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Abstract
E———

One of the main purposes of the addition of fibers to the concrete is the control of the plastic shrinkage cracking in the fresh state and the increase
of the post-crack resistance in the hardened state. The cementitious matrix is one of the factors that influences the performance of fiber reinforced
concrete, interfering in the fluidity of the mixture and in the adhesion between fiber and matrix. In this context, the present paper evaluates the
behavior of two concrete, one of conventional strength and another of high-strength, without fiber and with a content of 1%, by volume, of fiber,
being used steel fiber and macro-polymeric fiber. For this, the mechanical properties of the concrete were evaluated in the hardened state by the
tests of compressive strength, Barcelona, flexure of prisms and punching of plates. From the experimental results, statistically analyzed, there
were significant changes in toughness and residual strength due to change in the cementitious matrix. Finally, an equivalence of performance
between the fibers as to the toughness was observed, with the change of the cementitious matrix.

Keywords: fiber reinforced concrete, cementitious matrix, steel fiber, macro-polimeric fiber, properties.
Resumo

Uma das principais finalidades da adigcao de fibras ao concreto é o controle da fissuragdo por retragdo plastica no estado fresco, e o aumento
da capacidade resistente pds-fissuragdo no estado endurecido. A matriz cimenticia € um dos fatores que influencia no desempenho do concre-
to reforgado com fibras, interferindo na fluidez da mistura e na aderéncia entre as fibras e a matriz. Neste contexto, o presente trabalho avalia
o comportamento de dois concretos, um de resisténcia convencional e outro de alta resisténcia, sem fibras e com teor de 1%, em volume, de
fibras, sendo utilizadas fibras de ago e macrofibras polimérica. Para isso, foram avaliadas as propriedades mecanicas dos concretos no estado
endurecido, a partir dos ensaios de resisténcia a compressao, Barcelona, flexdo em prismas e pungdo em placas. A partir dos resultados expe-
rimentais, analisados estatisticamente, verificou-se alteragdes significativas da tenacidade e da resisténcia residual com a mudanga da matriz
cimenticia. Por fim, observou-se uma equivaléncia de desempenho entre as fibras quanto a tenacidade, com a alteragéo da matriz cimenticia.

Palavras-chave: concreto reforgado com fibras, matriz cimenticia, fibras de ago, macrofibras polimérica, propriedades.
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Influence of the cementitious matrix on the behavior of fiber reinforced concrete

1. Introduction

EE

Fiber reinforced concrete is a composite material that has been
used for several applications, such as tunnel lining, radier, indus-
trial floors, precast elements, among others. The fibers improve the
crack distribution and limit the crack openings in the Service Limit
State, reducing the concrete exposure to the environment. Fiber
reinforcement is suitable for structures with high stress distribu-
tion capacity. In the case of structures with localized stresses and
dispersed stresses, local reinforcements with steel bars and fibers
randomly arranged on concrete can be used simultaneously [1].
The addition of fibers to the concrete causes changes in the prop-
erties of the material, both in fresh and hardened states. In the
fresh state, to improve the workability of the mixture, which is af-
fected by the incorporation of fibers, superplasticizer admixture
is generally used. However, in the case of concrete with higher
fibers content, the addition of superplasticizer admixture may be
impracticable, being necessary to change the cementitious matrix
to improve the flowability of the concrete.

The main contribution of the fibers occurs in the hardened state
of the concrete after the cement matrix failure, providing residual
strength to the composite. The fibers act as a stress transfer bridge,
reducing the stress concentration at the crack tip. Thus, the concrete
becomes a pseudo-ductile material, presenting some ductility [2].
The cementitious matrix is one of the factors that interfere with the
behavior of fiber reinforced concrete in the hardened state. The
properties of the matrix affect the adherence between fibers and ma-
trix, reflecting on the post-cracking performance of the concrete [2].
Thus, depending on the type and content of fibers added, and the
properties of the cementitious matrix, fiber reinforced concrete may
exhibit softening or hardening behavior after cracking. The softening
behavior is characterized by deformations located in a single crack
and by a reduction of the post-cracking resistant strength, while in
the hardening behavior occurs the formation of multiple cracks and
increased resistant capacity after concrete failure [3].

Nowadays there are fibers of different materials available in the
construction market: steel, polymer, glass etc. The properties of the
fibers material, such as modulus of elasticity and tensile strength,
will define their function in concrete. Fibers with high modulus of
elasticity and higher tensile strength than the matrix should act as

Table 1
Physical and mechanical properties of the fibers
used in the study

Fiber type
Property ' Polymeric
Steel fiber macrofiber
Specific gravity
(g/cm3) 7.85 0.95
Length
(mm) 50 50
Shape index 45 75
Modulus of elasticity
(GPa) 210 7
Tensile strength
(MPa) 1115 550

primary reinforcement of the concrete, providing resistant capacity
after matrix cracking. On the other hand, fibers that have low mod-
ulus of elasticity and tensile strength are more used in the control
of cracking by plastic shrinkage of the concrete.

1.1 Justification and objective

The two main types of fibers used as primary reinforcement of the
concrete are steel fibers and polymeric macrofibers. While the for-
mer is historically more used for this purpose, since it began to be
marketed in the 1970s, and has more advantageous properties
(higher modulus of elasticity modulus and higher tensile strength),
the latter has a more recent commercialization and application,
started in the 2000s [4], being object of several studies that seek
to better understand its performance in concrete, especially in high
strength concrete.

In addition, studies involving the influence of cementitious ma-
trix on fiber reinforced concrete performance are still limited. It is
known that a more resistant matrix has greater adherence to the
fibers [2]. However, little is known about the impact of this greater
adherence on the mechanical properties of fiber reinforced con-
crete. Thus, the present study aims to evaluate the influence of
cementitious matrix on the behavior of fiber reinforced concrete,
considering the use of steel fibers and polymeric macrofibers as
reinforcement for ordinary and high strength concrete.

2. Materials and experimental program
_——

2.1 Materials

For the production of the concrete, a pozzolan-modified Portland
cement, with compressive strength class of 32 MPa (CPIl Z 32)
was used. In the high strength concrete it was also used silica
fume derived from the production process of metallic silicon or iron-
silicon alloys.

As fine aggregate two natural sands of quartzous origin, classified
as fine sand and medium sand, were used. The coarse aggregate
used was a crushed stone of basaltic origin, with a maximum char-
acteristic particle size of 19 mm.

In all mixtures, water from the local water supply was used. To
achieve the desired consistency, a polycarboxylate-based super-
plasticizer admixture was employed.

For the mixtures with fibers, two types of fibers were used as rein-
forcement for the concrete: steel fibers and polymeric macrofibers.
The steel fibers had circular cross-section and anchor at the ends;
the polymeric macrofibers were made of polypropylene, had a rect-
angular cross-section, straight shape, and grooved surface, so that
the anchorage occurred along their length. Table 1 shows the main
properties of the fibers used, according to the data provided by the
manufacturers.

2.2 Mix design and production of the concrete

In the present study two concrete mixes design were produced:
one mix design for an ordinary concrete, with mean compressive
strength at 28 days of age (f___.) of 40 MPa; and another for a high
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Table 2

Consumption of materials (in kg/m?3 of concrete)
for the reference concrete (without fibers) used in
the study

Concrete type

Material Ordinary High strength

concrete concrete

(CCR) (CARR)
Cement 382 468
Silica fume — 39
Crushed stone 1032 936
Medium sand 528 531
Fine sand 358 354
Water 180 164
Superplasticizer 1.5 3.0

strength concrete with f_ . of 70 MPa. As the water/cement ratio
was kept constant, the desired consistency for all mixtures was
achieved by adjusting the superplasticizer admixture. The slump
value was set at (120 + 20) mm for both concrete.

The mix design, by mass, for the reference ordinary concrete (with-
out fibers) was 1: 2.30: 2.70: 0.47. In the reference high strength
concrete (without fibers),it was used the mix design, by mass, 1:
1.70: 1.80: 0.35, with silica fume incorporated in the content of 10%
in substitution to cement (by volume). The materials consumption
for the reference concrete mixes design is presented in Table 2. In
both mixes design, fine aggregate was composed of 40% of fine
sand and 60% of medium sand.

For the production of ordinary and high strength fiber reinforced
concrete mixtures, both steel fibers and polymeric macrofibers
were added at the content of 1.0% by volume, which corresponds
to the consumptions of 78.5 kg/m? for steel fibers and 9.5 kg/m? for
polymeric macrofibers. Thus, in total six concrete mixtures were
produced, varying the cementitious matrix and the type of fiber.
For the production of concrete, the same mixing procedure was
considered for all concrete. At the end of the mixing, the concrete
consistency was verified by the slump test, prescribed by NBR NM
67:1998 [5]. If the slump value was within the established range,
the specimens were molded. Otherwise, the slump was adjusted
by the superplasticizer. After 24 hours of molding, the specimens
were demolded, transferred to a humid chamber and subjected to
continuous cure until 28 days of age, when the mechanical tests
were performed.

2.3 Test methods

The compressive strength was determined according to the speci-
fications of NBR 5739:2007 [6] using a hydraulic testing machine.
To analyze the toughness of the concrete it was performed the
flexural test in prisms and the punching test in plates, besides the
Barcelona test.

The Barcelona test, also known as double punching test, was per-
formed according to the recommendations of the Spanish standard
UNE 83515:2010 [7], considering a machine piston displacement
speed of 0.5 mm/min. For the flexural test in prisms, the proce-
dure prescribed by the Japanese standard JSCE-SF4 [8] was

employed, with machine piston displacement speed equal to 0.15
mm/min. For the punching test in plates, the European recommen-
dation EFNARC [9] was used, with machine piston displacement
speed equal to 1.5 mm/min.

For the result of each test, the average corresponding to the indi-
vidual results obtained in the specimens was considered, as well
as the standard deviation and the coefficient of variation.

To verify the influence of the factors that affect the various proper-
ties of the concrete, analysis of variance (ANOVA) and Student’s
t-tests were performed. All statistical tests were performed consid-
ering a 95% confidence level, being ANOVA used to evaluate the
relevance of adding different fiber types and contents to the con-
crete properties and the Student’s t-test performed to investigate
which factors were responsible for changes in such properties. De-
tails of the statistical analysis performed can be found in Leite [10].

3. Results and discussions
E—

3.1 Compressive strength

The value of the mean compressive strength at 28 days of age
(fm26), for each concrete mixture produced, is presented in Table
3. The values correspond to the average of five individual results
obtained in cylindrical specimens, with 100 mm in diameter and
200 mm in height.

Both ordinary and high strength concrete increased the compressive
strength with the addition of fibers. Although some studies are con-
tradictory regarding the effect of fiber addition on the compressive
strength of the concrete, some researchers state that high strength
fiber reinforced concrete generally has higher compressive strength
than fiber-free concrete [11; 12]. According to the fib Model Code
2010 [3], the elastic properties and compressive strength of the con-
crete do not change significantly with the addition of fibers, since low
fiber contents are used. Song and Hawang [13] found an increasing
compressive strength for a high strength concrete by adding steel
fibers to the content of 1.5% by volume. For higher fibers contents,
the value of compressive strength began to decrease.

In ordinary concrete, the mixture with polymeric macrofibers pre-
sented the highest compressive strength, while in the high strength
concrete the mixture with steel fiber showed the highest value of
such strength. This situation is different from that observed by
Monte [14], whose ordinary concrete with polymeric macrofibers

Table 3
Values of the compressive strength values of the
studied concrete

fcmZB (M PQ)

Concrete type

Mean value cv

CCR 41.66 1.42
CCI10FA 42.63 4.65
CC10PP 44.08 3.73
CARR 70.24 3.64
CAR10FA 77.60 5.63
CART0PP 73.52 1.60
Superplasticizer 1.5 3.0
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presented a significantly lower compressive strength value than
the mixture with steel fibers.

According to the statistical analysis [10], there was a significant
variation of the compressive strength with the addition of fibers
only in the high strength concrete, which may be due to the greater
adherence between fibers and matrix in this type of concrete. Fur-
thermore, it was found that the addition of steel fibers was the fac-
tor responsible for the significant variation of compressive strength
in these concrete. According to Mehta and Monteiro [15], the use
of low and moderate fibers contents should have little influence on
the value of compressive strength of the concrete, with its main
contribution occurring in the toughness of the composite.

The mixtures with fibers and with higher compressive strength val-
ues than those of reference concrete may have exhibited harden-
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Figure 1

ing behavior after the matrix failure, with increased resistant ca-
pacity of the composite. To confirm this hypothesis, the load versus
displacement curve of the concrete under compression would be
necessary; however, the test machine used did not provide such
data for analysis.

3.2 Barcelona test

The Barcelona test was performed considering three cylindrical
specimens (150 mm in diameter and 150 mm in height) for each
concrete mixture produced. The curves of load versus total circum-
ferential opening displacement (TCOD) obtained by testing the or-
dinary and high strength concrete, with steel fibers and polymeric
macrofibers, are shown in Figure 1.
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Barcelona fest — load versus TCOD curves for samples of ordinary concrete with (a) steel fibers and (o)
polymeric macrofibers, and high strength concrete with (c) steel fibers and (d) polymeric macrofibers,

with a fiber content of 1% by volume
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Table 4
Barcelona test results of the studied concrete

Concrete f (MPa) Toughness (J) fer1con - 1.5 (MPa) fetrcon -6 (MPa)
type Mean cV Mean cv Mean cv Mean cv
CCR 2.88 3.87 — — — — —

CCI10FA 3.04 0.50 542.75 7.17 2.73 10.74 1.47 7.59
CCI10PP 3.46 5.46 375.45 7.44 1.89 11.35 0.95 1.33
CARR 4.29 4.70 — — — — —
CAR10FA 519 0.55 750.90 14.20 4.63 6.57 1.37 30.00
CAR10PP 5.03 0.47 467.90 8.50 2.73 14.59 0.83 23.61

In the mixtures of concrete with steel fibers, both ordinary (Fig-
ure 1a) and high strength (Figure 1c), the resistant load remained
constant until certain TCOD, from which they began to reduce this
load, characterizing softening behavior. Polymeric macrofibers
reinforced concrete showed softening behavior immediately after
the matrix failure (Figures 1b and 1d). The post-peak instability
phenomenon was practically nonexistent in mixtures with steel fi-
bers; in concrete with polymeric macrofibers, such instability was
observed up to TCOD values between 0.5 mm and 1.0 mm.

The Barcelona test results for all concrete mixtures are shown in
Table 4. In addition to tensile strength (f,) and toughness up to a
TCOD of 6 mm, it is presented the residual strength for the TCOD
of 1.5 mm (£, .., and 6 mm (f ..., _ ), corresponding to the
Service Limit State (SLS) and the Ultimate Limit State (ULS), re-
spectively, as observed by Monte, Toaldo and Figueiredo [16].
Concrete mixtures with fibers had higher tensile strength values
than the fiber-free concrete (reference). Such variation occurred
due to the performance of the cementitious matrix, having little in-
fluence of the fibers in this aspect, since no mixture showed hard-
ening behavior. However, from the statistical analysis [10], it was
found that the addition of fibers significantly modified the tensile
strength of ordinary and high strength concrete. In addition, the fi-
ber type and the addition of polymeric macrofibers had a significant
influence on the tensile strength of both ordinary and high strength
concrete. On the other hand, in ordinary concrete the addition of
steel fibers did not cause a significant change in such strength.
Regarding the toughness and the residual strength in the SLS and
ULS, it was found that both ordinary and high strength steel fibers
reinforced concrete showed higher values of these properties than
those reinforced with polymeric macrofibers (Table 4). According

to the statistical analysis [10], there was a significant variation of
these properties with the fiber type in ordinary concrete, while in
the high strength concrete there was a significant difference only in
toughness and residual strength in the SLS.

Both steel fibers and polymeric macrofibers reinforced concrete
showed an increase in the value of toughness and residual strength
in the SLS with the change of the cementitious matrix. This increase
was due to the better adherence between fibers and cementitious
matrix that occurs in concrete with higher strength values, as high-
lighted by Figueiredo [2]. Due to the lower porosity, the contact area
between the fibers and the matrix in the high strength concrete is
larger, contributing to the formation of a stronger bond, which re-
flects in the mechanical behavior of the material [17].

According to the statistical analysis [10], the cementitious matrix
had a significant contribution to the toughness of both steel fibers
and polymeric macrofibers reinforced concrete. Further increase in
the strength of concrete by using an ultra-high strength concrete,
Abu-Lebdeh et al. [18] verified an increase of energy absorption in
pullout tests, indicating an even better adherence between fibers
and matrix.

It is interesting to highlight that the ordinary steel fiber reinforced
concrete had a higher toughness and a residual strength in the
SLS equal to the high strength concrete with polymeric macrofi-
bers, which indicates the lower efficiency of these fibers compared
to steel fibers even improving the characteristics of the cementi-
tious matrix and, consequently, the fiber-matrix interaction. Accord-
ing to Student’s t-test (Table 5), the difference between the tough-
ness values is not significant, suggesting a possible performance
equivalence between the fibers by changing the cementitious ma-
trix in which they are immersed.

Table 5
Student's t-test to verify performance equivalence between fibers considering different cementitious matrices
Parameter Concrete - Fiber - Significant
Test method analyzed type Fiber type content GL t t critical difference?
CC Steel fibers 1.0%
Barcelona Toughness Polymeric . 4 2.3294 2.7764 No
. macrofibers 1.0%
| ) CcC Steel fibers 1.0%
gfi“s‘rrﬁ S'” Toughness CAR Polymeric | 0% 4 0.0192 2.7764 No
macrofibers P
) Residual cC Steel fibers 1.0%
F'g’:;;ﬁs'” strength in oan Polymeric o 4 45327 27764 Yes
the SLS macrofibers e
Punchingin  Maximum cc Steel fibers 1.0%
plates load CAR Polym.eric 1.0% 4 -0.7869 2.7764 No
macrofibers
p hing i CcC Steel fibers 1.0%
U’;flm'gg ™ Toughness AR Polymeric | 0% 4 -0.5043 27764 No
macrofibers P
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With the change from ordinary concrete to high strength concrete,
a reduction in the residual strength in the ULS was observed for
both steel fibers and polymeric macrofibers reinforced mixtures.
As there is a greater adherence between fibers and cementitious
matrix in the high strength concrete, the fibers may have failure.
Statistical analysis indicates that the change of the cementitious
matrix is not significant for this parameter.

3.3 Flexural test in prisms

The flexural test in prisms was performed considering three pris-
matic specimens, with dimensions of 150 mm x 150 mm x 500
mm, for each concrete mixture produced. Figure 2 shows the load
versus vertical displacement curves resulting from the flexural test
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on ordinary and high strength concrete prisms with steel fibers and
polymeric macrofibers.

For ordinary concrete, in the CC10FA (Figure 2a) the hardening
behavior predominated up to the vertical displacement of 0.25 mm,
when it began to show resistant load drop. In the CC10PP (Fig-
ure 2b), an initial softening behavior was verified and, after the
reduction of the resistant capacity due to the matrix failure, such
concrete began to show a gain on the resistant capacity with in-
creasing displacement (slip-hardening behavior). This result was
also obtained in ordinary concrete (with compressive strength be-
low 50 MPa) evaluated by Monte, Toaldo and Figueiredo [16] and
Salvador and Figueiredo [19], who attributed this behavior to fibers
defibrillation. Analyzing the ordinary concrete, only the sample with
polymeric macrofibers presented post-peak instability.
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Flexural fest in prisms — load versus vertical displacement curves for samples of ordinary concrete
with (a) steel fibers and (b) polymeric macrofibers, and high strength concrete with (c) steel fibers
and (d) polymeric macrofibers, with a fiber content of 1% by volume
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For the high strength concrete, the CAR10FA curves (Figure 2c)
showed a small instability after the matrix failure. In this case, the
post-cracking resistant load was approximately constant and equal
to the matrix load failure up to the vertical displacement of 0.75
mm. For higher displacement values, the resistant load was re-
duced, indicating a softening behavior. CAR10PP samples (Figure
2d) showed the highest post-peak instability, which extended to a
vertical displacement of 1.0 mm in one of the prisms. It is interest-
ing to highlight that, after the end of the instability, there was an
increase of the resistant load with the increase of the displace-
ment (slip-hardening behavior) in the mixture containing polymeric
macrofibers.

The results of the flexural test in prisms for each concrete mixture
are shown in Table 6. These results include flexural tensile strength
(f,). toughness factor (95), and residual strength in the displace-
ments of 0.75 mm (d€n0) and 3.00 mm (a%s,).

In most concrete, an increase in flexural tensile strength was observed
with the addition of fibers. However, only the CC10FA mixture showed
a hardening behavior, with increased resistant capacity after matrix
failure. According to the statistical analysis [10], the addition of fibers
caused significant changes in the tensile strength of both ordinary and
high strength concrete. Furthermore, it was found that both type and
presence of fibers had a significant influence on the value of such
strength. The CC10FA concrete, which showed hardening behavior,
had a flexural tensile strength value 35.9% higher than the reference
concrete (CCR). This was due to the fact of having used a volume of
fibers greater than the critical volume.

High strength steel fibers reinforced concrete had a flexural tensile
strength value 22.8% higher than high strength concrete without
fibers (CARR). End-anchored steel fibers have a more relevant
contribution to flexural tensile strength compared to other types of
fibers, as the use of mineral additions promotes greater adherence
between matrix and steel fibers, reflecting the increased of such
strength. The addition of synthetic fibers has a greater effect on
the energy absorption and cracking control than on the maximum
concrete load bearing [12].

Regarding the toughness factor and the residual strength in the SLS
and ULS, it was found that in both ordinary and high strength con-
crete, the mixtures with steel fibers presented values of these prop-
erties superior to the mixtures with polymeric macrofibers. The sta-
tistical analysis of the results [10] confirmed the significant influence
of the fiber type on the toughness factor and on the residual strength
in the SLS of ordinary and high strength concrete, while the change
in the residual strength in the ULS was considered non-significant.

Table 6

By changing the cementitious matrix from ordinary to high strength
concrete, the values of toughness and residual strength (SLS and
ULS) had higher percentage increases in the concrete with poly-
meric macrofibers than in the concrete with steel fibers. According
to the statistical analysis [10], the variation in the values of such
properties due to the change of the cementitious matrix is consid-
ered significant for both steel fibers and polymeric macrofibers re-
inforced concrete. The increased strength of the matrix-fibers bond
causes considerable changes in the flexural tensile strength and
absorbed energy of fiberreinforced concrete [20; 21].

The values of toughness factor and residual strength in the SLS of
ordinary steel fiber reinforced concrete were higher than those of
high strength polymeric macrofibersreinforced concrete. Student’s
t-test (Table 5) indicates that the toughness factor results are sta-
tistically equivalent, while the difference between the results of re-
sidual strengthin the ULS is considered significant.

3.4 Punching test in plates

The punching test in plates was performed considering three
plates, with plant dimensions of 600 mm x 600 mm and 100 mm
in thickness, for each mixture produced. Figure 3 shows the load
versus center displacement curves obtained in the test of ordinary
and high strength concreteplates reinforced with steel fibers and
with polymeric macrofibers.

In ordinary steel fibers reinforced concrete (Figure 3a) an increase
in the resistant capacity (hardening behavior) was observed after
the matrix failure. The increase of the resistant load was observed
up to the center displacement of 2.5 mm, from which the load re-
duction was observed. The instability phenomenon was barely
noticeable in this concrete. In ordinarypolymeric macrofibers re-
inforced concrete (Figure 3b) the predominant behavior was slip-
hardening, being possible to verify successive losses and incre-
ments of the resistant capacity up to the center displacement of 7.5
mm, from which the load reduction began. Only one sample of the
CC10PP concrete (Figure 3b) showed post-peak instability.

For the high strength concrete, for the steel fibers reinforced
mixture (Figure 3c), the hardening behavior was verified, with in-
creasing of the resistant load up to the center displacement of ap-
proximately 5 mm. After reaching the maximum load, the resistant
capacity was reduced until the final displacement. Post-peak insta-
bility was nonexistent in this concrete. The high strength polymeric
macrofibers reinforced concrete (Figure 3d) presented oscillations
in the value of the resistant load after the cementitious matrix

Results of the flexural test in prisms of the studied concrete

Concrete fers (MPa) 9 () 900 (MPay) ots (MPa)
type Mean cv Mean cv Mean CcvVv Mean Ccv
CCR 5.07 1.34 — — — — — —

CCI10FA 6.89 6.05 5.01 7.72 5.97 8.26 3.64 11.17

CC10PP 4.37 8.66 2.87 14.39 2.59 16.87 2.82 11.70
CARR 7.97 2.49 — — — — — —

CART0FA 9.79 3.01 7.28 2.36 8.91 7.89 5.14 4.29

CAR10PP 8.36 0.80 5.00 16.74 4.23 10.55 4.83 21.23
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Table 7
Results of the punching test in plates
of the studied concrete

Concrete Maximum load (kN) Toughness (J)
type Mean cv Mean cv
CCR 46.32 25.75 — —

CCI10FA 102.37 2.11 1679.83 2.59

CCI10PP 68.27 13.13 1277.61 18.72
CARR 83.17 8.42 — —

CAR1T0FA 171.66 11.48 2481.19 9.95

CAR10PP 107.23 9.77 1795.41 21.98
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failure, being predominant the slip-hardening behavior. Figueiredo
[2] attributes these oscillations to the formation of multiple cracks
that occur in small displacements, and whose amount stabilizes at
a given time. In this concrete, the maximum load was reached with
a center displacement of approximately 7.5 mm and there was the
occurrence of post-peak instability.

Regarding the maximum load values, the results obtained in the
punching test in plates are presented in Table 7. It is verified that the
addition of fibers caused an increase in the maximum load value of
the concrete, with predominance of hardening and slip-hardening be-
havior. According to the statistical analysis [10], the addition of fibers
caused significant changes in the maximum load value of ordinary
and high strength concrete. The samples with steel fibers and poly-

1204
| + Plate 1
100 « Plate 2
- » Plate 3
__ 80+
= J
x
o 601
=1 40-

0 5 10 15 20 25
Center displacement (mm)

®

210+ * Plate 1
1804 - Platez
* Plate 3
- 150 4
z
£."1204
o
S . 90
Jb |
60
30
0[ ' 1 . L b 1 v ) v L]
0 5 10 15 20 25

Center displacement (mm)

@

Punching test in plates — load versus center displacement curves for samples of ordinary concrete
with (a) steel fibers and (b) polymeric macrofibers, and high strength concrete with (c) steel fibers
and (d) polymeric macrofibers, with a fiber content of 1% by volume
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meric macrofibers showed hardening and slip-hardening behavior, re-
spectively, which contributed to present a higher maximum load than
the reference concrete (CCR and CARR). In addition, the variation
of the maximum load of concrete with the addition of steel fibers is
considered significant for both ordinary and high strength concrete.
The addition of polymeric macrofibers had a significant influence on
the maximum load only of the high strength concrete.

The steel fibers reinforced concrete presented a higher maximum
load than the polymeric macrofibers reinforced concrete in both ce-
mentitious matrices analyzed. Statistical analysis of the data indi-
cates a significant influence of fiber type on the concrete maximum
load value [10].

Regarding the toughness, as well as the maximum load, the values
of this property obtained in the mixture with steel fibers were higher
than those of the mixture with polymeric macrofibers in both ordi-
nary and high strength concrete (Table 7). However, according to
statistical analysis [10], there was a significant difference between
the performance of the two fibers only in the ordinary concrete.
The percentage increase in toughness due to the change of the
cementitious matrix was more relevant for steel fibers reinforced
concrete than for polymeric macrofibers reinforced concrete. Ac-
cording to the statistical analysis [10], the change of the cementi-
tious matrix had a significant influence on the toughness value only
for steel fibers reinforced concrete.

Due to the hardening effect, both the maximum load and toughness of
the ordinary steel fibers reinforced concrete were close to the values
of these properties obtained in the high strength polymeric macrofi-
bers reinforced concrete. Student’s t-test (Table 5) confirms that these
results are statistically equivalent, suggesting a performance equiva-
lence between the fibers with the change of the cementitious matrix.

4. Conclusions

EE

This paper evaluated the influence of cementitious matrix on the
mechanical properties of concrete reinforced with different types
of fibers. Thus, mixtures of ordinary and high strength concrete,
without fibers and containing steel fibers or polymeric macrofibers,
were analyzed.

The desired workability was not achieved in most ordinary fiber rein-
forced concrete mixtures, even with the increase in superplasticizer
admixture content. By changing the cementitious matrix to a high
strength concrete with a higher mortar content in the mixture, it was
possible to achieve the required consistency, indicating that in some
cases it is necessary to modify the cementitious matrix, and not just
add superplasticizer to improve the workability of the mixture.

As for compressive strength, only the high strength concrete
showed significant variation of this mechanical property with the
addition of fibers, and the addition of steel fibers was the factor
responsible for such variation. In high strength concrete there is
a greater adherence between fibers and matrix, which may have
caused this result.

In both Barcelona test and punching test in plates, there was no
change in the behavior pattern of the mixtures with the change of
the cementitious matrix. Only in the flexural test in prisms,the steel
fiber reinforced concrete no longer exhibits hardening behavior,
presenting a softening behavior with the change of the cementi-
tious matrix. In addition, the mixtures showed different behaviors

according to the test performed. While in the Barcelona test the
predominant behavior was softening, in the toughness tests (flex-
ural in prisms and punching in plates) the hardening and slip-hard-
ening behaviors predominated.

Tensile strength and maximum load values showed significant vari-
ations with the addition of fibers, even in the case of mixtures that
showed softening behavior. This may have been caused by the
loss in homogeneity due to the addition of fibers.

The toughness in both Barcelona test and flexural test in prisms
had a significant change with the change of the cementitious ma-
trix of fiber reinforced concrete. In the punching test in plates, only
the mixture with steel fibers showed a significant increase in tough-
ness when using a high strength concrete.

Residual strength in the SLS of the Barcelona test and flexural test
in prisms showed significant influence of the cementitious matrix.
Regarding the residual strength in the ULS, only in the flexural
test it was verified a significant variation of this property, indicating
that the change of the cementitious matrix in the fiber reinforced
concrete may not be effective in increasing the residual strength in
larger displacements depending on the test performed.

It is important to highlight that statistically equivalent toughness
values were obtained for ordinary steel fibersreinforced concrete
and high strength polymeric macrofibers reinforced concrete.
These results suggest a performance equivalence between the fi-
bers, and indicate a lower efficiency of the polymeric macrofibers
compared to steel fibers in this respect.
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