for concrete with no fibers and from 0.19 to 0.22
for concrete with 1.5 % fibers. While p for normal weight concrete ranged be-
tween 0.15 to 0.20.

3.6. Density

Table 1 and Fig. 3f show the effect of the increase of the concrete compres-
sive strength and the fiber content on the density of FRC used. The density
of the plain concrete specimens ranged from 2425 to 2505 kg/m> and for con-
crete with 1.5% fibers ranged from 2486 to 2643 kg/m?.

Fig. 10 shows the relationship between the density and the concrete strength
of 150 mm cylinder. A regression analysis gives the following equation:

W = 22x10° + 52 e ™

and for normal plain concrete W = 2300 kg/m> and slightly higher value for
high strength concrete than lower strength concrete.
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Fic. 10. Variation of the concrete density with compressive strength.
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4. Conclusion

Based on the test results of 288 normal and high-strength concrete specimens
using hooked steel fiber reinforcement with an aspect ratios of 75, the following
conclusions are drawn:

1. No real workability problem was encountered when up to 1.5% hooked-
ends steel fibers were used in the mixtures. However, FRC mixtures required in
general more mixing and finishing times than mixes without fibers.

2. High-strength concrete is a brittle material and fails suddenly. Addition of
steel fibers in discrete forms into high-strength concrete changes its brittle mode
of failure into a more ductile one.

3. Addition of fiber result in more closely-spaced cracks, reduces the crack
width, bridges cracks and thus improves resistance to deformation.

4. The addition of 1.5% by volume of hooked-end steel fibers results in an
increase of about 12 to 50%, in the compressive strength, an increase of 50 to
120% in the modulus of rupture, and an increase of 53 to 94% in the splitting
tensile strength compared with the unreinforced matrix.

5. The ductility of plain concrete ranges between 11 and 35 kN-mm, while
for fiber-reinforced concrete it was found to be in the rage of 30 and 43 kN-mm
depending on steel fiber content.

6. The ratio of flexural strength (modulus of rupture) of 150 x 150 x 530
mm to 100 X 100 X 350 mm prisms was about 0.96 regardless of the steel fiber
contents.
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Notation

Cylinder compressive strength of concrete, MPa,
Cube compressive strength of concrete, MPa,
Splitting tensile strength of plain concrete, MPa,
Modulus of rupture of plain concrete, MPa,
High-strength concrete,

Steel fibers volume content, %

Poisson’s ratio,

Fiber reinforced concrete,

Modulus of elasticity of concrete, GPa,

Density, kg/m?.
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