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Abstract

This paper presents the results of a series of experiments on samples made of steel fibre reinforced concrete.
The investigated samples were made with different concentrations of steel fibres ranging from 20.0 to 32.5
kg/m3. Twenty-one cubic samples (15 x 1S x 15 cm) and fourteen cuboid samples (15 x 15 x 60 cm)
were used for this investigation. The article focusses on the effect of the concentration of steel fibres on the
properties of industrial floors. For this purpose, both destructive and non-destructive methods were used
and compared. As a result of this study, it has been proved that compressive and flexural tensile strength are
lower with increasing air content and decreasing density of concrete. Moreover, it was found that there is a
correlation between ultrasonic pulse velocity and rebound hammer results which together can be used to
estimate the compressive strength of steel fibre reinforced concrete.
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Streszczenie

W niniejszym artykule przedstawiono wyniki serii eksperymentéw wykonanych na probkach z betonu
zbrojonego whoknami stalowymi. Badane probki zbrojone byly rézna zawartoscia wlokien stalowych od
20.0 do 32.5 kg/m3. Do badart uzyto 21 szesciennych (15x 15x 1S cm) i 14 prostopadiosciennych (15x 1S
x 60 cm) prébek betonowych. W artykule skupiono sie na zbadaniu wplywu zawartosci wikien stalowych
na whasciwosci posadzek przemystowych. Do badari zastosowano i poréwnano metody niszczace oraz
nieniszczace. W rezultacie udowodniono, ze wytrzymalo$¢ na $ciskanie i rozciaganie przy zginaniu
zmniejsza si¢ wraz ze wzrostem zawarto$ci powietrza i malejch gestoscig betonu. Ponadto stwierdzono, ze
istnieje korelacja migdzy wynikami ultradzwiekowymi i sklerometrycznymi, ktére moga by¢ wykorzystane
do oszacowania wytrzymalosci na $ciskanie betonu zbrojonego wtoknami stalowymi.

Stowa kluczowe: widkna stalowe, posadzki przemystowe, metody nieniszczace



http://orcid.org/0000-0002-5562-9602
http://orcid.org/0000-0001-5329-9534
http://orcid.org/0000-0001-9382-7709

;'i 116

1. Introduction

The influence of the steel fibres and the morphology of coarse aggregate on the structural
concrete is well known [1; 7; 16; p. 1372]. However, steel fibre reinforced concrete has
recently also become popular in industrial floors. This is mainly due to the fact that it enables
a reduction in the construction time and protects the floor against shrinkage cracking.
In both the design and repair stages of industrial and public structures they can be also
used for better protection of concrete industrial floors against extreme loading conditions,
including terrorist or mass-casualty attacks, natural hazards and disasters. This kind of
reinforcement has been widely used over recent decades [11] and its use has significantly
increased in industrial floors, roads, bridges, columns, parking areas, tunnels, and airport
runways [10; 13, p. 5S1; 14; 18]. Steel fibre reinforcement is also used as a method for
providing better crack development control and as a result can reduce the number of joints
[2, 21]. Steel fibre reinforcement can greatly increase the energy adsorption and impact
strength of concrete.

In this study, steel fibres were used as reinforcement to reduce shrinkage cracks, but
there are also other materials which are used as fibres in concrete structures, for example
polypropylene. In the case of polypropylene fibres, the number of fibres added to the
concrete mixture is typically higher than the number of steel fibres, because both the single
polypropylene fibre weight and Young’s modulus are lower than in the case of steel. Therefore,
because of different properties of polypropylene and steel fibres, there are differences between
the concentrations used in concrete mixtures.

Most of the research on fibre reinforcement are focused on fibre type and geometry, and
some include considerations on the subject of content by volume [, 15]. A few researchers
have also investigated the effects of concrete type [2, 6,9, 12]. However, the task of evaluating
steel fibre cement in concrete used to make industrial floors is difficult. Steel fibre reinforced
concrete is mostly formed horizontally when constructing industrial floors on the ground and
it is assumed its mechanical strength is not identical in all directions [17]. The impact of the
air content and the density of hardened concrete on the properties of this kind of industrial
floor is also unknown. Considering the above, the article will focus on investigating the effect
of the content of steel fibres on the properties of industrial floors. For this purpose, both
destructive and non-destructive methods have been used and compared.

2. Materials and Methods
2.1. Methodology

The paper divides the experimental study into two parts. The first part concerns the
properties of fresh concrete and tests for second part was performed on hardened concrete

after twenty-eight days of curing. Tests in the first part of the investigation were performed on
seven mixtures and thirty-five specimens were used for the second part of the study.



The first part of the study includes measurements of fresh concrete workability using a
concrete slump test [27, 29], the temperature of the ready concrete mixture and the relative
humidity in the laboratory during the study, and the density and air content [23, 30] of the
fresh concrete. The second part of the study includes measurements of the density of hardened
concrete, non-destructive compressive strength testing using ultrasonic pulse velocity [25] and
rebound hammer [26, 28], destructive compressive strength testing using the compression-
testing machine [22] and flexural tensile strength testing using loading apparatus [24, 31].

2.2. Concrete mixture
The proportions of the concrete mixture components should be suitable for the planned loads
or the directed environment. The concrete was designed in such a way as to be used as the main

floor layer. The components and their proportions used for this study are presented in Table 1.

Table 1. Concrete mixture recipe

Components Quantity [kg/m?] Volume [dm?]
cement (CEM 111, Hranice Czech Rep.) 320 106.70
water 158 158.00
aggregate 0-2 mm (Byczen, Poland) 700 267.20
aggregate 2-8 mm (Byczen, Poland) 443 170.40
aggregate 8-16 mm (Byczen, Poland) 700 269.40
superplasticiser (Pantarhit FM 1.2%) 3.84 3.34

The water-binder ratio was 0.5. The designed concrete class was C25/30. In this research,
CEMIII/A 42.5 N cement was used. Its properties and chemical content are summarised in
Table 2.

Table 2. Selected properties of cement

Property Minimum Maximum

2-day compressive strength [MPa] 13.73 21.53

28-day compressive strength [MPa] 53.56 61.52
2-day flexural tensile strength [MPa] 3.05 4.51

28-day flexural tensile strength [MPa] 7.85 11.78

Na,O content [%] 0.230 0.410

K,O content [%] 0.550 0.860

SO, content [%] 2.420 2.650

Cl content [%] 0.028 0.085
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The aggregate grain size curve for concrete used in this study is presented in Fig. 1.
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Fig. 1. The aggregate grain size curve
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The Pantarhit FM superplasticiser (Ha-Be, Poland) was used in the concrete mixture at an

amount equal to 1.2% of the mass of the cement. This superplasticizer is based on naphthalene

sulfonate. Table 3 shows the basic properties of this superplasticiser.

Table 3. The properties of the used superplasticiser

Properties Description
density [g/cm?] 1.15
pH [-] 6.0
chloride content [%] <1.0
alkali content [%] <4.0

2.3. Steel fibres

The properties of the added steel fibres (BAUTECH, Poland) to the concrete mixture are

shown in Table 4.

The commonly used steel fibre dosing values are between 18-34 kg/m® for industrial
floors in real structures. Therefore, samples with dosing from 20.0 kg/m? to 32.5 kg/m? of

steel fibres at 2.5 kg/m® intervals were prepared for this research (see Fig. 2). The samples
were numbered from 2 to 7. In order to be used as a control, one sample was prepared without

steel fibres. This control sample is denoted by number 1.



Table 4. The properties of steel fibres

Property Description
length [mm)] 50
diameter [mm] 1.0
average tensile strength [MPa] 1,100
Young module [GPa] 180
pieces / kg [pc/kg] 3,200
total fibre length / kg [m/kg] 160
3B 325
30,0
30 |

Steel fibers content [kg/m3]
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[&)]
T

27,5
25,0
22,5
20,0
0,0 I |
0
1 2 3 4 5
Sample number [-]

Fig. 2. Steel fibre content for each sample

2.4. Sample preparation

The preparation of samples began with the mixing of aggregates and steel fibres (dosing
dependent on sample number) with 1/3 volume of required water for thirty seconds. The
binder was then added to the rest of water and mixed for sixty seconds; during mixing, the
superplasticiser was added. After mixing, the prepared fresh concrete was tested to measure
its properties. The average temperature of the fresh concrete during the study was 23.3°C (+
3.2°C). The average air temperature in the laboratory was 24.6°C (+ 3.6°C) together with air
humidity of 47.3% (+ 10%). Some of the preparation steps are shown in Fig. 3.

Cube samples measuring 15 x 15 x 15 cm were prepared in polymer forms and cuboid
samples 15 x 15 x 60 cm were prepared in steel forms. After twenty-four hours of curing, the
samples were placed in a special container with water inside. Before compressive and flexural
tensile strength testing, the samples were tested using non-destructive tests.




Fig. 3. Sample preparation process

2.5. Properties of fresh concrete
2.5.1. Concrete slump test

The concrete slump test measures the workability of fresh concrete using a special cone
mould which is described in [27, 29]. Before the test, the internal surface of the mould was
cleaned and had oil applied. The mould was placed on a smooth horizontal non-porous steel
base plate. The form was then filled with the prepared fresh concrete in three approximately
equal layers. Each layer was tamped using the rounded end of the tamping rod in a uniform
manner. For the subsequent layers, the tamping penetrated into the underlying layers. The
excess concrete was removed, and the surface was levelled with a trowel. The mould was raised
from the concrete immediately and slowly in a vertical direction without stopping. The slump
was then measured as the difference between the height of the mould and that of height point
of the specimen being tested (Fig. 4a).

2.5.2. Density

Fresh concrete density was calculated using the weight measuring device which is shown
in Fig. 4b. The pail was filled with the fresh concrete in a few layers which were tamped using a
concrete vibrator. Hardened concrete density was calculated in a similar manner but without
the need for the tamping process. The samples were drawn out from the special container
with water inside after twenty-eight days of curing and were then left for two hours for initial

drying before being weighed.
2.5.3. Air content
To verify the air content of freshly mixed concrete, the pressure method according to [23,

30] was used. This method is preferable due to it providing relatively fast results. Initially, the
fresh concrete was filled and tamped in a similar manner as described in 2.5.2. Next the top
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Fig. 4. Fig. 4. Performed tests on fresh and hardened concrete: a) the slump height measurement;
b) fresh concrete weight measurements; c) pressure inside of the air-content test device;
d) scheme of ultrasonic pulse velocity direct method e) rebound hammer test;
f) compressive strength test; g) flexural tensile strength test

of the air-content test device was closed. Then, the air gap between the top of the concrete
surface and the underside of the top of air meter with water was filled. The top of the air meter
was then pressurised with the built-in hand pump until it zeroed out. After a stabilisation
period, the pressure in the top was released and the air-void content on the dial on the top of
the meter was read (Fig. 4c).

2.6. Properties of hardened concrete

2.6.1. Compressive strength
2.6.1.1. Ultrasonic pulse velocity (UPV)

The UPV is an effective non-destructive testing method for the quality control of concrete
materials (Fig. 4d). Using this method, it is possible to detect damage in the structural
components of existing buildings. The ultrasonic pulse velocity method has recently been
successfully used by Ongpeng et al. [4] for concrete reinforced with short steel fibres. In this
research, tests were conducted according to [25]. In generalization travel time of ultrasonic
waves reflects internal condition of tested sample. Lower wave speeds indicate that the
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concrete is of poor quality and higher wave speeds indicate that the concrete is of good quality.
To measure ultrasonic pulse velocity in this study, the Proceq model was used: Pundit-lab.
The ultrasonic pulse velocity measurement results were measured with one configuration of
transducers — direct transmission.

2.6.1.2. Rebound hammer test

The rebound hammer test is another non-destructive method which was used in this
research to define compressive strength (Fig. 4e) according to [26, 28]. This test measures
the extent of rebound, which is a measure of surface hardness. This value is measured when
the plunger of the rebound hammer is pressed against the surface of the concrete; a spring
controlled mass with a constant energy then strikes the concrete surface and rebounds. The
measured value of the rebound corresponds to concrete strength. To measure rebound value
in this study, the Proceq Original Schmidt was used. The measurements were performed on
samples which were constantly loaded with 0.1f, in the compression testing machine. The
points where the rebound value was measured by the hammer were located at least 3 cm from
the edge of the sample.

2.6.1.3. Compressive strength test

The compressive strength test is a standard test method [22] which was performed using
a compression testing machine on 15x 15 x 15 cm dimension samples after twenty-eight days
of curing. The average compressive strength was calculated on the basis of results from three
tests on cube forms. The destructive compressive strength test method is presented in Fig. 4f.

2.6.1.4. Flexural tensile strength test

The flexural test indirectly evaluates the tensile strength of concrete; it tests the ability ofa
concrete beam to withstand failure under bending. The tests were performed on two cuboid
samples 10 x 10 x 60 cm after 28 days of curing for every concentration of steel fibres (Fig. 4g)
according to [24, 31].

3. Testresults and analysis
3.1. Properties of fresh concrete
3.1.1. Concrete slump test

The average slump height decreases with increases in the concentration of steel fibres
(Fig. 5). All samples with steel fibres result in lower slump heights than samples without steel
fibres. The water to binder ratio for each mix was constant at 0.5; thus, it is possible that water

molecules could accumulate on the surface of steel fibres, which would explain the impact
that the concentration of steel fibres has on slump height.
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Fig. S. Fresh concrete slump test results

3.1.2. The density

3

The density for all of the samples is in the range of approximately 2,300-2,350 kg/m
(Fig. 6). It appears that the steel fibres don’t have any impact on the density of fresh concrete.
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Fig. 6. The density of fresh concrete
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3.1.3. Air content

The air content in the sample without steel fibres is significantly lower than in the samples
with steel fibres. The air content in the fresh concrete (Fig. 7) increases with the concentration
of steel fibres. The same tamping time using the concrete vibrator for each mixture could
be responsible for increasing the air in the concrete; this is an undesirable phenomenon in
concrete structures.
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Fig. 7. Air content in fresh concrete
3.2. Properties of hardened concrete
3.2.1. The density

The sample without steel fibres and the sample with the lowest concentration of steel
fibres (20 kg/m®) have the highest density results (Fig. 8). Analysing the results from Fig. 7,
the lower values of density for the samples with steel fibres > 20 kg/m? are probably due to the
evaporation of water which didn’t take part in the hydration process.
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Fig. 8. Hardened concrete density

3.2.2. Compressive strength

In this research, compressive strength was investigated by three different methods, one
destructive and two non-destructive (Fig. 9). The ultrasonic pulse velocity method has
mostly similar results. The compression test and the rebound hammer compressive strength
curves have similar shapes; however, the non-destructive method records have around 20
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Fig. 9. Compressive strength results for three different methods
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MPa smaller strength values than the destructive method. The highest compressive strength
was achieved for the sample with a steel fibre concentration of 20 kg/m?®. Analysing Fig. 8, it
can be seen that this sample had the highest density after twenty-eight days of curing. The
same dependency between the density and the compressive strength can be seen for the other
samples. The shape of the density curve is similar to the compressive strength curve. Thus,
the final density of hardened concrete could have the largest impact on compressive strength.

3.2.3. Flexural tensile strength

From Fig. 10, it can be seen that steel fibres and their concentration doesn’t have any
effect on flexural tensile strength. Little anomaly of strength decreasing has been seen for
sample with 25 kg/m® content of steel fibres. Because of the high air content in the fresh
concrete mix and the lowest hardened concrete density for the sample with 25 kg/m? steel
fibre concentration, it yields the lowest flexural tensile strength result.
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Fig. 10. Flexural tensile strength results

4. Discussion of the results
4.1. Effect of density and air content

The density decreases its value with increasing steel fibre concentration and, as a result,
the air content in the concrete also increases. Small air bubbles have a negative impact
on compressive and flexural tensile strength. Lower density (Fig. 11) indicates more air
bubbles inside of the hardened concrete (Fig. 12) and it results in lower strength of the
concrete samples.
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4.2. Comparative analysis of the rebound hammer and ultrasonic pulse velocity
results

In many pieces of research, non-destructive methods of the rebound hammer or/and
ultrasonic pulse velocity have been analysed and compared [3; 8, p. 405; 19; 20]. However,
the results of previous studies for these two methods are very similar and there aren’t steel
fibres inside the concrete samples. In this study, the results of compressive strength testing
using each method are different. It shows that standard methods are not efficient enough to
identify the compressive strength of concrete with steel fibres.

Analysing the compressive strength values (Fig. 9), it was observed that ultrasonic pulse
velocity method yields similar results to the real compressive strength of the sample without
steel fibres; however, it doesn’t include steel fibres and their dosing. Rebound hammer
method results are similar to the theoretical compressive strength 25 MPa. Moreover, this
method includes the impact of steel fibres on compressive strength.

The researchers found the following relationship to calculate compressive strength using
two non-destructive test results and the simplified formula:

f::f:,UPV+(fc,RH _fck) (1)

Where f, — estimated compressive strength of concrete; f . — ultrasonic pulse velocity
compressive strength test result; f ,, — rebound hammer compressive strength test result;
f, - characteristic compressive cylinder strength of concrete at 28 days (concrete strength class).

From Fig. 13, it can be seen that by using formula (1) the real compressive strength can
be estimated and calculated using results from the samples tested only by non-destructive
methods (rebound hammer and ultrasonic pulse velocity). The problem of identifying the
compressive strength of existing structures without their destruction can be resolved by results
of this study. The calculated values are summarised with the tested values of compressive

strength in Table 5.

Table S. Summary of tested and calculated compressive strength values with errors

Tested com[;;[e;:ive strength Calculated co[rl\rjl};r:]ssive strength Error [MPa] Relati[gs[ ;:r]or RE
45.68 47.21 1.53 1.03
50.86 53.45 2.59 1.0
42.51 39.88 2.63 0.94
31.30 35.48 4.18 1.13
35.76 34.95 0.81 0.98
41.28 38.37 291 0.93
36.02 39.40 3.38 1.09
Mean absolute error MAE [MPa] 2.58
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Fig. 13. Compressive strength estimation using non-destructive results
S. Conclusions

The purpose of this article was to evaluate the effect of different concentrations of steel
fibres in the concrete matrix on concrete properties. In the research, properties of fresh
and hardened concrete were analysed. Based on the performed tests, the following general
conclusions can be drawn:

Higher steel fibre concentrations had an influence on fresh concrete workability. The
slump height decreases with increasing concentrations of steel fibres. During the design of
the concrete matrix, larger doses of superplasticiser should be considered.

The density results of fresh and hardened concrete shows that every matrix preparation can
be executed differently. In the researcher’s opinion, the tamping process using the concrete
vibrator had the most influence on the density results. It should also be considered that some
of the water could evaporate after removing the samples from the special container.

Higher air content in fresh concrete has a negative influence on the strength properties.
With increasing concentrations of steel fibres, the air content value in fresh concrete also
increases. During designing the concrete matrix, smaller steel fibre concentrations should be
considered in order to obtain more favourable strength properties.

Higher steel fibre dosing (> 22.5 kg/m?) decreases the compressive strength values.

The results of compressive strength are not clear for three different methods. This is
because sufficient testing to compare the methods has not been performed.

For concrete reinforced with steel fibres, there is the possibility to estimate compressive
strength using results from non-destructive test methods and formula (1), which was
proposed by researchers.

Different concentrations of steel fibres has an impact on air content in fresh concrete and
this has an impact on the density of hardened concrete. Better compressive and flexural tensile
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strength results are obtained for higher density of hardened concrete. Tested samples were
tamped using a concrete vibrator for the same time for each mixture. Therefore, to obtain
better strength results, it’s important to pay attention to the time of tamping, which depends
on the steel fibre concentration.

Analysing this research, it was found that there exists a correlation between ultrasonic
pulse velocity and rebound hammer results. In further studies, the samples should be
reinforced with polymer fibres and should be tested in a similar way to verify the effectiveness
of formula (1) on other types of fibres.
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