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ALTERNATIVE WAYS OF REINFORCING CEMENT COMPOSITES

This paper presents the results of laboratory research on concrete beams with alternative types of reinforcement, assum-
ing a constant volume of fibers. As the reinforcement of the cement matrix, two types of macro-fibres, namely steel and poly-
propylene fibres, were used. In addition, traditional beam reinforcement in the form of aligned, smooth, and ribbed steel rods
were tested. In the case of the long fibers-the steel bars were assumed to force the long fibers to adopt a certain position - four
rods at the corners of the cross section, two of which were in the tension zone and two in the compression zone. By introducing
a slip sleeve in three stirrups to stabilize the transverse bars in the desired position, efforts were made to ensure the independ-
ent operation of each of the four rods. It was shown that the highest load-carrying capacity and the toughness of the compo-
site, was obtained for concrete beams reinforced with ribbed steel rods. Unexpectedly, the beams with the polypropylene fi-
bers and smooth steel rods showed substantial susceptibility to deflection. In both cases good interaction between the rein-
forcement and cement matrix was observed. The fracture toughness of the reinforced concrete and steel synthetic macro-
fibres in the share volume was comparable to 1.65% as documented by an equivalent flexural strength.

Keywords: fibres reinforced concrete, short steel fibres, short polypropylene fibres, steel rods, the mechanical properties, the
load-carrying ability

ALTERNATYWNE SPOSOBY WZMACNIANIA KOMPOZYTOW CEMENTOWYCH

Przedstawiono wyniki badan belek betonowych z alternatywnymi formami zbrojenia, przyjmujac staly poziom
obje¢toSciowy wldkien. Jako wzmocnienie matrycy cementowej zastosowano dwa rodzaje krétkich wlokien, wldkna stalowe
i wlokna polipropylenowe rozproszone ré6wnomiernie w matrycy cementowej. Dodatkowo zastosowano tradycyjne zbrojenie
belek w formie dlugich pretow stalowych gladkich i Zebrowanych. W przypadku wiékien dlugich - pretéw stalowych przyjeto
wymuszone polozenie dlugich wlékien - 4 prety w narozach przekroju poprzecznego, z ktorych dwa znalazly si¢
w strefie rozciaganej i dwa w strefie Sciskanej. Poprzez wprowadzenie tulei poslizgowych w 3 strzemionach poprzecznych,
utrzymujacych prety w wymaganym poloZeniu, starano si¢ zapewni¢ niezalezng prace¢ kazdego z czterech pretow. W wyniku
przeprowadzonych badan stwierdzono, Ze najwyzsza no$no$¢ i odporno$¢ na p¢kanie kompozytu wykazywaly belki betonowe
wzmachniane Zebrowanymi pretami stalowymi. Nieoczekiwanie, belki modyfikowane wi6knami polipropylenowymi i gladkimi
pretami stalowymi wykazaly znaczna podatno$¢ na odksztalcenie. W obu przypadkach obserwowano bardzo dobre
wspoldzialanie zbrojenia z matryca cementowa. Z Kkolei odporno$¢ na p¢kanie betonow wzmacnianych makrowléknami
syntetycznymi i stalowymi w udziale obj¢toSciowym 1,65% byla poréwnywalna, co potwierdzily wyniki réwnowaznej
wytrzymalo$ci na zginanie.

Stowa kluczowe: beton wzmacniany wléknami, krotkie wlokna stalowe, krotkie wlokna polipropylenowe, prety stalowe,
wlas$ciwo$ci mechaniczne, no$nosé

INTRODUCTION

Despite the increasing interest in cement composites
modified with dispersed fibres by the end of the
20"century (70.), only steel fibres reinforced concrete,
mainly industrial ground floors, have been extensively
developed [1-6]. However, the variety of research fo-
cused on brittle matrix composites with fibre rein-
forcement, functioning under different external and
climatic conditions, contributed to creating universal
investigative procedures, which have been described in
American, Japanese, and European standards [7]. On
the other hand, environmental interactions, such as
concrete aging processes and the necessity to guarantee

increasing requirements for construction safety (fires,
explosions, impacts, and corrosion processes) have led
to the growing interest in non-metallic fibres. Unlike
steel fibres, non-metallic ones, such as polymer-based
fibres [8-10], exhibit good resistance to environmental
factors, durability of their own structure in the alkaline
environment of the cement paste and good mechanical
properties, especially in relation to their low bulk densi-
ty. Our previous research showed that polypropylene
fibres added to the cement matrix in the amount above
0.5 vol.% improved the flexural toughness of the com-
posites as well as steel fibres do. However, the positive
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influence of synthetic fibre reinforcement was ob-
served only at the initial time of hardening. In longer
periods better flexural parameters were obtained for
cement composites modified with steel fibres [11].

The main aim of this paper was to compare tradi-
tional steel rods reinforcement of concrete beams with
randomly dispersed steel and polypropylene macro-
fibres introduced to the cement matrix in a constant
volume fraction. Contrary to the former research, fibril-
lated polypropylene fibres characterised by a higher
modulus of elasticity and higher tensile strength, as well
as hooked steel fibres, were applied.

EXPERIMENTAL PROCEDURE

The cement matrix was produced using Portland
cement CEM I 52.5 R (350 kg/m’), a fine aggregates
fraction 0/2 (664 kg/m3), and coarse aggregates fraction
2/16 (1234 kg/m3). To achieve approximately the same
workability of fresh mix, a superplasticizer in the
amount of 2 wt.% was used. The water to cement ratio
was assumed at the level of 0.43. The examination of
the cement matrix composites distinguishes concrete
elements reinforced with steel rods, and separately
those reinforced with randomly dispersed steel and
polypropylene fibres in a constant volume fraction. In
the presented research, the following 5 series of cement
composites were examined:

1. without reinforcement

2. with polypropylene fibres with diameter 0.069 mm
and length 54 mm (aspect ratio 782)

3. with hooked steel fibres with diameter 1 mm and
length 50 mm (aspect ratio 50)

4. with ordinary smooth steel rods with diameter 6 mm
and length 390 mm (aspect ratio 65)

5. with finned higher performance steel rods with
diameter 6 mm and length 390 mm (aspect ratio 65)
One of the main purposes of the presented research

was to compare the traditional steel rods reinforcement
with randomly dispersed macro-fibres. Therefore, in the
research procedure, the same volume fraction of steel
rods as well as polypropylene and steel macro-fibres
was assumed (1.65 vol.%). Moreover, in the presented
research it was proposed that the steel rods are mov-
able. The four steel rods were placed in the corners of
the cross section in a constant orientation. To ensure the
independent interaction of each steel rod with the ce-
ment matrix, joining slip sleeves in three lateral stirrups
were applied. As a result of such a solution, one-
direction steel rods reinforcement was changed partially
to three-dimensional. The analogy concerning the uni-
form distribution of macro-fibres and steel rods is pre-
sented in Figure 1. Figure 2 shows the stirrup with the
slip sleeves.

In the case of the short fibres reinforced concrete,
the fibres were uniformly distributed throughout the
cement matrix, and; furthermore, they were randomly
oriented. The physico-mechanical properties of the

steel and polypropylene macro-fibres are presented in
Table 1.

Fig. 1. Cross-section of concrete beams with aligned and short rein-
forcement distributed in volume unit

Rys. 1. Przekrdj poprzeczny belki betonowej ukazujacy charakter rozto-
zenia dlugich i krotkich wlokien na jednostke objgtosci

Fig. 2. Stirrup with slip sleeves in corners to enable proper interaction
between steel rods and cement matrix

Rys. 2. Strzemi¢ z tulejami w narozach dla zdystansowania pretow
podtuznych i umozliwienia ich poélizgu w matrycy cementowej

TABLE 1. Physico-mechanical properties of steel and poly-
mer macro-fibres
TABELA 1. Fizykomechaniczne wlasciwosci krotkich stalo-

wych i polimerowych wlokien

Steel Polypropylene

fibres fibres
Length [mm] 50 54
Diameter [mm] 1 0.069
Aspect ratio 50 782
Density [kg/dm’] 7.85 0.91
Elongation at break [%] <4 >20
Tensile strength [N/mm?] 1225+1345 620+758
Young’s modulus [N/mm?] +210 000 aprox. 4900

There are several methods of determining the flex-
ural toughness of composite elements with fibre rein-
forcement. According to American standards C 1018,
the flexural toughness of fibre reinforced concrete is
defined as the ratio of the area under the load-deflection
curve out to a specified deflection to the area under the
curve out to the point of the first crack, as can be seen
in Figure 3. Based on the load-deflection curve, tough-
ness indices Is, 1o and Ipcan be specified. Moreover, in
this method, the residual strengths in definite deflec-
tions Rs ;0 and Ry can be calculated.
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Fig. 3. Load-deflection curve according to standard [ASTM C1018]

Rys. 3. Schemat obcigzen 1 zaleznosci obciazenie-ugigcie zgodnie
znormg [ASTM C1018]

Alternatively to the American standards, the load-
carrying capacity of fibres reinforced concrete can be
determined by measuring the average residual strength,
which corresponds to the equivalent flexural strength.
In this case, the toughness factor is defined as the total
area under the load-deflection curve out to deflection
L/150 (Japanese standards JSCE SF-4).

In the presented research, the concrete beams with
the proposed aligned and short reinforcement were
examined according to the procedure described in the
ASTM C1018 standard. The flexural tests were per-
formed on beams with dimensions of 100x100x400 mm
in the four-point bending method, while the compres-
sive tests were conducted on specimens with dimen-
sions of 100x100x100 mm. All the mechanical tests
were carried out by means of the press machine Instron-
SATEC as shown in Figure 4.The flexural behaviour of
fibres reinforced concrete was characterized by the
following parameters: maximum load, ultimate flexural
strength, deflection at maximum load, energies at
maximum load and at maximum deflection.

Fig. 4. Stand for testing beams
Rys. 4. Stanowisko do badan belek

RESULTS AND DISCUSSION

Figures 5 to 9 show the load-deflection curves ob-
tained from a four-point bending test for specimens
made with plain concrete (Fig. 5), concrete with the
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polypropylene (Fig. 6) and steel fibres (Fig. 7), as well
as concrete with aligned smooth and ribbed steel rods
(Figs. 8 and 9, respectively). Moreover, the values of
maximum strength, stress, and deflection as well as
the values of energy required for the maximum flex-
ural strength and deflection were presented in Table 2.
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Fig. 5. Beams without reinforcement
Rys. 5. Belki bez zbrojenia
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Load, kN
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Fig. 6. Beams with polypropylene fibres

Rys. 6. Belki z wtoknami polipropylenowymi

The data presented in Figures 5-9 show that there is
a considerable difference in the post-cracking behaviour
of concrete beams reinforced with the proposed rein-
forcement. It was observed that beams without rein-
forcement demonstrated the lowest load-carrying
capacity, defined as the ability of an element to carry an
external load over a specific deflection interval.
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Fig. 7. Beams with steel fibres

Rys. 7. Belki z wtdknami stalowymi
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Fig. 8. Beams with smooth steel rods

Rys. 8. Belki z pretami gtadkimi
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Fig. 9. Beams with ribbed steel rods

Rys. 9. Belki z pretami zebrowanymi

TABLE 2. Comparison of mechanical parameters for con-
crete beams obtained during bending tests

TABELA 2. Poréwnanie parametrow wytrzymalo$ciowych dla
betonowych belek otrzymanych podczas zginania

Concrete beams
without with with with with
ﬁbr(e)s PP steel smooth ribbed
fibres fibres steel rods | steel rods
Maximum load | 15.59 | 20.68 | 26.89 38.68 59.30
[kN] 038 | £2.12 | *4.14 £2.10 +£2.90
Ultimate flex- | 546 | 724 | 942 13.54 20.76
ural strength N
[MPa] £0.13 | +0.74 1.45 +0.73 +1.02
Maximum 1.50 3.01 1.62 479 3.26
deflection
+0.18 | £0.99 | +0.20 +0.52 +0.29
[mm]
Energy 21“ d 450 3434 | 13.89 104.17 83.31
maximum loas
0 +0.61 | +17.6 | +3.75 +20.09 +12.63
Energy at 5.17 67.88 | 69.29 111.67 139.4
maximum
deflection [J] | *057 | #620 | £12.05 +5.78 +42.70

The highest load-carrying capacity and toughness of
the composites were observed for the concrete beams
reinforced with ribbed steel rods, followed by smooth
steel rods, steel fibres, and the polypropylene had the
lowest. However, this dependence was not noticed for
the deflection and the energy at maximum load. In the
concrete beams without fibre additives, the ultimate
strength caused a one-point crack and a violent fracture
at the deflection of 1.5 mm. The beams with steel fibres
cracked in the same way (at deflection of 1.62 mm); in
spite of this, in the post-cracking zone, the specimen
showed a high load carrying capacity. Beams with
ribbed steel rods exhibited relatively low flexibility to
bending. In this situation, the beams deflection was
blocked by the ribbed texture of the steel rods due to
the flexural and shear interaction. Unexpectedly, the
beams with polypropylene and smooth steel rods
showed substantial susceptibility to deflection. In both
cases, a good interaction between the reinforcement and
cement matrix was observed. In the post-cracking zone,
the beams with polypropylene fibres and smooth steel
rods were characterised by a higher load-carrying abi-
lity of the composites as well.

The dependence of crack morphology in relation to
the different types of reinforcement is presented in
Figure 10. In beams 1 and 3, one distinct crack
occurred - approximately in the central part of the
beam. In beams 2 and 4 - despite the different types of
reinforcement, there are two narrower cracks in two
places, which is very advantageous taking into account
bending and the relatively slow loss of load capacity of
the cracked cross-section. Beam 5 must be treated inde-
pendently. In this case, the initial propagation of nu-
merous tiny cracks were observed and the next crack
was caused by shearing (from lower to upper support)
appeared.

Composites Theory and Practice 12: 4 (2012) All rights reserved
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Fig. 10. Morphology of cracks in relation to different types of rein-
forcement

Rys. 10. Morfologia rys dla réznych rodzajoéw zbrojenia

In Table 3 the values of compressive strength obtai-
ned for the concrete beams with short polypropylene
and steel fibres are presented. It was shown that unlike
steel fibres, the polymer ones added to the cement
matrix in a high volume fraction deteriorated the
compressive strength of the composite. In addition, the
polymer fibres negatively influenced the workability of
the fresh concrete mix.

where: T), - area under load-deflection curve, to
deflection value J, equal to 1/150 beam span, Nmm;
L - beam span, mm; b - beam width, mm; /% - beam
hight, mm.

The wvalues of particular flexural strengths and
equivalent flexural strengths for concrete samples with
polypropylene and steel fibres are presented in Table 4.
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Fig. 11. Comparison of load-deflection curves for concrete beams rein-
forced with steel and polypropylene macro-fibres

Fig. 11. Porownanie krzywych obciazenie - ugigcie dla belek betono-
wych wzmacnianych makrowtoknami stalowymi i polipropy-
lenowymi

TABLE 4. Comparison of flexural strength and equivalent
flexural strength of macro-fibres reinforced concre-
te

TABELA 4. Poréwnanie wytrzymalo$ci na zginanie i wytrzy-

malo$ci réwnowaznej dla betonéw wzmacnianych

makrowléknami
TABLE 3. Comparison of compressive strength for concrete
specimens No.‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ average
TABELA 3. Poréwnanie wytrzymalosci na $ciskanie dla kostek -
Concrete with polypropylene fibres
betonowych
i 7.00 7.00 | 6.76 | 643 | 7.79 8.45 7.24+0.74
Volume density Compressive [MPa]
3
kg/dm’] strength [MPa] fu | 919 [ 1017 [927 [ 930 [ 11.18 | 11.14 | 10.0420.94
Plain concrete 243 69.5 [MPa]
Concrete with 237 553 Concrete with steel fibres
polypropylene fibres Si | 11.88 | 9.51 | 822 | 8.19 | 10.20 | 8.49 | 9.42+1.45
Concrete with [MPa]
2.44 69.0
steel fibres Seq 13.00 | 943 | 9.24 | 847 | 11.93 | 9.44 | 10.25+1.78
[MPa]

The examples of load-deflection dependances
recorded for the concretes reinforced with steel and
polypropylene macro-fibres are shown in Figure 11.
The comparison of the post-cracking zone for the stu-
died composite clearly indicates that in the case of
synthetic fibres, the flexural toughess of the composite
is similar to the flexural toughness obtained for the
cement matrix reinforced with steel fibers. Confir-
mation of the above assumption are the values of
equivalent flexural strength calculated using the
following equation:

T,L
fea =5 pnz

Composites Theory and Practice 12: 4 (2012) All rights reserved

i - flexural strength, f;, - equivalent flexural strength

CONCLUSIONS

The flexural behaviour of concrete beams modified
with short and aligned reinforcement have been studied
in this research. The achieved results clearly showed
that there was a considerable difference in the post-
cracking zone depending on the type of concrete rein-
forcement. Among the four types of reinforcement, the
beams with the ribbed steel rods were the most effective
in carrying a load over a specific deflection interval
after cement matrix cracking. Furthermore, it has been
demonstrated that the beams with polypropylene and
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smooth steel rods showed substantial susceptibility to
deflection. In both cases, good interaction between the
reinforcement and cement matrix was observed. In
addition, in the post-cracking zone, the beams were
characterised by a high load-carrying ability of the
composites. Depite the lower flexural strength, the
composites modified with polypropylene macro-fibres
exhibited a similar flexural toughness to those compos-
ites reinforced by steel fibres. The comparison of the
equivalent flexural strength confirmed this statement.
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