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ABSTRACT

Concrete is a composite building material. Due to its increasing demand in the construction
industry, its basic ingredients such as cement, fine aggregate and coarse aggregate have become
extremely costly. Studies have been carried out to find better and more economical alternatives
to these conventional building materials. One such alternative is fly ash, which can be used to
partially replace cement. The main disadvantage of conventional concrete is its brittle failure,
which can be avoided by using steel fibers. This study identifies the behavior of concrete with
regard to impact resistance and its mechanical properties by adding hooked-end steel fibers at
levels of 0, 0.75, 1.15 and 1.55% and partially replacing 40% of the cement with 40% fly ash.
In addition to the control concrete, there has been four mixes with respective addition of steel
fibers. The behavior of normal and fly ash concrete with steel fibers was compared. The
combination of fly ash and steel fibers provided a homogeneous and very rich mix, with a delay
in the setting time of the concrete. Of all the mixes, the one containing 40% fly ash and 1.55%
steel fibers proved to be the best, with a maximum increase in strength of 17% in compression,
25% in split tension, 30% in flexure and 95% in impact energy at 56 days. A multiple linear
regression model was also formulated using SPSS (Statistical Package for Social Sciences)
software, through which corresponding equations were developed to predict the strength and
energy at 28 and 56 days. The equations were also used to predict the strength of the mixes
from other researchers’ experimental work. The predicted results corresponded well with the
experimental results and the percentage difference was found to be less than 5%.
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1. INTRODUCTION

Portland cement is the most manufactured material on earth, with production reaching
approximately four billion tonnes annually (Bourtsalas et al., 2018). Due to its binding and
chemically-active nature, it has been widely used in concrete construction. Concrete, as a
whole, is stable, hard and durable and has been one of the most preferred and favorable building
materials because of its ease of production and use (Han et al., 2016). The only disadvantage is
its cost. In addition, plain cement production emits large amounts of carbon-dioxide and poses a
great threat to ecological balance. This has led to the development of similar alternative
materials which are natural, or waste or industrial by-products (Turu’allo, 2015). These
materials are termed as mineral admixtures and are responsible for the enhancement of many
properties of concrete in both fresh and hardened states (Ramadhansyah
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et al., 2011). By their nature, different materials have different properties and can be used
appropriately depending on requirements (Srinavin & Tunming, 2016). Fly ash is one such
material (Ruan & Unluer, 2017). It is removed as a residue from nuclear power stations while
producing electricity, and the power stations are in need of suitable economical means of its
disposal (Ashadi et al., 2015). In contrast, the construction industry utilizes fly ash as a
supplementary cementitious material for producing massive, high performance and economical
means of construction (Hemalatha & Ramaswamy, 2017).

Fibres are a common type of filler used in concrete composites to enhance their mechanical
strength (Nurjaya et al., 2015). Among the various types of fibers, steel fibers are the most
prominent, due to their high modulus of elasticity and greater performance in tension. They have
additional advantages, such as ease of manufacture and availability (Antonius, 2015). This fiber
mechanism is applied in paving for factories and airports, provides reinforcement in concrete
projections and precast units, and is also used to study the mechanical behavior of concrete
under tension, fatigue and impact load conditions (Murali et al., 2014; Alberti et al., 2017). The
fibers bridge gaps and allow tensile stress to transfer across cracked sections, thereby providing
residual strength to concrete by controlling the development of cracks and limiting their
propagation (Ismail & Hassan, 2017), which ultimately prevents concrete failure. This study
aims to experimentally identify the behavior of concrete with regard to impact resistance and its
mechanical properties by adding 0.75%, 1.15% and 1.55% of steel fibers with a constant 40% of
cement replaced by fly ash. It also develops a statistical model to predict the strength and impact
energy of the concrete.

2. EXPERIMENTAL PROCEDURE

2.1. Raw Materials

2.1.1. Cement

Ordinary grade 53 Ultra Tech Portland cement conforming to IS 12269-1987 with a specific
gravity of 3.15 was used in the concrete mixtures. The initial and final setting times of the
cement were observed to be 31 minutes and 315 minutes respectively. The chemical properties
of the cement are shown in Table 1.

2.1.2. Fine aggregate

Locally available river sand conforming to IS 383-1970 with a specific gravity of 2.45 and
grading corresponding to zone Il from table 4 of IS 2386 (part 3)-1963 was used as a fine
aggregate.

2.1.3. Coarse aggregate

Crushed coarse aggregates of a nominal size corresponding to 10-12.5 mm with a specific
gravity of 2.645 conforming to 1S 383-1970 were used.

2.1.4. Fly Ash

Class C category fly ash (as shown in Figure 1) with a specific gravity of 2.18 obtained from
Neyveli Lignite Corporation was used. The chemical composition of the fly ash is shown in
Table 1.

2.1.5. Chemical admixture

Master glenium Sky 8233 (formerly Glenium B233) from BASF conforming to ASTM C494
type F category is a high-performance super plasticizer based on polycarboxylic ether, which is
free of chloride, contains low alkali and is compatible with all types of cement, was used as a
water reducing agent (0.35-1%).

2.1.6. Steel fibers

Hooked-end steel fibers, length 30 mm and diameter 0.5 mm, and with an aspect ratio of 60, as
represented in Figure 1, were added at percentages of 0.75, 1.15 and 1.55.
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2.1.7. Water

with Fly Ash and Hooked-end Steel Fibers

Locally available potable water conforming to IS 456-2000 was used.

2.1.8. Mix proportion
The mix was composed of cement, fly ash, fine aggregate, coarse aggregate, steel fibers and
super plasticizer. Their proportions are shown in Table 2.

(b)

Figure 1 (a) Hooked-end steel fibers,; (b) fly ash; and (c) SEM image of fly ash as used in the concrete

mix

2.2. Chemical Composition of the Cement and Fly Ash

Table 1 Chemical composition of cement and class C fly ash

Material Constituents

Cement (%) Class C Fly ash

Silica (as SiOy), Min
Calcium Oxide (lime content) (as CaO)
Alumina (as Al>O3)
Sulphuric anhydride (as SO3), Max
Total Chlorides (as CI)
Sodium Oxide (as Naz0)
Potassium Oxide (as K20)
Total alkalies (as Na;O)
SiO; + AlLO; + Fe205 (% by mass, Min)

20.2 57.60
63.41 11.64
1.07 15.34
2.02 1.79
0.006 0.02
0.35 0.44
0.95 0.04
- 0.47

- 79.04

2.3. Design Mix

Fly ash partially replaced the cement at a level of 40%. Thus, the cement content varied from
320 kg/m? to 192 kg/m? with the fly ash addition (128 kg/m®). The mix design was formulated
for the concrete with a mix ratio of 1:2.93:3.58, and with a 0.45 water-cement ratio to attain a
target strength of 35 MPa at 28 days. Steel fibers were added at levels of 0.75, 1.15 and 1.55%
and super plasticizer was added as a water reducing admixture up to a maximum of 1%, based
on the increasing amount of steel fibers. The mix proportions are shown in Table 2.

Table 2 Mix proportions

Fine Coarse Steel
. Cement Water .
Mix (kg/m?) (kg/m?) aggregate aggregate fibers
J (kg/m?) (kg/m?) (%)

MO 320 140 938 1146 -
M1 320 140 938 1146 0.75
M2 320 140 938 1146 1.15
M3 320 140 938 1146 1.55
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3. METHODOLOGY

3.1. Compression Strength Test

A compression test was carried out on concrete cubes with dimensions of 100x100x100 mm?,
which were subjected to curing periods of 28 and 56 days. The test was conducted with a
standard compression testing machine conforming to IS 516-1959 (reaffirmed 1999).

3.2. Split Tensile Strength Test
Split tension is an indirect measure of the tensile strength of concrete. Cylinders 200 mm high
and 100 mm in diameter were used for the split tension test as per ASTM C496/C496M-11.

3.3. Flexural Strength Test

Flexural strength (modulus of rupture) tests were conducted on standard prisms sized
500mmx100mmx100mm, as per IS 516-1959 (reaffirmed 1999).

3.4. Modified Impact Test

ACI 544.2R-1989 recommends the procedure for impact tests on cylindrical concrete
specimens. The test was modified using concrete cubes sized 2100mmx100mmx100mm, and a
hammer weighing 135 N was dropped from a height of 413 mm (Murali et al., 2014). In this
case, the load was transferred through a spherical steel ball, diameter 64.5 mm. The number of
blows required to achieve complete failure of the specimen was identified.

The impact load was calculated on the basis of impact energy and formulated as:

_n.m.v?
2 1)

U

where m is the mass of the hammer (m = w/g), w is weight of the hammer (135 N); g is the
acceleration due to gravity, H is the height of fall (H = g x t%/2, = 413 mm), t is the time of
drop, and v is the velocity of drop (v = g xt)

4. RESULTS AND DISCUSSION

4.1. Mechanical Properties

4.1.1. Compressive strength

The experimental set-up for carrying out the compressive strength test and the corresponding
strength plots for normal and fiber-reinforced fly ash concrete at 28 and 56 days are shown in
Figures 2a, 2b, and 2c, respectively.

Compressive Strength at 28 days Compressive Strength at 56 days
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Figure 2 (a) Compressive strength-experimental test-set up; Plots for normal and fly ash concrete with
0%, 0.75%, 1.15% and 1.55% steel fiber at: (b) 28 days; and (c) 56 days
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From Figure 2, it can be seen that the compressive strength of the control specimen was 36 and
38 MPa at 28 and 56 days, respectively. When steel fibers were added at levels of 0.75%,
1.15% and 1.55% of the volume of concrete, the strength increase in the compression was
observed to be 4-20% at 28 days and 10-27% at 56 days. This may be because of the stress
transfer capability of steel fibers, by which crack propagation due to internal stresses was
prevented (Yazici et al., 2007). The concrete with 40% of the cement replaced with fly ash
showed decreases in strength of 15% and 3% at 28 and 56 days, respectively. The loss in
compressive strength due to the fly ash cannot be prevented, even with the addition of steel
fiber (Atis & Karahan, 2009), whereas the difference in strength can be reduced. The addition
of steel fibers to the fly ash concrete had a positive influence in improving its strength. In
comparison to the control concrete, the addition of steel fibers at levels of 0.75, 1.15 and 1.55%
to the fly ash concrete resulted in decreases in strength of 7.5% and 2.5%, and an increase of
2% at 28 days; and increases of 4, 10 and 16% at 56 days, respectively.

4.1.2. Split tensile strength

The experimental set-up for carrying out the split tensile strength test and the corresponding
strength plots for normal and fiber-reinforced fly ash concrete at 28 and 56 days are shown in
Figures 3a, 3b and 3c, respectively.

Split Tensile Strength at 28 days Split Tensile Strength at 56 days
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Figure 3 (a) Split tensile strength-experimental test set-up; Plots for normal and fly ash concrete with
0%, 0.75%, 1.15% and 1.55% steel fiber at: (b) 28 days; and (c) 56 days

From Figure 3, it can be seen that the split tensile strength of the control concrete at the end of
28 and 56 days was 2.32 and 2.68 Mpa, respectively. The addition of steel fibers resulted in an
increase of 25-70% at 28 days and 15-50% at 56 days. When the fly ash partially replaced the
cement (40%), the strength of the control concrete had decreased by 18% at 28 days. When
steel fibers were added at the levels of 0.75%, 1.15% and 1.55% to the fly ash concrete, the
reduction in strength compared to conventional fiber-reinforced concrete was found to be 13—
25% at 28 days. At 56 days, the fly ash concrete showed a decrease in split tensile strength of
2.13 MPa. However, the normal concrete containing fibers exhibited a better performance
compared to the fly ash concrete containing the same amount of fibers. The fly ash based steel
fiber-reinforced concrete showed an increase in strength of 7-25% compared to the control
concrete at 56 days.

4.1.3. Flexural strength

The experimental set-up for carrying out the flexure strength test and the corresponding strength
plots for normal and fiber-reinforced fly ash concrete at 28 and 56 days are shown in Figures
4a, 4b, and 4c, respectively.
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Figure 4 (a) Flexure strength-experimental test-set up; Plots for normal and fly ash concrete with 0%,
0.75%, 1.15% and 1.55% steel fiber at: (b) 28 days; and (c) 56 days

With reference to Figure 4, the flexure strength of control concrete is found to be 4.2 and 4.6
MPa at 28 and 56 days, respectively. With the addition of 0.75%, 1.15% and 1.55% of steel
fibers to the control concrete, increases in strength of 29%, 47% and 57%, and 43%, 57% and
65%, were observed at 28 and 56 days, respectively. The differences in strength between
normal and fly ash based steel fiber reinforced concrete were observed to be 30%, 20% and
12% in relation to the addition of 0.75%, 1.15% and 1.55% of steel fibers, respectively at 28
days. The differences in strength between normal and fly ash concrete at 56 days containing
0.75%, 1.15% and 1.55% of steel fibers were found to have decreased by 18%, 19% and 21%,
respectively.

The addition of steel fibers to plain concrete can improve its tensile and flexural performance
by bridging cracks due to their post cracking ability. Therefore, the fibers play a crucial role in
enhancing the brittle and non-ductile tensile performance of plain concrete (Yoo et al., 2015).
The fly ash had several advantageous characteristics, such as improvement in workability and a
reduction in permeability by the filling of micropores; these depend on the chemical
composition and degree of fineness of the fly ash. The combination of fibers with fly ash
improves workability and increases the strength gain of the concrete (Topcu & Canbaz, 2007).

4.2. Impact Resistance
Figures 5a, 5b, and 5c¢ shows the experimental set-up and energy plots for normal and fiber-
reinforced fly ash concrete at 28 days and 56 days.
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Figure 5 (a) Final impact energy-experimental test-set up; Plots for normal and fly ash concrete with 0%,
0.75%, 1.15% and 1.55% steel fiber at: (b) 28 days; and (c) 56 days
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From Figure 5, the final impact energy can be calculated according to Equation 1, showing that
the control concrete exhibited maximum impact energy of 780.57 kKN mm and 1115.1 KN mm at
28 and 56 days, respectively. When the steel fibers were added at levels of 0.75%, 1.15% and
1.55%, the energy increase was observed to be 93%, 143% and 229%, respectively at 28 days,
and 65%, 125% and 175%, respectively at 56 days. The fly ash concrete with 1.55% fiber
content exhibited maximum impact energy of 1672.64 KN mm and 2174.4 kN mm at 28 and 56
days respectively, which is an increase of 114% and 95% on that of the control concrete. The
addition of the steel fibers drastically improved the impact strength of the concrete compared to
conventional plain concrete. The addition of 1.55% steel fibers provided the highest impact
strength amongst all the mixes. The steel fibers in the conventional concrete helped to attain
higher impact energy than in the fly ash concrete. Although the fly ash concrete showed better
impact strength at 56 days, this was comparatively lower than the conventional concrete with
fibers.

4.3. Statistical Interpretation of the Test Results

A multiple linear regression analysis was carried out on the fly ash (0 and 40%) and steel fibers
(0%, 0.75%, 1.15% and 1.55%) in relation to mechanical properties such as compressive
strength (fc), split tensile strength (fs), flexural strength (ff) and impact energy (Er) (Yazici et
al., 2007). The equation for the regression analysis is in the form of,

Y=L+ BX+ 5, X, +e
(2)

where Y is the dependent variable to be identified, X; is the independent variables, i is the
parameters, and ¢ is the error.

To perform the regression analysis, fc (compressive strength), fs (split tensile strength), f
(flexural strength) and Er (final impact energy) were considered as the dependent variables to
be identified from the known independent variables (percentage of fly ash-X; and percentage of
steel fibers-X2) added to the mix. From the experimental results obtained at 28 days and 56
days, statistical equations were proposed on the basis of Equation 2 as follows (Bi symbolizes
the regression parameters for respective strength or energy at 28 or 56 days in the analysis).

The equations for predicting compressive strength (fc), split tensile strength (fst), flexural
strength (ff) and impact energy (Er) at 28 days are proposed below:

f.(MPa) = Bie2spo T Bie2en X1+ Bl 252 X2 R*=0.971

©)

B(c-28)0 = 98.53% of compressive strength of the control concrete; Pe-281 = —0.131; Pc2g)2 = +
4.295

fi(MPa) = Biasp + Bieagn X1 + B8 X 2 R*=0.937 4

Bit-28)0 = 101.42% of split tensile strength of the control concrete; PB28)1 = —0.013; Bre-28)2 = +
0.860

fe (MP) = Sy a0+ Bis-aen X1 + Br_292 X2, R* =0.955 5)

Br-280 = 100.81% of flexural strength of the control concrete; Br-28)1 = —0.028; B(r-28)2 = + 1.584

Er (KN —mm) = Bie-asyp + Bie_agn X1 + Bie 292 X2, R? =0.964 ©)
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BE-280= 111.62% of final impact energy of the control concrete; BE-28)1 = —14.287; PE-282 = +
945.35

The equations for predicting compressive strength (fc), split tensile strength (fst), flexural
strength (fr) and impact energy (Er) at 56 days are as follows:

fo(MPa) = B0 + Bioson X1+ Biese X2, R* =0.974
(")

Bese = 100.82% of compressive strength of the control concrete; B(c-56)1 = —0.064; Bese)2 = +
5.698

fi(MPa) = Bisep T Besen X1 + Bisey2 X2 R? =0.950 ®)

Bt-s6)0 = 97.84% of split tensile strength of the control concrete; B-s6)r = —0.013; PBesey = +
0.864

fo (MPa) = S o + Bs-son X1 + Bs-s62 Xz, R* =0.939 )

B-s6)0 = 110.44% of flexural strength of the control concrete; B.s6)1 = - 0.030; PBr-56)2 = + 1.646

Ee (KN—mm) = B sop + Beson X1 + Be se2 X2 R* =0.981 (10)

BE-s6)0 = 103.79% of final impact energy of the control concrete; BE-s6)1 = —16.378; PE-s6)2 = +
1130.757

Equations 3 to 10 are based on a 95% confidence interval. As the regression coefficient (R?)
varies from 0.9 to 1, this indicates that the error is very minimal and hence can be neglected.
Thus, these equations help in the prediction of the compressive strength (fc), split tensile
strength (fst), flexural strength (fr) and final impact energy (Er) of the steel fiber-reinforced fly
ash concrete in terms of the percentage of fly ash (X1) and the percentage of steel fibers (X2)
added to it.

4.4. Validation of Test Results

Equation 3 is employed for validation of the experimental results obtained by Sumer (2012) for
the prediction of compressive strength by incorporating class C fly ash (10% and 17%) at 28
days (steel fibers were not present in the mix, so component (X2) is kept at 0%). The
corresponding values are shown in Table 4, where FA = Fly ash content and f. = Compressive
strength.

Table 4 Comparison of the actual results obtained by Sumer and the predicted values from

Equation 3
fe (act) Equivalent f;
Mix Cement  Cement FA (150x150%150 (act) (for fe (Pred) from
content removed added : : % Error
no. 3 mm) obtained by ~ 100x100x100  Equation 3
(kg/m?) (%) (%) S
umer mm)
M1 260 - - 40.20 50.25 49.51 1.47
M2F 234 10 10 40.50 50.63 48.20 4.80
M5F 216 17 17 38.71 48.39 47.28 2.30

The strength of the control specimen was identified to be 40.2 MPa in compression for
150x150%150 mm? cube specimens. Incorporating the correction factor 0.8 to convert it into the
strength of a corresponding cube specimen of size 100x100x100 mm?3 specimen (i.e. the
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strength of the 150 mm specimen is equal to 0.8 times the strength of the 100 mm specimen),
the strength was identified to be 50.25 MPa. These values from table 4 were substituted into
Equation 3 with respective fly ash content. The maximum difference in the results was observed
to be 4.80%. The addition of steel fibers to fly ash concrete may alter the strength of the
concrete, in line with the equations proposed. This indicates that Equations 3 to 10 predict the
dependent variables (f., fs, fr and Ef) at 28 and 56 days very well.

5. CONCLUSION

The study has identified the effect of the addition of fly ash and steel fibers to concrete using an
experimental procedure and statistical investigation. The findings of the research are as follows:
(1) The addition of steel fibers to conventional concrete resulted in an increase in strength of 4-
20% in compression, 25—-70% in split tension, 29-57% in flexure and 93—-229% in final impact
energy, for levels of 0.75%, 1.15% and 1.55% of fiber at the end of 28 days of curing. At 56
days, the increase in strength was observed to be 10-27% in compression, 15-50% in split
tension, 43-65% in flexure and 65-175% in final impact energy for the same levels of steel
fiber content; (2) At 28 days, the addition of fly ash did not play a significant role in improving
the strength of the concrete, but after 28 days it did start to enhance it. At the end of 56 days, a
strength increase of 4-17% in compression, 7—25% in split tension, 17-30% in flexure and
25-95% in final impact energy compared to the control concrete was observed in the fly ash
concrete; (3) Under impact, the fly ash concrete performed comparatively worse than the
conventional concrete, even with the addition of steel fibers, at 28 days. However, a
considerable increase in strength and impact energy was observed at 56 days.

Equations for compression (3, 7), split tension (4, 8), flexure (5, 9) and final impact energy (6,
10) were derived for 28 and 56 days. When validated, they showed closer agreement with the
experimental results obtained at the end of 28 days. The errors in the predicted results may be
because of variations in the physical and chemical composition of the cement, fly ash,
aggregates, water and steel fibers; the methods of mixing, placing, curing and transportation can
also affect the test results to a certain extent.
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