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benefits of self-compacting concrete in the fresh state and the greater durability, with the gains of fiber-
reinforced concrete in the hardened state, especially the gains in residual flexural strength. Results are
presented in this paper of residual flexural strengths on 48 prenotched prisms conducted in accordance with
RILEM TC 162 TDF for the Steel Fiber Reinforced Self-Compacting Concretes (SFRSCC). This article
presents equations to estimate residual flexural stresses in SFRSCC. For this, SFRSCC prisms of two

compressive strength classes, 20 MPa and 40 MPa, were produced with 3 different types of steel fibers with

the contents volume of 0.5% and 1.0%. Based on the test results, equations were proposed to determine the

residual flexural stresses established through regression analysis, which were, then, further validated with
concretes produced in this work and results available in the literature. The equations found, despite showing
an indication of the residual flexural strengths that will be achieved, obtained a relatively high error. In order

for the equations to be applied in a technical way, further studies for a larger sample need to be carried out,
seeking to optimize the equations.

Keywords: steel fiber reinforced self-compacting concrete (SFRSCC), flexural residual strength, three point
bending test, hooked end fiber.

Resumo: O concreto autoadensavel reforgado com fibra de ago (CAARF) é um material que combina os
beneficios do concreto autoadensavel no estado fresco e a maior durabilidade, com os ganhos do concreto
reforgado com fibras no estado endurecido, principalmente os ganhos quanto as resisténcias residuais a flexao.
Sao apresentados neste trabalho os resultados de ensaios das resisténcias residuais a flexdo de 48 prismas
entalhados, conduzidos de acordo com RILEM TC 162 TDF para concreto autoadensavel reforcado com fibra
de ago (CAARF). Este artigo propde equagdes para estimar as resisténcias residuais a flexdo nos CAARFs.
Para isso, prismas de CAARFs de duas classes de resisténcia a compressdo, 20 MPa e 40 MPa, foram
produzidos com 3 tipos diferentes de fibras de ago com o teor de 0,5% e 1,0% em relagdo ao volume de
concreto. A partir dos resultados dos ensaios, foram propostas equagdes para determinar as tensdes de flexao
residuais estabelecidas por meio de analise de regressdo, as quais foram, entdo, validadas com os concretos
produzidos neste trabalho e resultados disponiveis na literatura. As equagdes encontradas, apesar de
mostrarem uma indicagdo das resisténcias a flexdo residuais que serdo alcangadas, obtiveram um erro
relativamente alto. Para que as equagdes possam ser aplicadas de forma técnica, novos estudos para uma
amostra maior precisam ser realizados, visando otimizar as equagdes.

Palavras-chave: concreto autoadensavel reforgado com fibra de ago, tensdes residuais de flexdo, ensaio de
flexdo a trés pontos, fibra com gancho na ponta.
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1 INTRODUCTION

The Steel Fiber Reinforced Self-Compacting Concrete (SFRSCC) is an material that combines the benefits of fiber
reinforced concrete such as tenacity gain and the ability to withstand residual post-cracking tensile stresses, with the
characteristics of self-compacting concrete, such as workability, and the ability to fill and to overcome restrictions without
segregating, which eliminates the use of vibration during casting. Several researches has already shown that SFRSCC can
be used in segments of tunnels, precast roof elements, beams, sandwich panels, sheet piles, floors and slabs [1]-{7].

The great differential of SFRSCC is related to its residual post cracking flexural strength. A barrier found in the
production of SFRSCC is the difficulty in pre-defining the desired post-cracking behavior when determining concrete
mixtures. Although there are already some studies that try to determine the influence of fiber volume and its characteristics
such as fiber type and compressive strength [8]-[14] in the post-cracking behavior of concrete, the dosage of SFRSCC has
been performed, in most times, empirically. The determination of equations that correlate the residual flexural strengths
of SFRSCC with the characteristics of concrete and fiber would allow an optimized dosage of this material.

Recently, Domski and Katzer [14] proposed equations to estimate residual strength for common concretes, using
the geometric characteristics of the fibers and fiber volume as variables. However, has been verified in some research
the great influence of the compressive strength of the matrix on the residual strengths [8], [12], [13].

This work determined new equations to estimate the residual strengths of SFRSCC, inserting the geometric
characteristics, the fiber volume content and the compressive strength the matrix as input variables. The determination
of equations that allow the estimating residual strength based on the materials used for the production of the SFRSCC
can contribute to increase the use of this concrete, considering it will make it possible to perform more rational mixture
of this material.

2 MATERIALS AND EXPERIMENTAL PROGRAM

The experimental program, carried out at the Laboratories of the Materials and Structures of the University of
Brasilia, included a total of 48 SFRSCC prisms for 3 point bending tests on prenotched specimens, conducted in
accordance with EN 14651 [15]. The materials used in this research were Portland Cement CP I 32 F, a river sand with
a maximum diameter of 2.36 mm, a coarse aggregate with a maximum diameter of 9.5 mm, a limestone filler, a
superplasticizer admixture (Master Glenium 51) and three types of steel fibers with hooked end.

2.1 Steel fibers

Three types of steel fibers with hooked end were used as reinforcement. The properties of the used fibers, according
to their manufactures, are presented in Table 1.

Table 1.Physical characteristics of the fibers used in the research.

Fiber Type Diameter dr (mm) Length /s (mm) Aspect ratio ly/dy Nﬂ‘:?;::ﬂ:ig};;g;s wl\i?gnl:ltn(z;;;/lrlrllg)
ST-33/44 0.75 33 44 210 7850
ST-33/60 0.55 33 60 210 7850
ST-50/67 0.75 50 67 210 7850

2.2 Concrete Mixture

The tests were performed with twelve distinct concrete mixes. The mixes were obtained using the software Betonlab
Pro 3, following recommendations proposed by De Larrard and Sedran [16]. They were produced with compressive
strength classes equal to 20 MPa and 40 MPa for each fiber. The fiber contents used were 0.5% and 1.0% in relation to
the SFRSCC volume (Table 2).

The flow spread of concretes in the fresh state was registered following the recommendations of NBR 15823 [17].
The average value obtained for the flow spread of SFRSCC was equal to 650 mm.
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Table 2 . Mixes of the SFRSCC produced.

X 20 MPa 40 MPa
Mixtures REF ST-33/60  ST-50/67 ST-33/44 REF ST-33/60 ST-50/67  ST-33/44
Fiber Volume (%) 0.00 0.50 1.00 0.50 1.00 0.50 1.00 0.00 0.50 1.00 0.50 1.00 0.50 1.00
Coarse aggregate (G) (kg/m®) 852 844 826 834 802 826 804 852 844 805 834 806 826 803
Sand (S) (kg/m?) 633 627 614 619 59 613 597 633 649 600 641 599 635 597
Cement (C) (kg/m?) 378 382 392 388 398 392 393 498 505 515 513 515 519 520

Limestone Filler (kg/m?) 242 244 252 249 281 252 287 133 134 177 137 180 138 173
Superplasticizer (SP) (kg/m®)  3.90 5.00 520 4.10 400 520 550 5.10 530 6.10 6.50 6.10 6.60 5.20
Water (W) (kg/m?®) 231 234 240 237 244 240 240 231 234 238 237 238 240 241

2.3 Compressive strength

The compressive strength (fom) of concretes were determined with compressive tests performed on cylinders of
100 mm diameter and 200 mm height casted simultaneously with the three-point bending test specimens. These
concrete cylinders were cured for 28 days under laboratory temperature, inside a chamber with humidity control. The
compressive strength was obtained based on the procedures given in NBR 5739 [18].

2.4 Three point bending test (3PBT)

Four specimens for the three point bending test were produced for each concrete mix, with cross section of 150 mm
x 150 mm and length of 550 mm. These specimens are in accordance to the EN 14651 [15]. The specimens were cured
for 28 days under laboratory temperature inside a chamber with humidity control. The tests were carried on a press
EMIC servo-controlled hydraulic-system. The tests were controlled by the internal displacement transducer of the test
machine at a rate of 0.1 mm/min. Each test lasted about 60 minutes and was interrupted when the crack opening reached
6 mm. In the execution of this test, the load was applied in the middle of the specimens’ span. The specimens were
tested in a three-point bending test with a central notch (25 mm), as illustrated in Figure 1. The crack opening was
measured using two linear variable differential transformers (LVDT), one on each of the notch’s side, fixed at the base
of the specimens.

The acquisition of the test data, i.e., load and crack mouth opening, was performed using a 500 kN HBM load cell
and two LVDTs. These devices were connected to a Spider 8 module (model SR30), manufactured by HBM, and
controlled by the CATMAN software. This enabled continuous readings of force and displacement. With the results of
the crack opening and the load it was possible to obtain the curves that relate the load to the Crack Mouth Opening
Displacement (CMOD). The following parameters were calculated: proportionality limit (fr,) and residual flexural
strength fr 1, fr 2, fr 3, fr4, corresponding to CMOD values equal to 0.5 mm, 1, 5 mm, 2.5 mm and 3.5 mm, respectively.
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Figure 1. Three point bending test setup in accordance with RILEM TC 162 [19]; a: plan view; b: cross section of specimen;
c: side view of specimen. Dimensions in mm.
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2.5 Determination of equations: Linear regression

Based on the results obtained with the three-point bending and compressive strength tests and on the equations
proposed by Domski and Katzer [14], a linear regression was performed using the Microsoft Excel 2013 software.
Unlike Domski and Katzer [14], who only considered the volume and geometric characteristics of the fiber, the
SFRSCC's compressive strength was also inserted as a variable in the equation. Another improvement of the equations
found in this work is that they are applicable to self-compacting concrete. As a result, it was obtained equations which
correlate the residual flexural strengths fr 1, fr 2, fr 3 and fr 4 with the compressive strength of the concrete, the geometric
characteristics of the fibers and the volume of fiber adopted.

Each residual flexural strength, fr 1, fr 2, fr 3, fr4, Was correlated by means of an equation with the aspect ratio, fiber
volume and the square root compressive strength of the concrete. Thus, coefficients were determined that, multiplied
by these variables (aspect ratio, fiber volume and square root of the SFRSCC compression strength), provided the
SFRSCC residual resistance response.

3 RESULTS AND DISCUSSIONS

3.1 Compressive Strength

The Figure 2 and Figure 3 show the results obtained in the SFRSCC compressive strength test. Hereinafter the
specimens are identified by the following nomenclature “X-YST-Z/W?”, where: X is the nominal compressive strength,
Y is the fiber volume and ST-Z/W is the type of fiber, where Z is the length and W is the aspect ratio of the steel fiber.
REF is the concrete without fiber.

Despite the variations found in the different SFRSCC, there were no major changes promoted by the addition of
fibers in the compressive strength of the concrete. The same was observed in the concretes produced by Hu et al. [20].
It was observed a decrease in the strength of the 20-MPa concrete when comparing the strength of the concrete with

fiber to the reference concrete. However, after performing an ANOVA and Tukey statistical tests, it was verified that
the compressive strength of the concrete did not change significantly.

30
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Figure 2. Compressive strength for the 20-MPa SFRSCC .

For the 40-MPa Steel Fiber Reinforced Self-Compacting Concretes, shown in Figure 3, it was observed that
some mixtures presented a higher strength than that of the reference concrete. This can be explained by the higher
cement consumption of these mixes. In the concretes with ST-33/44 fiber, a more evident reduction in compressive
strength was observed when compared to other concretes, especially in the case of 1.0% fiber content . After
performing an ANOVA and Tukey tests it was found that in the case of the 40-MPa SFRSCC, there was a
significant variation in the compressive strength of concrete when fibers were present. The decrease in the strength
of concretes using the ST-33/44 fiber can be explained by differences in SFRC mixtures and by its greater
tendency to agglomerate.
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Figure 3. Compressive strength for the 40-MPa SFRSCC .

3.2 Three point bending tests results

In the three point bending tests in most specimens, a single crack was observed in the rupture, especially in concretes
with a smaller fiber volume. Some specimens, in which the fibers offered less reinforcement to the concrete, this crack
was almost vertical, as can be seen in Figure 4a. In some isolated cases, the appearance of multiple cracks in the region
of application of the load was observed, as can be seen in Figure 4b.

(a) (b)

Figure 4. Failure mechanisms in specimens of three point bending tests, a: only vertical crack; b: multiple cracks

The average of the load values obtained in the three point bending test, and the envelope formed by the highest
and lowest values found, versus CMOD curves are illustrated in Figure 5, Figure 6 and Figure 7. Table 3 shows the
parameters that characterize the concrete's post-cracking behavior, showing the mean value and the coefficient of
variation found between the samples. It is possible to observe in Figure 5, Figure 6, Figure 7 a significant dispersion
of the results, which is common for this type of concrete in view of the impossibility of ensuring that the fibers
equally distributed and oriented. This fact was also observed in other studies carried out with concrete reinforced
with fibers [19], [21]-[23].

For SFRSCC with ST-33/60 fiber, it was possible to observe that there was a less significant variation between the
values found, according to the ANOVA test. The envelope of the results obtained in the four samples of each concrete
showed less dispersion from the average. This can be explained by the fact that the concretes produced with this fiber
presented more homogeneous properties in the fresh state.

The Figure 5 show the Experimental Load vs. CMOD relationships for SFRSCC with the ST-33/60 fiber.
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Figure 5. Experimental Load vs. CMOD relationships for SFRSCC with the ST-33/60 fiber: (2)20-05ST-33/60; (b) 40-05-ST-
33/60; (c) 20-1ST-33/60; (d) 40-1ST-33/60.

The Tukey test showed a significant difference between the residual resistances for concretes with the same
compressive strength, with varying the fiber content from 0.50% to 1.00%. When the fiber content was fixed and the
compressive strength varied from 20 MPa to 40 MPa, there was a significant increase in the residual resistances
obtained, as also shown by the Tukey test.

In the 20-05ST-33/60 and 20-1ST-33/60 concretes, as can be seen in Figure 5a and Figure 5c¢ and Table 3, it is
possible to observe the increase in residual strengths achieved with the addition of fibers. With the increase in fiber
content from 0.5% to 1.0%, an increase of 87.25% in the values of fr; was observed, rising from 3.06 MPa to 5.73
MPa, and an increase of 67.88% in fr 3, which rose from 3.02 MPa to 5.07 MPa. The same was seen in the concretes
40-05ST-33/60 and 40-1ST-33/60 illustrated in Figure 5b and Figure 5d and in Table 3, in which the fr | increased from
6.17 MPa to 9.42 MPa, resulting in an increase of 52.67%, and the fr 3 increased from 6.54 MPa to 9.96 MPa, which
represents an increase of 52.29%.

In concretes with the same fiber content, it is possible to observe the impact of the compressive strength in increasing
the toughness of the concrete, as can be seen when comparing Figure 5a and Figure 5b and the results of Table 3.
Comparing the post-cracking behavior of 20-05ST-33/60 to 40-05ST-33/60, there was an increase of 101.63% in the
fr.1, while the fr3 increased 116.56%. The same can be seen between the concretes 20-1ST-33/60 and 40-1ST-33/60,
in which the fr | and the fr 3 an increase of 64.40% and 96.45%, respectively.

The Figure 6 show experimental load vs. CMOD relationships for SFRSCC with the ST-50/67 fiber.
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Figure 6. Experimental Load vs. CMOD relationships for SFRSCC with the ST-50/67 fiber: (a) 20-05ST-50/67; (b) 40-05-ST-
50/67; (¢) 20-1ST-50/67; (d) 40-1ST-50/67.

Comparing the 20 MPa concretes with ST-50/67 fibers, shown in Figure 6a and in Figure 6c, the same behavior can
be observed, with the addition of fibers resulting in a significant increase in post-cracking strength. The fr | increased
from 3.69 MPa to 5.48 MPa, which is an increase of 48.51%, and the fr 3, from 4.05 MPa to 5.77 MPa, which is an
increase of 42.47%. For concretes with compressive strength equal to 40 MPa, the fr; e fr3 increased 62.14% and
37.30% when the fiber content increased from 0.5% to 1.0%, respectively. Comparing the concretes with the same fiber
content, varying the compressive strength of the concrete from 20 MPa to 40 MPa for the ST-50/67 fiber, when the
fiber volume used was 0.5%, led to a significant gain in the fr | e fr3, 49.69% and 66.17% respectively. A similar trend,
but even more significantly, was verified by comparing the concretes with the resistances with levels of 1.0% of this
fiber, where the fr 1€ fr 3 grew 63.32% and 72.62%. Venkateshwaran et al. [12] found a direct relationship between the
fiber reinforcement capacity and the matrix strength, as the fiber anchoring capacity offered by the concrete matrix is
essential for the fibers to be mechanically activated.

The Figure 7 show experimental load vs. CMOD relationships for SFRSCC with the ST-33/44 fiber.

For the ST-33/44 fiber, the variation of the content from 0.5% to 1.0% in the 20 MPa concrete, as can be seen in
Figure 7a and Figure 7c and Table 3, resulted in an increase in fr | from 2.72 MPa to 4.74 MPa and fR.3 from 2.81 MPa
to 4.77 MPa, which represents an increase of 74.26% and 69.75% respectively. In the comparison between 40 MPa
concretes with this fiber, shown in Figure 5b and Figure 5d, the fr ; increase of 59,01% and the fr 3 increase of 58,40%.
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Figure 7. Experimental Load vs. CMOD relationships for SFRSCC with the ST-33/44 fiber: (a)20-05ST-33/44; (b) 40-05-ST-
33/44; (c) 20-1ST-33/44; (d) 40-1ST-33/44

In concretes with this fiber, when the comparison is made for the same fiber contents and varying the compressive
strength of the concrete from 20 MPa to 40 MPa, there were increases in fr; and in fr3, of 34.56% and 33.45%
respectively for a 0.5% fiber volume content. In the case of concretes with 1.0% of this fiber, fr 1 e fr 3 increased 22.78%
and 24.53% respectively.

When comparing the ST-33/44 and ST 33/60 fibers, despite having the same length, the ST-33/60 fiber guaranteed
higher values of residual resistance to concretes due to their higher aspect ratio. The same was observed by Abbass et al. [24],
who found that among concretes with the same compressive strength and fibers of the same length, the aspect ratio will
have an impact on the residual flexural strength values achieved. Higher aspect ratios contribute to higher residual
flexural strength values.

After comparing the SFRSCC produced with the three types of fiber and performing an analysis of variance and a
Tukey test, it was found that the concretes produced with the ST-50/67 fiber and the ST-33/60 fiber, despite the physical
differences between the two fibers, showed significantly equal results in residual strength. This was observed for the
same fiber contents and equal strength values. Showing the great importance of the aspect ratio of the fibers. These two
fibers, despite the differences between their lengths and diameters, have very similar aspect ratios (60 and 67
respectively).

An ANOVA and a Tukey test were performed on the results obtained for concretes produced with the ST-33/44
fiber and for the results obtained for the concretes produced with the ST-50/67 and ST-33/60 fibers. Residual resistances
were significantly different. This can be explained by the great difference between the aspect ratios, between the ST
33/44 fiber and the ST-50/67 and ST-33/60 fibers. Chu and Kwan [25] also found that for concrete reinforced with steel
fibers that have a higher aspect ratio, the residual strengths obtained were higher.
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Table 3. Residual flexural strength of the concretes determined in the three point bending tests.

. fer (0.7*fret,) Residual Flexural Strength
Concrete mix fet,. [MPa]
[MPa] fri [MPa]  fr2[MPa]  fr3[MPa] fra4 [MPa]
20-05ST-50/67 Avg. 3.68 2.58 3.69 4.01 4.05 3.95
CoV 4.4% 4.4% 20.1% 24.3% 24.0% 23.3%
20-1ST-50/67 Avg. 3.97 2.78 5.48 5.89 5.77 5.28
CoV 14.8% 14.8% 18.9% 20.1% 18.2% 19.4%
20-05ST-33/60 Avg. 3.07 2.15 3.06 3.07 3.02 2.86
CoV 16.9% 16.9% 8.5% 10.5% 10.8% 9.8%
20-1ST-33/60 Avg. 3.92 2.75 5.73 5.58 5.07 4.57
CoV 10.4% 10.4% 4.4% 4.9% 5.7% 7.8%
20-05ST-33/44 Avg. 3.76 2.63 2.72 2.86 2.81 2.66
CoV 8.1% 8.1% 12.6% 8.1% 6.6% 5.1%
20-1ST-33/44 Avg. 4.17 2.92 4.74 5.01 4.77 4.28
CoV 6.6% 6.6% 10.3% 11.6% 8.6% 5.8%
40-05ST-50/67 Avg. 4.87 3.41 5.52 6.48 6.73 6.40
CoV 3.9% 3.9% 9.6% 11.2% 10.8% 10.0%
40-1ST-50/67 Avg. 4.07 2.85 8.95 9.84 9.24 8.65
CoV 37.7% 37.7% 2.9% 2.3% 6.3% 7.6%
40-05ST-33/60 Avg. 5.17 3.62 6.17 6.68 6.54 6.06
CoV 2.4% 2.4% 9.0% 7.9% 4.7% 4.1%
40-1ST-33/60 Avg. 5.28 3.69 9.42 10.66 9.96 8.44
CoV 10.7% 10.7% 1.6% 3.9% 52% 4.8%
40-05ST-33/44 Avg. 4.10 2.87 3.66 3.88 3.75 3.54
CoV 6.1% 6.1% 5.6% 8.3% 7.8% 9.0%
40-1ST-33/44 Avg. 441 3.08 5.82 6.31 5.94 5.46
CoV 6.2% 6.2% 3.6% 7.9% 12.5% 15.2%

fr.1, fr2, fr3, fra4: are the residual flexural strength referring to the crack openings of 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm, respectively; Avg: average of the
values of the 4 specimens; CoV: covariance of the values of the 4 specimens.

3.3 Determination of equations

Based on the database of tests performed for the SFRSCC of this work and inspired by the equations of Domski and
Katzer [14], new equations were created to estimate the residual flexural strength of self-compacting concrete
reinforced with steel fibers, using the Microsoft Excel software.

Equations 1, 2, 3 and 4 represent the residual strengths fr 1, fr2, fr3, fr4, which characterize the post-cracking
behavior of SFRSCC. These were adjusted with an R? of 0.91, 0.93, 0.94 and 0,89, respectively. Although R? did not
present such a high value, this fact is common in the measurement of phenomena with dispersed results, as is the case
of SFRSCCs.

fRI:_0.59+0.07[§j+5’31(Vf)+1'44(f¢-)05 (1)
fr2 =—13.10+0.08(éj+5.65(V_/-)+ 1.81(£.)" o
fRs:_12'33+0'08[é]+4'79(Vf)+1'74(fc)05 5
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Jr4 =—10‘70+0.08[5J+3.93(Vf)+1,5](]'0)0-5 “

In which:

fri1. fro. fr3. fra4: are the residual flexural strength referring to the crack openings of 0.5 mm, 1.5 mm, 2.5 mm and
3.5 mm, respectively;

[: is the length of the fiber;

d:: the fiber diameter;

Vy: is the volume of fiber;

fc: is the concrete compressive strength.

A comparison between the values predicted by the proposed equations and the values experimentally obtained are
shown in Table 4.

Table 4. Comparison between the values of residual flexural strengths obtained experimentally and the values predicted by the
equations.

Experimentally obtained vs. predicted by the equation
fr1 [MPa] fr2[MPa] fr3[MPa] fr4[MPa] Error fri Error fr2 Error fr3 Error fr4

Concrete Mix

Exp. 3.69 4.01 4.05 3.95
20-05ST-50/67 - 1.13% 6.53% 6.75% 6.44%
Predicted 3.65 3.77 3.80 3.71
Exp. 5.48 5.89 5.77 5.28
20-1ST-50/67 . 13.04% 10.61% 6.85% 6.90%
Predicted 6.30 6.59 6.19 5.68
Exp. 3.06 3.07 3.02 2.86
20-05ST-33/60 Predicted 3.44 3.56 358 347 11.21% 13.94% 15.64% 17.62%
redicte . . . .
Exp. 5.73 5.58 5.07 4.57
20-1ST-33/60 Predicted 6.10 6.39 597 543 6.02% 12.75% 15.03% 15.80%
redicte . . . .
Exp. 2.52 2.75 2.74 2.63
20-05ST-33/44 Predicted 1.99 186 188 L87 26.66% 47.71% 45.95% 40.61%
redicte . . . .
Exp. 4.74 5.01 4.77 4.28
20-1ST-33/44 Predicted 164 4.69 427 2.3 2.05% 6.81% 11.55% 11.60%
redicte . . . .
Exp. 5.52 6.48 6.73 6.40
40-05ST-50/67 : 11.29% 7.57% 2.59% 0.23%
Predicted 6.23 7.01 6.91 6.41
Exp. 8.95 9.84 9.24 8.65
40-1ST-50/67 . 0.74% 0.08% 0.61% 3.21%
Predicted 8.88 9.83 9.30 8.38
Exp. 6.17 6.68 6.54 6.06
40-05ST-33/60 - 5.81% 1.69% 1.24% 1.59%
Predicted 5.83 6.57 6.45 5.97
Exp. 9.42 10.66 9.96 8.44
40-1ST-33/60 : 8.27% 10.28% 9.38% 3.44%
Predicted 8.70 9.67 9.11 8.16
Exp. 3.66 3.88 3.75 3.54
40-05ST-33/44 Predicted 3.99 438 430 3.97 8.37% 11.35% 12.63% 10.82%
redicte . . . .
Exp. 5.82 6.31 5.94 5.46
40-1ST-33/44 - 9.17% 8.69% 7.26% 3.91%
Predicted 6.41 6.91 6.40 5.68

As can be seen in Table 4, the results obtained with the equations showed an average error of 10%, when compared
to the average value obtained experimentally. Although the error was relatively high, these equations can serve as an
initial reference for the residual resistances that will be achieved based on the characteristics of the SFRSCC that will
be produced. However, new tests need to be carried out to reduce this margin of error, so the application of the equations
become more technically practicable. An exception was the concrete 20-05ST-33/44, for which the equation did not
show a good fit, with errors reaching almost 50%.

Rev. IBRACON Estrut. Mater., vol. 14, no. 5, 14503, 2021 10/14



M. G. Cardoso, R. M. Lameiras, and V. M. S. Capuzzo

To validate the equations, residual flexural strength estimates were made with data from the Venkateshwaran et al. [12],
to verify whether the equations were applicable for other concretes and other materials. The compressive strength of
concrete mix and the fibers used by Venkateshwaran et al. [12] in their research are described in Table 5.

Table 5. Properties of hooked steel fiber and compressive strength of concretes mix used by Venkateshwaran et al. [12].

Concrete Mixture Jo [MPa] 1 [mm] d [mm] I/d Fiber volume content (%)
M32 38.60 60 0.90 66.67 0.25
M34 37.30 60 0.90 66.67 0.50
M36 36.00 60 0.90 66.67 0.75
M38 41.10 60 0.90 66.67 1.00
M42 38.90 60 0.90 66.67 0.25
M44 39.70 60 0.90 66.67 0.50
M46 38.10 60 0.90 66.67 0.75
M48 39.70 60 0.90 66.67 1.00

Based on the comparison between the results found experimentally by Venjareshwaran et al. [12] and the results
obtained with the equations proposed in this work, using the fibers and concretes described in Table 5, it was possible
to verify that the equations showed relatively high errors. However, despite the errors reaching up to 20%, the equations
showed that they can serve as a reference for the residual resistances that will be achieved. New tests need to be carried
out, in order to optimize the coefficients of the equations, minimizing the errors found.

However, as can be seen in the M32 and M42 concretes mix with 0.25% fiber content, a volume outside the interval
to which the regression was performed to obtain the equations (0.50% to 1.00%), errors were very high, reaching almost
50%, overestimating the value of residual flexural strength . The equations were well suited to estimate residual flexural
strength when the variation in fiber volume is within the limits of the database used to perform the regression. As the
compressive strength and the fiber aspect ratio used by Venjareshwaran et al. [12] were similar to those used in this
research, shown in Table 6, it is not possible to draw large conclusions regarding the effects of a compressive strength
and fiber resistance with aspect ratio outside the limits of the database.

Table 6. Comparison between the values of residual flexural strengths found experimentally by Venkateshwaran et al. [12] and the
predicted by the equations obtained in this work.

Experimental data obtained by Venkateshwaran et al. (2018) vs. Values predicted by the
proposed equations

Concrete Mix
fr1 fr2 fr3 fra

[MPa] Error fr1 [MPa] Error fr2 [MPa] Error fr3 [MPa] Error fr4
Exp. 238 2.69 2.76 2.74

M32 : 42.66% 45.00% 44.92% 45.17%
Predicted 415 4.89 5.01 5.00
Exp. 5.9 6.56 7.00 6.98

M34 P 0.68% o 732% o 1618% o 19.92%
Predicted 5.33 6.11 6.03 5.82
Exp. 7.29 8.25 8.04 7.82

M36 P 12.17% 12.54% 14.27% 17.76%
Predicted 6.50 7.33 7.04 6.64
Exp. 6.82 9.39 9.51 9.17

M38 P 18.99% 1.02% 6.28% 11.23%
Predicted  8.42 9.49 8.95 8.24
Exp. 3.26 462 426 3.56

M42 P 211% e 638% o 1570% o 29.28%
Predicted 4.19 4.93 5.05 5.03
Exp. 489 6.67 6.47 5.42

M44 xP 12.75% 3.21% 1.70% 11.33%
Predicted  5.60 6.46 6.36 6.11
Exp. 6.16 8.11 721 6.08

M46 P 8.71% 6.11% 1.72% 11.90%
Predicted 6.7 7.64 7.34 6.90
Exp. 9.08 9.70 8.94 7.56

M43 P 9.93% o 444% o 209% 0 9.54%
Predicted 826 9.29 8.76 6.90
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In order to verify if the equations obtained in this work were able to estimate the residual flexural strengths in
SFRSCC with compressive strengths outside the range of this work's database, the predicted residual flexural strengths
were calculated using the equations obtained in this paper for some of the concretes produced in Lameiras [26], shown
in Table 7, and compared with the experimental results he obtained.

Table 7. Properties of hooked steel fiber and compressive strength of concretes mix used by Lameiras [26].

Concrete Mixture /. [MPa] 1 [mm] d [mm] I/d Fiber volume content (%)
10 45.60 35 0.55 63.64 0.75
11 56.39 35 0.55 63.64 0.75
12 61.23 35 0.55 63.64 0.75
13 61.94 35 0.55 63.64 0.75
16 60.66 35 0.55 63.64 0.75
17 63.46 35 0.55 63.64 0.75
18 54.81 35 0.55 63.64 0.75
19 64.83 35 0.55 63.64 0.75

Based on the results described in Table 8, it is possible to observe that none of the concretes fits well in the equations
found in this work, showing that they are not applied satisfactorily in concretes with compressive strength outside the
range studied in this research, which was 20 MPa at 40 MPa. Mixture 10 presented compressive strength close to the
values used in the regressions that provided the equations. However, it also presented high errors, on average of 15%,
although smaller when compared to the other concrete mixtures produced by Lameiras [26].

Table 8. Comparison between the values of residual flexural strengths found experimentally by Lameiras [26] and with predicted
by the equations.

Experimental data obtained by Lameiras et al. (2015) vs. Values predicted by the proposed

. equations
Concrete Mix ) f P )
R.1 R.2 R3 R4
[MPa] Error fr1 [MPa] Error fr2 [MPa] Error fr3 [MPa] Error fr4

Exp. 9.21 8.11 6.82 5.70

10 . 2495% —— —— 4.03% — 15.84% ——————  24.35%
Predicted 7.37 8.45 8.10 7.54
Exp. 8.22 7.13 5.42 4.13

11 ; 2.84% 27.40% 42.46% 52.41%
Predicted 8.46 9.82 9.42 8.68
Exp. 7.44 6.67 5.52 4.61

12 XP 16.55% 35.81% 44.63% 49.64%
Predicted 8.91 10.39 9.97 9.15
Exp. 6.82 6.25 5.38 4.69

13 *P 24.05% o 4033% o 4645% o 49.15%
Predicted 8.98 10.47 10.05 9.22
Exp. 6.67 5.97 5.26 4.54

16 x.p 24.74% 42.18% 46.90% 50.10%
Predicted 8.86 10.33 9.91 9.10
Exp. 8.39 7.59 6.52 5.66

17 ; 7.99% 28.71% 36.17% 39.58%
Predicted 9.12 10.65 10.21 9.37
Exp. 8.36 7.47 6.40 5.59

18 : 0.63% —  2242% —— 30.70% ————— 3437%
Predicted 8.31 9.63 9.24 8.52
Exp. 6.62 6.01 5.16 4.55

19 x.p 28.37% 44.36% 50.21% 46.58%
Predicted 9.24 10.80 10.36 8.52

Analysing the concretes produced by Venjareshwaran et al. [12] and Lameiras [26], it is possible to verify that the
equations are satisfactorily valid when used in concretes fiber content and compressive strength within those in the
range of the SFRSCCs studied in this paper. That is, for fiber contents from 0.00% to 1.00%, in SFRSCC with
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compressive strength from 20 MPa to 40 MPa. When the compressive strength and fiber content were outside these
ranges, the errors found in the experimental and analytical comparison were very high.

Analysing the comparison of the predicted residual strengths with the obtained experimentally for the concretes
produced by Venjareshwaran et al. [12] and Lameiras [26], it is possible to verify that, when the equations are used in
the content of concrete fibers and in the compressive strength within the ranges of the SFRSCCs studied in this work,
despite relatively high errors, the equations provided an indication of the residual resistances that have been reached.
That is, for fiber contents from 0.50% to 1.00%, in the SFRSCC with compressive strength from 20 MPa to 40 MPa,
the equations can be used to estimate the residual strength of concrete based on the materials used in the SFRSCC.
However, for a more technical and rational application, further studies need to be carried out in order to optimize the
equations and reduce errors.

4 CONCLUSIONS

An experimental study was performed to examine the direct residual flexural strengths of Steel Fiber Reinforced
Self Compacting Concrete specimens with two compressive strengths, 20 and 40 MPa, and fiber volume factions,
0.50% and 1,00%. The experimental program included tests of 96 specimens: 48 small beams for the three point bending
tests and 48 cylindrical specimens for compressive strength test. Variables of the experimental program were the type
of fibers, the fiber volume content and concrete strengths. The main conclusions were:

1. Regarding the behavior of concrete in the hardened state, small reductions in compressive strength were observed
in 40 MPa concrete with ST-33/44 fibers.

2. The fibers ST-33/60 and ST-50/67 were the ones that led to the greatest increases in residual flexural strength of
SFRSCC. This can be explained by the larger form factor of the two fibers (60 and 67), respectively. In the case of
the ST-50/67 fiber, the importance of the fiber length can still be emphasized, ensuring greater anchorage in the
concrete and, consequently, greater efficiency. The worst result was found for the concrete with ST-33/44 fiber,
which can be explained by the fact that the fiber has a shorter length and aspect ratio (44).

3. The proposed equations, obtained based on the experimental data of this work to determine the residual resistance
of the SFRSCC, reached an average error of 10% in relation to the experimental results. The errors were relatively
high; however, the equations can be adopted to initially estimate residual resistances. However, studies seeking to
minimize errors must be carried out.

4. When compared to the results obtained by Venkashwaran et al. [12] it was found that, when the variables (matrix
strength, fiber geometric characteristics and fiber volume) are similar to those used in this work, with variations
within the ranges adopted in this research, the estimated results had average errors around 10%.

5. When compared to the results obtained by Lameiras [26], it was found that, when the fiber content and the
compressive strength of the matrix were outside the varied limits in this study, the errors were high, and it is not
possible to use the equations of this work to estimate the residual strengths of these concretes.
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