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Enhancing the quality of road slabs with silicon fibers
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Abstract. The physico-mechanical properties of concrete reinforced with macro- and micro polypropylene fibers for road
slabs were studied. The effect of low-modulus synthetic fibers on strength, density, water resistance, and frost resistance were
determined. Macro fibers increase compressive and flexural strength, while microfibers improve structure, reduce porosity, and
enhance frost resistance. Combined reinforcement with micro-silica increases flexural strength by up to 35%, frost resistance
up to F375, and water impermeability up to W14. The use of multidimensional fibers and micro-silica is recommended to

improve concrete properties.
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1. Introduction

The study was conducted in response to the requests of
construction companies seeking to enhance the strength,
density, and frost resistance of road slabs while simultane-
ously reducing their weight and thickness. This goal was
achieved through the development of multi-component fiber-
reinforced concrete (FRC) with volumetric reinforcement
[8]. Among the various reinforcement options, polypropyl-
ene fibers have proven to be the most promising due to their
corrosion resistance, cost-effectiveness, and ease of integra-
tion into concrete mixtures [4].

To ensure compliance with industry standards, the behav-
ior of fiber-reinforced concrete incorporating polypropylene
fibers was analyzed at different stages of deformation, fol-
lowing the guidelines of EN 197-1:2011 [2]. The study in-
cluded a comprehensive evaluation of the material’s mechan-
ical properties, including flexural strength, tensile behavior,
and fracture resistance, which are crucial for improving the
performance of concrete under dynamic and cyclic loading
conditions.

Additionally, a detailed graphical representation of the
experimental results is provided (Figure 1), illustrating the
influence of fiber reinforcement on the structural perfor-
mance of the material. These results help quantify the bene-
fits of fiber inclusion and establish guidelines for optimizing
fiber dosage in practical applications.

Analysis revealed that a low fiber content does not
significantly influence the strength of concrete, whereas an
increase in fiber dosage initially reduces strength but later
enhances the cement matrix structure, leading to a strength
improvement of up to 17%. However, an excessive fiber
content results in structural defects and segregation, which
require further investigation [3].

To enhance the performance of concrete and reduce
porosity, ultrafine silica dioxide, a byproduct of ferrosilicon
production, is incorporated. This study explores methods for
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improving road slabs through volumetric fiber reinforcement
and cement matrix modification with microsilica.

Additionally, the research addresses cost reduction
strategies, including the decrease in cement and steel
reinforcement consumption, simplification of production
technologies, and implementation of automation in
manufacturing processes [2].
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Figure 1. Strength variation of fiber-reinforced concrete
depending on the volumetric content of low-modulus fibers
[authors’ data]

The objective of this study is to determine the optimal
concrete composition for road slabs with enhanced
performance characteristics.

Objectives:

* Development of a heavy concrete mix with dual-
component reinforcement and its analysis according to EN
197-1:2011.

* Modification of the cement matrix with microsilica and
evaluation of the resulting properties.

* Testing the frost resistance, density, and water imper-
meability of the final material.
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2. Materials and methods

The selection of raw materials and concrete mix
components was carried out based on data provided by
manufacturers and in accordance with international
standards. A C25/30 heavy concrete mix, commonly used for
road slab production, was chosen as the control composition
due to its well-documented mechanical properties and
durability. To improve the performance characteristics of the
concrete, an optimal combination of microsilica and
polypropylene fibers was determined through theoretical
calculations. These components were selected to enhance the
compressive strength, density, and frost resistance of the
material while maintaining workability and long-term
durability under operational conditions [16].

The experimental program consisted of several key
stages:

e Selection of raw materials and admixtures in
compliance with regulatory standards to ensure consistency
and reproducibility of the results.

* Development of C25/30 heavy concrete compositions
incorporating microsilica as a pozzolanic additive to refine
the cement matrix and improve its microstructure.

+ Addition of polypropylene fibers to assess their
influence on mechanical performance and crack resistance,
with evaluations conducted at different dosage levels.

* Testing of density, frost resistance, and water absorption
to determine the effect of mineral and fiber reinforcement on
durability indicators.

» Comparative analysis of experimental results against the
control concrete mix to identify improvements in physical
and mechanical properties.

* Formulation of conclusions and practical
recommendations for optimizing fiber-reinforced concrete
mixtures for road slab applications.

The cement used in this study was CEM | 425 N,
supplied by HeidelbergCement (Kazakhstan), with a
compressive strength of at least 50.1 MPa after 28 days. This
cement meets the requirements of EN 196-2:2013 and EN
933-1:2012, ensuring its suitability for high-performance
concrete applications [9].

By integrating microsilica and polypropylene fibers into
the concrete matrix, this research aims to establish an
effective methodology for enhancing road slab durability
while reducing material consumption and long-term
maintenance costs.

Table 1. Mass composition of CEM | 425 N cement, %
[authors’ data]

SiO; | AlLO; Fe,0; CaO  MgO Na0O K,O SO; Other admixtures
20.30 5.75 536 63.18 3.07 0.77 0.78 0.48 0.36

The testing of CEM | 42.5 N cement confirmed its com-
pliance with EN 12620:2013 [9]. The fineness of grinding
was 92.9%, normal consistency was 26.1%, and the setting
time was recorded as follows: initial setting at 2 hours 01
minutes and final setting at 4 hours 18 minutes.

For fine aggregate, sand from LLP «Marka» (Kazakh-
stan) was used, with an average grain size of 2.55 mm and a
dust content of 1.03% (meeting the standard limit of <1.5%)).
The sand consumption ranged between 800—-1000 kg/m?. The
coarse aggregate was a mixture of crushed stone fractions
from 5 to 80 mm, where the 5-20 mm fraction provided the
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required concrete characteristics in compliance with EN
13263-1:2005+A1:20009.

Crushed stone fractions of 5-10 mm and 5-20 mm was
sieved through 2.5 mm or 1.25 mm meshes, retaining 95—
100% of the material, which conforms to BS EN 13263-
1:2005+A1:2009. The permissible deviation of residue on
the 0.5(d+D) sieve was within the range of 30—80%.

The modifying additive used was microsilica MK-95
(LLP «Tau-Ken Temir», Kazakhstan), consisting of spherical
particles (~0.1 pum) with a specific surface area of 15-25
m?/g and a bulk density of 150-250 kg/m*. The mass fraction
of SiO: was 95.9%, the moisture content was 1.07%, pH was
7.89, and the density was 0.44 g/cm®. These values meet the
requirements of GOST 21924.0-84 and correspond to the
manufacturer’s specifications [10].

A polycarboxylate-based hyperplasticizer, PKE (AR 122,
LLP «ARPGy, Kazakhstan), was used to maintain workabil-
ity within P1-P5 classifications at a dosage of 5-8 kg/m?.

The strength variations of the main compositions com-
pared to the experimental concrete mixtures on the 1st and
28th days of curing were assessed based on the change in
strength (ARt, %) using the formula proposed by Akhmetov
etal. [6].

Where Rpase and Reontr represent the compressive strength
of concrete or mortar in the main and experimental composi-
tions at time t, measured in MPa.

Reinforcing fibers are categorized into microfibers (with a
diameter of tens of micrometers and a length of up to 25 mm)
and macrofibers (with a diameter of several millimeters and a
length of tens of millimeters). In this experiment, two types of
synthetic fibers were used: FibroLux macrofibers and Fibrin
microfibers, both manufactured by LLC Fibrolux (Saint Pe-
tersburg). Their characteristics are presented in Table 2.

contr base
Rt N
R tcontr

J -100% @)

Table 2. Technical characteristics of the fibers used [authors’
materials]

Characteristic Value

Fiber Name FibroLux Fibrin

Fiber Type Macro Fiber Macro Fiber

Material Modified Modified  Polypro-
Polypropylene | pylene

Density (kg/m?) 920 907

Length (mm) 50 15

Equivalent Diameter (mm) 0.75 0.02

Tensile Strength (MPa) 415 385

Chemical Resistance - -

Melting Temperature (°C) 170 170

Ignition Temperature (°C) > 350

> 350
Modulus of Elasticity (MPa) - -
Electrical Conductivity -

The tests were conducted to evaluate the compressive
strength, water impermeability, and density of fiber-
reinforced concrete. Macro- and microfibers FibroLux and
Fibrin (LLC «Fibrolux», Saint Petersburg) were used, along
with the polycarboxylate-based hyperplasticizer PKE (LLP
«ARPG», Astana) [7].

The control concrete mix of C25/30 strength class was
designed in accordance with EN 206:2013+A1:2016 and
consisted of cement, sand, crushed stone (5-10 mm, 10-20
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mm), PCE-based admixture AR 122, and water. The addition
of microsilica enhanced the density and modified the rheo-
logical properties of the mixture.

Compressive strength and flexural tensile tests were per-
formed on the 28th day, following EN 12350-2:2019.
Strength values were calculated with correction factors ap-
plied. Macrofibers improved compressive strength but had
little effect on frost resistance and water impermeability,
whereas microfibers primarily contributed to these durability
properties. The optimal fiber combination resulted in en-
hanced overall performance [12].

Water impermeability was assessed following EN 12350-
2:2019, where pressure was increased by 0.2 MPa until filtra-
tion was observed. The water resistance class was deter-
mined according to Table 3.

The average concrete density was calculated based on the
mass and volume of the samples. It was established that fiber

reinforcement affects both the density and overall

characteristics of the concrete.

Table 3. Water impermeability of concrete [Authors’ data]

Water re- 02 04 06 08 10 12 14 16 18 20
sistance of
samples, MPa

Concrete water W2 W4 W6 W8 W10 W12 W14 W16 W18 W20
resistance class

(W)

3. Results and discussion

During laboratory tests, the physical and mechanical
properties of the samples were obtained, as presented in Table 4.

Table 4 contains the concrete mix compositions with the
addition of microsilica per 1 m?, along with compressive
strength data measured on the 7th and 28th day of curing.

Table 4. Composition of C25/30 concrete with microsilica MK-95 [Authors’ data]

Ne  W/C = Cement Sand Crushed Crushed
Stone (5— Stone (10—
10 mm) 20 mm)
kg @ % kg @ % kg @ % kg | %
1* 0.37 400 @ 16.1 971 | 39.2 287  11.6 667 26.9
2 037 400 160 971 385 287 115 @ 667 26.8
3 036 390 157 971 390 287 115 @ 667 268
4 036 380 153 971 390 287 115 @ 667 268
5 035 370 149 971 391 287 116 @ 667 26.8
6 035 360 145 971 391 287 116 @ 667 268

The average compressive strength of C25/30 concrete
was 32.7 MPa (100%). Partial replacement of cement with
microsilica MK-95 increased strength, particularly at early
curing stages. The introduction of active SiO: contributed to
the formation of a denser structure, which aligns with
theoretical studies [5].

Replacing 50 kg of cement with MK-95 increased
strength by 12% on the 7th day and by 25% on the 28th day
while maintaining rheological properties and reducing
cement consumption to 360 kg/m>.

AR-122 MC-95 Water Compressive Compressive
Strength on Strength on
Day 2 (MPa) Day 7 (MPa)
kg @ % kg @ % kg @ % MPa | % MPa = %
59 024 - - 148 6.0 233 71.3 33.1 101,1
59 0.24 10 04 152 61 248 75.7 34.2 104.6
59 0.24 20 0.8 147 59 252 77.1 36.6 111.9
59 0.24 30 12 147 59 260 79.6 37.9 115.8
59 024 40 16 144 58 266 | 814 | 393 | 120.2
59 024 50 20 144 58 272 83.3 41.8 127.7

The analysis of test results revealed that different types of
fiber reinforcement enhanced only specific properties.
Polypropylene microfibers improved compressive and
flexural strength by 27%, but their primary effect was in
increasing frost resistance, water impermeability, and wear
resistance [6].

Combined reinforcement with fibers of different sizes
proved effective in enhancing the overall performance of the
concrete.

Table 5. Test results of polypropylene fiber-reinforced concrete [Authors’ data]

Ne Indicator

Values of indicators with the use of polypropylene fibers

Without ~ fibers
Concrete

1 Average density p, kg/m? 2346

2 Compressive strength Rexx, MPa 33.9

3 Flexural strength R, MPa 5.44

4 Frost resistance F, cycles 220

5 Water resistance class W W8

6 Wear resistance G, g/cm? 0.77

Fibrin Fibrin FibroLux FibroLux

microelement microelement FibroLux FibroLux

(0.1%) (0.2%) microelement = microelement
(0.8%) (1.1%)

2371 2368 2379 2400

37.2 36.9 40.7 43.2

5.47 5.52 6.61 7.23

280 340 225 230

W14 W14 W8 W10

0.58 0.56 0.72 0.74

Reinforcement of heavy concrete with low-modulus fibers
presents a promising approach for enhancing its performance
characteristics. The optimal combination of macro- and
microfibers ensures high strength and durability, aligning with
international standards [7].

Experimental results demonstrated that volumetric fiber
reinforcement increases compressive strength by 25%, flexural
strength by 30%, water resistance (W8 — WI14), frost
resistance by 61%, and wear resistance by 40%. These
improvements contribute to the overall longevity of concrete
structures, particularly in aggressive environmental conditions.

Thus, the application of low-modulus synthetic fibers is
highly effective for road slabs, especially when employing
multi-scale fiber reinforcement. This approach significantly
improves mechanical and durability characteristics while
optimizing the overall performance of self-compacting
concrete [12].

4, Conclusions

Based on extensive laboratory and industrial testing, it
can be concluded that the partial replacement of cement with
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silicon dioxide in concrete compositions is both economical-
ly and scientifically justified. Unlike traditional concrete
mixes, modified concretes allow for a reduction in cement
consumption of up to 20%, while simultaneously demon-
strating improved density, frost resistance, and volumetric
water absorption. The introduction of microsilica promotes
the formation of additional crystallization centers, reduces
porosity in the concrete structure, and partially substitutes
cement with reactive pozzolan, which positively affects the
material’s strength properties.

Experimental studies have shown that volumetric fiber
reinforcement of concrete with polypropylene fibers signifi-
cantly enhances its performance characteristics. Macro fibers
improve strength and deformation resistance, while microfi-
bers contribute to modifying the cement matrix structure,
increasing frost resistance, water impermeability, and abra-
sion resistance. The combined use of macro and microfibers
in optimal proportions enables the production of high-
strength and durable fiber-reinforced concrete, suitable for
constructing road slabs with enhanced strength and resistance
to adverse environmental conditions.

Test results confirmed that fiber-reinforced concrete ex-
hibits an increase in compressive strength of up to 25%,
flexural strength of up to 35%, frost resistance up to F375,
and water impermeability up to W14. These findings validate
the effectiveness of the proposed methodology and allow for
the recommendation of these compositions for further indus-
trial trials in the production of road slabs with reduced cross-
sections and a mass 10-20% lower than standard slabs, while
maintaining high resistance to crack formation.
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Anparnma. JKoxn rumTanapblHa apHainFaH OCTOHHBIH Makpo- JKOHE MHUKPOIOJUIIPOIMIEH TAIIIBIKTAPbIMEH (U3UKa-
MEXaHUKaJIBIK KacuerTepl 3eprreni. TeMeH MOIyb/l CHHTETHKAJIBIK TAJIIIBIKTAPAbIH OEpIKTIKKE, THIFBI3/IBIKKA, CYFa JKOHE
asi3ra TO3IMJIUIIKKE acepi aHBIKTaNbl. MaKpoTalbIKTap OETOHHBIH KbICYFa XoHE Hityre OepiKTiriH apTThIpajbl, all MHUKPO-
TaJIIIBIKTAP KYPBUIBIMBIH JKaKCapTHII, KEYEKTUTIKTI a3alTa bl )KoHE asi3ra TO3IMIUTIKTI Kymeiireni. bipikripinren apmarypanay
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JKOHE MHUKPOKpEMHe3eM/li KOJIJaHy OeTOHHBIH uijyre Oepiktirid 35%-fa, as3ra tesimainirin F375-ke, cy eTki30e#TiHAIriH
W14-ke neitin apTThIpaabl. BeTOHHBIH KacHeTTepiH XKaKCcapTy YIIiH KOIeNIIeM i TalIIBIKTap MEH MUKPOKPEMHE3eMAl KOJia-
HY YCBIHBLIa/IBI.

Hezizei co30ep: pubpobemoH, cCunmemuKkaivlk maiublKkmap, 6epikmix, aszea mesimoinix.
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AnnHortanus. VccrnenoBansl GU3NKO-MeXaHUIECKHE CBOHCTBA OETOHA C MaKpO- U MUKPOIOIHUIIPONIICHOBEIMHA BOJIOKHAMH
UL JOPOKHBIX TTUT. OTpeaencHo BIUSHIEC HU3KOMOAYIBHBIX CHHTETHICCKUX BOJOKOH Ha MPOYHOCTH, INIOTHOCTH, BOJO- U
MOPO30CTOHKOCTh. MaKpOBOJIOKHA TIOBBIIIAIOT MPOYHOCTh Ha CXKaTHE M W3THO, a MHUKPOBOJIOKHA YIIYYIIAIOT CTPYKTYPY,
YMEHBIIIAIOT MIOPUCTOCTH U MOBHIMIAIOT MOPO30CTOUKOCTE. KOMOMHNpPOBaHHOE apMHUPOBaHUE U MUKPOKPEMHE3EM YBEIINIHBA-
FOT MPOYHOCTH Ha M3rub 10 35%, Mopo3ocToiikocTh 1o F375, Bomorenporumaemocts 1o W14. PekoMeHI0BaHO IpUMEHEHNE
MHOTOMEPHBIX BOJIOKOH U MHKPOKpEMHe3eMa IS YIIyqIICHHs CBOUCTB OeTOHA.

Knrouesvie cnosa: pubpobemon, cunmemuueckue 8010KHA, NPOUHOCMb, MOPO30CIMOUKOCHb.
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