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Abstract: This paper presents the possibility of using low-module polypropylene dispersed reinforce-
ment (E = 4.9 GPa) to influence the load-deflection correlation of cement composites. Problems have
been indicated regarding the improvement of elastic range by using that type of fibre as compared
with a composite without reinforcement. It was demonstrated that it was possible to increase the
ability to carry stress in the Hooke’s law proportionality range in mortar and paste types of com-
posites reinforced with low-module fibres, i.e., Vf = 3% (in contrast to concrete composites). The
possibility of having good strengthening and deflection control in order to limit the catastrophic
destruction process was confirmed. In this paper, we identify the problem of deformation assessment
in composites with significant deformation capacity. Determining the effects of reinforcement based
on a comparison with a composite without fibres is suggested as a reasonable approach as it enables
the comparison of results obtained by various universities with different research conditions.

Keywords: quasi-brittle cement composites; low-module polypropylene fibres; elastic range

1. Introduction

The development of cement composites results in an increase in compressive strength
without significantly improving bending strength [1,2]. The brittleness of cement com-
posites causes rapid destruction, which is particularly disadvantageous in high-strength
structures. Researchers have attempted to limit the brittleness of cement composites by
trying to increase the flexural or bending strength using various fibre reinforcements [1–39].
Fibre reinforcement requires good rheological properties of the mix (for random disper-
sion), which determines a higher amount of cement. Short reinforcement controls the effect
of multi-cracking, and longer reinforcement improves the toughness and strength [3,20,24].
The best results with respect to flexural strength and toughness have been achieved with a
high-strength matrix and fibres [37].

High strength and high Young’s modulus reinforcement (steel fibre E = 210 GPa and
carbon fibres E = 30–300 GPa) can be applied to increase stress corresponding to first
crack appearance [29–35]. Improvement of the elastic range by means of low-module
reinforcement is difficult to achieve, and therefore hybrid reinforcement is frequently used,
with both high and low extension strength and Young’s modulus, and with different
lengths [4,17,39]. High-module reinforcement controls the elastic range, while low-module
reinforcement controls the deflection range after exceeding fcr [5–12]. Existing publications
do not indicate the effectiveness of applying low-module fibres for improving Hooke’s law
proportionality range, which limits their use in construction materials for controlling the
deformation and crack propagating process [13,15,16].
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In this paper, we take into account the possibility of improving elastic range by using
the application of low-module polypropylene reinforcement. Such fibres are commonly
used, and a number of papers have been written with respect to their use. However,
the existing papers do not focus on the possibility of using low-module polypropylene
reinforcement to improve Hooke’s law proportionality range and obtain ESD composites
(E, elastic range; S, strengthening control; and D, deflection control). These effects reduce
the brittleness of the cement composites and help to avoid the catastrophic destruction
process [13–20].

There are different methods of calculating flexural toughness, for example, the JSCE
method, the ASTM C 1018 and the EN 14651 standard consistent with RILEM recommen-
dations [40–45]. There is no one universal method to accurately describe and compare
reinforcing ESD effects. The existing norms and standards describing these effects seem to
be insufficient. This makes the assessment and comparison of the obtained effects difficult.
Despite a number of formulas for the calculation of the reinforcement effect, new methods
and modifications of the existing ones are still being proposed. Various papers have shown
that rheological properties influence mechanical properties, especially with respect to
concrete composites, whose rheological properties are much worse than those of mortar or
paste composites [18,25].

According to a literature review, previous works have not shown the possibility of
significantly increasing stress in the elastic range with low-module polypropylene fibres in
structural elements as compared with matrix (unreinforced composite) [24,28,36,38].

In this paper, damaged composites were obtained with significant deflection and
flexural strength that equalled or exceeded the strength corresponding to the first crack.
Some of the effect had already been presented in our own works [21–27] for small beams of
cement composites with synthetic structural polypropylene fibres [28] but not with respect
to matrix (unreinforced composite).

In this paper, we focus on the limitation of the catastrophic destruction process by
means of ESD effects in structural elements. The main goal of the paper was to improve
the elastic range of cement composites by means of low-module fibres, which required the
introduction of the maximum volume of dispersed reinforcement. That effect was obtained
with the maximum volume of fibres for mortar, Vf = 3%, and for paste, Vf = 6%.

2. Materials and Methods
2.1. Materials Used for Tests

The following materials were used for the preparation of the cement composites:
Portland cement (c) CEM I 42.5R (Górażdże cement plant, Górażdże, Poland) silica fume
(10% c), fly ash (20% c), superplasticizer (SP, Sika company, Baar, Switzerland) tap water
(w), and w/binder = 0.35. The sand used in the research is sold as sand for the production
of ordinary concrete. The grain size distribution of the sand was 0–2 mm.

The composites were reinforced with randomly dispersed fibres (Figure 1 and Table 1)
and synthetic structural polypropylene fibres (compliance with ASTM C 1116), specific
weight 0.91 kg/dm3, flexural strength ft = 620–758 MPa, E = 4.9 GPa, l = 54 mm, equivalent
diameter 0.48 mm, and l/d = 113.

Materials 2020, 13, x FOR PEER REVIEW  2 of 11 

 

not indicate the effectiveness of applying low-module fibres for improving Hooke’s law 
proportionality range, which limits their use in construction materials for controlling the 
deformation and crack propagating process [13,15,16]. 

In this paper, we take into account the possibility of improving elastic range by using 
the application of low-module polypropylene reinforcement. Such fibres are commonly 
used, and a number of papers have been written with respect to their use. However, the 
existing papers do not focus on the possibility of using low-module polypropylene rein-
forcement to improve Hooke’s law proportionality range and obtain ESD composites (E, 
elastic range; S, strengthening control; and D, deflection control). These effects reduce the 
brittleness of the cement composites and help to avoid the catastrophic destruction pro-
cess [13–20]. 

There are different methods of calculating flexural toughness, for example, the JSCE 
method, the ASTM C 1018 and the EN 14651 standard consistent with RILEM recommen-
dations [40–45]. There is no one universal method to accurately describe and compare 
reinforcing ESD effects. The existing norms and standards describing these effects seem 
to be insufficient. This makes the assessment and comparison of the obtained effects dif-
ficult. Despite a number of formulas for the calculation of the reinforcement effect, new 
methods and modifications of the existing ones are still being proposed. Various papers 
have shown that rheological properties influence mechanical properties, especially with 
respect to concrete composites, whose rheological properties are much worse than those 
of mortar or paste composites [18,25]. 

According to a literature review, previous works have not shown the possibility of 
significantly increasing stress in the elastic range with low-module polypropylene fibres 
in structural elements as compared with matrix (unreinforced composite) [24,28,36,38]. 

In this paper, damaged composites were obtained with significant deflection and 
flexural strength that equalled or exceeded the strength corresponding to the first crack. 
Some of the effect had already been presented in our own works [21–27] for small beams 
of cement composites with synthetic structural polypropylene fibres [28] but not with re-
spect to matrix (unreinforced composite). 

In this paper, we focus on the limitation of the catastrophic destruction process by 
means of ESD effects in structural elements. The main goal of the paper was to improve 
the elastic range of cement composites by means of low-module fibres, which required 
the introduction of the maximum volume of dispersed reinforcement. That effect was ob-
tained with the maximum volume of fibres for mortar, Vf = 3%, and for paste, Vf = 6%. 

2. Materials and Methods 
2.1. Materials Used for Tests 

The following materials were used for the preparation of the cement composites: 
Portland cement (c) CEM I 42.5R (Górażdże cement plant, Górażdże, Poland) silica fume 
(10% c), fly ash (20% c), superplasticizer (SP, Sika company, Baar, Switzerland) tap water 
(w), and w/binder = 0.35. The sand used in the research is sold as sand for the production 
of ordinary concrete. The grain size distribution of the sand was 0–2 mm. 

The composites were reinforced with randomly dispersed fibres (Figure 1 and Table 
1) and synthetic structural polypropylene fibres (compliance with ASTM C 1116), specific 
weight 0.91 kg/dm3, flexural strength ft = 620–758 MPa, E = 4.9 GPa, l = 54 mm, equivalent 
diameter 0.48 mm, and l/d = 113. 

 
Figure 1. Synthetic structural polypropylene fibres l = 54 mm. Figure 1. Synthetic structural polypropylene fibres l = 54 mm.



Materials 2021, 14, 341 3 of 11

Table 1. Tested specimens.

Symbol Specimen Cement:Sand (Volume) Vf [%]

MVf0% mortar 1:4.5 0
MVf2% mortar 1:4.5 2
MVf3% mortar 1:4.5 3
ZVf6% paste - 6

2.2. Preparation of Specimens for Tests

The specimens MVf3% and ZVf6% were reinforced with the maximum volume pos-
sible to disperse polypropylene fibres. All tested samples were demoulded and notched.
Each beam was turned by 90◦ and cut to the depth of 30 mm (cut width 3 mm).

Components were mixed in the concrete mixer, and then used to mould samples.
Beams (150 mm × 150 mm × 600 mm) were cast in slabs, and then cured in water at
20 ± 2 ◦C. After 180 days of ageing, the beams were prepared for the bending test, Figure 2.
Figure 2a presents a sample prepared for the four-point bending test.
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2.3. Description of the Test Stand

Four-point bending tests were carried out on the testing machine with closed-loop
servo control displacement. The load-deflection curves (Figures 3–9) were obtained accord-
ing to ASTM C 1018, but the test was based on the measurement of the displacement of
crosshead. The following data was obtained:

- Tensile strength at bending fmax (MOR, the modulus of rupture), tensile strength at
first crack fcr (LOP, the limit of proportionality);

- The characteristic points on the load-deflection curve, fx(Fx-load, εx-deflection,
and Wx-energy);

- Energy (work) as proportional to the area under the load-deflection curve up to the
characteristic point.

Additionally, deflection was recorded by means of two LVDT sensors located as in
Figure 2. During the test, the bending load and deflection of the specimen were measured.
The testing procedure corresponded to the requirements of the ASTM C 1018 standard.
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The ESD reinforcement effect (i.e., elastic range, strengthening control, deflection
control) is presented by characteristic points fx and areas AX under he load-deflection
curve, Figure 3).
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3. Test Results

The load-deflection curve for mortar MVf0% is presented in Figure 4. Additionally,
the results presented earlier [24] for concrete without fibres and with the maximum vol-
ume content of the same fibres Vf = 2% are included (insignificant increase in the elastic
range of concretes with the maximum volume of fibres was obtained). A typical load-
deflection correlation for cement composites without reinforcement was obtained, with
catastrophic destruction process (deflection as displacement of crosshead (mm)). The figure
presents data corresponding to the maximum ability to carry stress fcr = fmax = MOR and
deformation capacity dx. The specimen is a reference for the other tested composites.

Figure 5 presents mortar with 2% of fibres. Characteristic points fcr, fmax, fd, have been
determined, which enable the identification of the following areas: elastic range AE = 6.8 J,
strengthening control AS = 52.9 J, deflection control AD = 83.1 J, and propagation area AE
is not significantly larger than AE of the specimen without reinforcement. In addition, LOP,
MOR, and dx have been determined.

Mortar with the maximum possible volume of fibres is presented in Figure 6. The
obtained results indicate a significant improvement of the properties of ESD composites
in the following areas: elastic range AE = 22.0 J, strengthening control AS = 134.1 J, de-
flection control AD = 130.2 J, and propagation area AS with 3% of fibres is larger than AD.



Materials 2021, 14, 341 7 of 11

Additionally, LOP and MOR were determined. We found that reinforcement significantly
contributed to the increased deformation capacity in the elastic range dx = 15.8.

Figure 7 shows a paste specimen ZVf6% with the maximum possible volume of
fibres Vf = 6%. The best results were obtained regarding the ability to carry stress in the
elastic range AE = 184.4 J, strengthening control area AS = 134.1 J, deflection control area
AD = 271.3 J, and propagation area AP. Significant improvement of the ability to carry
stress has been achieved for LOP and MOR and a slight improvement of deformation
capacity dx.

The compilation of all the tested specimens (load-deflection curves) is presented in
Figure 8. The curves illustrate the scale of obtained ESD effects as compared with the
matrix (mortar without fibres). For structural reasons, it is important to improve stress in
Hooke’s law area and not those corresponding to fmax. As the presented curves show, the
specimens with the content exceeding Vf = 2% may show significant ESD effects.

Figure 9 shows specimen ZVf6% after the four-point bending tension test. The figure
presents two sensors measuring deflection relative to the neutral axis. It should be noted
that there are significant differences regarding the displacement of the cut edges in the case
of considerable deformations of the specimen. The visible differences result in significant
differences in the measurements of ESD composites’ deflection.

Table 2 presents a compilation of the results of the four-point bending tension test of
the tested specimens (load, deflection, absorbed energy, LOP, MOR, and dx) with the data
that correspond to various characteristic points fx (fcr, fmax, and fd).

Table 2. Tested specimens, a compilation of data in relation to characteristic points fx.

Composite
Load Deflection Energy LOP MOR dx

(N) (mm) (J) (MPa) (MPa) (kN/mm)

MVf0%
fcr = fmax 13,048 0.716 4.7 2.7 2.7 18.2

MVf2%
fcr 16,730 0.887 6.8 3.5 18.7

fmax 28,908 3.451 59.7 6.0
fd 16,730 7.228 142.8

MVf3%
fcr 25,615 1.618 22.0 5.3 15.8

fmax 51,586 5.148 156.1 10.7
fd 25,615 9.194 308.3

ZVf6%
fcr 42,348 2.078 42.1 8.8 20.4

fmax 64,094 5.394 116.5 13.4
fd 42,348 9.752 455.7

In order to compare the results with results obtained in other research centres, the
results are compared with a reference matrix (specimen of mortar without reinforcement
MVf0%). The obtained results indicate multiple changes (improvement/deterioration of
properties) as compared with the original composite, Table 3.

During the analysis of the results, significant discrepancies were found regarding the
determination of deflection by means of crosshead displacement and by means of reference
to the neutral axis of the specimen with respect to Hooke’s law proportionality range,
point fcr. In the case of a beam made of paste with the maximum content of fibres ZVf6%,
the following deflection was recorded relative to the neutral axis in point fcr, sensor 1,
0.774 mm and sensor 2, 0.879 mm, Figure 9 The average deflection was 0.827 mm, while
the corresponding crosshead displacement was significantly larger and equalled 2.078 mm.

Table 3 proposes a method of comparing the results. The reference matrix was mortar
without reinforcement (any other composite can be taken as a reference point).
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Table 3. The tested specimens, a compilation of the obtained results as compared with a
reference matrix.

Composite Load
(N)

Deflection
(mm)

Energy
(J)

LOP
(MPa)

MOR
(MPa)

dx
(kN/mm)

matrix MVf0%
f0 = fcr = fmax 13,048 0.716 4.7 2.7 2.7 18.2

MVf2%/MVf0%
fcr/0 1.28 1.24 1.45 1.30 1.03

fmax/0 2.22 4.82 12.70 2.22
fd/0 1.28 10.09 30.38

MVf3%/MVf0%
fcr/0 1.96 2.56 4.68 1.96 0.87

fmax/0 3.95 7.19 33.21 3.96
fd/0 1.96 12.84 65.60

ZVf6%/MVf0%
fcr/0 3.25 2.90 8.96 3.26 1.12

fmax/0 4.91 7.53 24.79 4.96
fd/0 3.95 13.62 96.96

4. Discussion

Increasing the ability to carry stress in the elastic range in ESD cement composites
reinforced with low-module fibres is very limited (as compared with high-module rein-
forcement) and even impossible if the volume of fibres is low. The conducted tests show
that with the content of fibres exceeding Vf = 2% in mortar cement composites there is such
a possibility. Previous tests carried out on concrete composites indicated there was no such
possibility with Vf = 2% [24], Figure 4. In the presented tests (Figure 8), we found that it
was possible, if a large volume of dispersed reinforcement was introduced at the level of
Vf = 3%. It was impossible in concrete composites [13,28], due to the deteriorating (along
with the increasing fibre content) rheological properties of the mixes [25].

The best ESD effects were demonstrated in paste mixes (with the best rheological
parameters as compared with mortars and concretes), which enabled the addition of the
largest volume of fibres Vf = 6%, Figure 8. It should be noted that such a large content of
dispersed reinforcement makes it difficult to form the mix, which makes it predestined
for use in the prefabrication of cement composites. The use of smaller quantities of
the reinforcement (which improved the rheological parameters of the mixes) resulted in
decreased ESD effects in those composites. The obtained results indicate the possibility
of using this type of reinforcement, for example, in prefabricated thin-walled composites
such as building facade cladding panels. ESD effects limit the catastrophic destruction
process of these composites (e.g., earthquake or mechanical damage). Paste with the
maximum fibres volume was proposed as the ESD composite instead of mortar, because it
was possible to introduce twice as many fibres into the paste composite, which resulted in
a significant improvement of the elastic range of those composites, which was the main
goal of this paper.

In the presented test results, emphasis was placed again on the need to compare the
obtained effects fcr, fmax, fd with the parameters of a reference matrix (without reinforce-
ment). The ESD composites should show greater ability to carry stress in the elastic range,
strengthening control area, and a considerable range of deflections in the deflection control
area. Assigning appropriate symbols to the tested composites enables the identification of
their behaviour under load, and it is possible to describe them in detail on the basis of the
characteristic points fx (Fx, load; εx, deflection; Wx, energy and areas AX, Figure 3).

The determination of the absorbed energy by means of ASTM 1018 (I5,I10,I15) and crack
mouth opening displacement (CMOD) did not correlate with fcr fmax, and fd, rendering
a description of the behaviour under load in various deflection areas impossible. We
found that the values of deflection measured by means of crosshead displacement were
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considerably higher than those measured in relation to the neutral axis. The measurement
of deflection in the elastic range in accordance with [40] is a good method of deflection
assessment. We confirmed that the deflection of ESD composites outside the elastic range
relative to the neutral axis could not be controlled, Figure 9. Despite the significantly
larger deflections measured by means of crosshead displacement as compared with the
measurement in relation to the neutral axis, the results should be considered to be a good
basis for the assessment of the elastic range, assuming that those diagrams are made
based on the relationship between linear force and deflection (the initial deflections and
settlement on supports resulting in disproportionately larger deflections are not taken
into consideration).

An attempt to standardise the symbols and description of the method of testing
various building materials under load seems to be justified. The existing recommendations
and guidelines focus on tests and symbols ascribed differently to different materials when
describing the behaviour of materials under load, Figure 3.

The testing of materials under load also needs to be standardised in terms of the
method of assessing the obtained results. The impact of a number of variables (size of the
specimen, cutting, load application speed, humidity, etc.) often makes the results from tests
obtained in various universities difficult to compare. Again, we suggest the possibility
of assessing the results based on a comparison with composite without reinforcement,
and therefore the results could be approximately compared with the results obtained at
various universities, limiting the influence of the scale of specimens and testing methods
on the obtained results, since the results would be assessed based on multiple improve-
ments/deteriorations as compared with a reference matrix. The possibilities for comparing
results are presented in Table 3 in relation to the four-point bending test, which requires
further discussion.

5. Conclusions

We have demonstrated that it is possible to improve the ability to carry stress in
Hooke’s law proportionality range in cement composites reinforced with low-module
fibres if a large quantity of dispersed reinforcement exceeds Vf = 3%. That condition cannot
be fulfilled in traditional concrete structures due to worse rheological parameters of the
mix as compared with mortar or paste composites.

The best ESD effects were demonstrated in the elastic range (and additionally in
strengthening and deflection control areas) in paste with the maximum volume of fibres
Vf = 6%.

We suggest that there is a need to assess the obtained effects fcr, fmax, fd based on a
comparison with the parameters of matrix (specimens without reinforcement), in order to
identify quasi-brittle composites as ESD, with increased ability to carry stress in the elastic
range, strengthening control area, and a considerable range of deflections in the deflection
control area.

The values of deflection measured by means of crosshead displacement were demon-
strated to be considerably higher than those measured in relation to the neutral axis.
However, it was difficult to assess the ESD effects in relation to the neutral axis and crack
mouth opening displacement.
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28. Logoń, D. Safe cement composites SRCC—The rope effect in HPFRC concrete. In Brittle Matrix Composites; BMC 10; Elsevier:
Warsaw, Poland, 2012; pp. 253–254.

29. Naaman, E.; Reinhardt, H.W. Proposed classification of HPFRC composites based on their tensile response. Mat. Struct. 2006,
39, 547–555. [CrossRef]

30. Naaman, A.E. Engineered steel fibres with optimal properties for reinforcement of cement composites. J. Adv. Concr. Technol.
2003, 1, 241–252. [CrossRef]

http://doi.org/10.1016/j.cemconres.2007.05.005
http://doi.org/10.1016/j.compstruct.2008.03.006
http://doi.org/10.1016/j.cemconcomp.2020.103764
http://doi.org/10.1016/j.cemconcomp.2004.03.002
http://doi.org/10.26168/icbbm2019.41
http://doi.org/10.1016/j.cemconres.2009.07.007
http://doi.org/10.3389/fbuil.2019.00147
http://doi.org/10.1016/j.conbuildmat.2016.02.111
http://doi.org/10.1016/j.conbuildmat.2010.11.066
http://doi.org/10.1016/j.msea.2008.05.037
http://doi.org/10.1016/j.conbuildmat.2015.08.098
http://doi.org/10.1061/(ASCE)0899-1561(1998)10:1(5)
http://doi.org/10.1016/j.cemconres.2011.05.009
http://doi.org/10.1016/j.cemconcomp.2008.08.002
http://doi.org/10.3390/ma13112426
http://doi.org/10.1617/s11527-006-9103-2
http://doi.org/10.3151/jact.1.241


Materials 2021, 14, 341 11 of 11

31. Naaman, A.E.; Reinhardt, H.W. High Performance Fibre Reinforced Cement Composites (HPFRCC4); Pro 30; RILEM: Paris, France,
2003; p. 546.

32. Nataraja, M.C.; Dhang, N.; Gupta, A.P. Toughness characterization of steel fibre-reinforced concrete by JSCE approach. Cem.
Concr. Res. 2000, 30, 593–597. [CrossRef]

33. Qian, C.X.; Stroeven, P. Development of hybrid polypropylene-steel fibre-reinforced concrete. Cem. Concr. Res. 2000, 30, 63–69.
[CrossRef]

34. Ranachowski, Z.; Schabowicz, K. The contribution of fibre reinforcement system to the overall toughness of cellulose fibre
concrete panels. Constr. Build. Mater. 2017, 156, 1028–1034. [CrossRef]
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