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Abstract: Increasing the strength and durability of road surfaces is crucial. Therefore, the concrete compressive 
strength, flexural strength, frost, and abrasion resistance of fiber-reinforced concrete for rigid pavements are 
investigated in this study an experiment is performed based on an optimal plan, in which four factors of concrete 
composition are varied: the amounts of Portland cement, polypropylene fiber, metakaolin, and polycarboxylate 
type admixture. Experimental statistical models for investigating the effects of composition factors on concrete 
properties are established. It is discovered that owing to the use of metakaolin and a superplasticizer, the 
concrete compressive strength increases. Furthermore, the use of modifiers and fiber reinforcement increases 
the flexural strength, frost resistance, and wear resistance of concrete. X-ray phase analysis of the fiber-
reinforced concrete structure confirm the effectiveness of the modifier effect, in particular the positive role of 
metakaolin as an active pozzolana. The developed fiber-reinforced concrete for rigid pavements with rational 
modifiers, depending on the Portland cement content, exhibits compressive strengths from 55 to 70 MPa, flexural 
strengths from 8 to 9.5 MPa, frost resistances from F350 to F450, and abrasion resistances from 0.3 to 0.4 g/cm2. 
Such properties ensure the high durability of fiber-reinforced concrete and allow it to be used on road pavements 
that support heavy loads and traffic. 
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1 INTRODUCTION 

Rigid pavements offer many service advantages over asphalt concrete pavements; the main advantages include 
less rutting and greater durability. However, the durability of concrete for rigid pavements is to be further 
improved to allow the extension of repair intervals and reduce road maintenance costs. In the climatic conditions 
of most European countries, the main indicators of concrete durability for rigid pavements are frost resistance and 
abrasion resistance. 

An effective method for increasing the strength, frost resistance, crack resistance, and abrasion resistance 
of concrete rigid pavements is by using fiber reinforcement [1]. Fiber reinforcement reduces the thickness of the 
road pavement without reducing its bearing capacity [2]. Fiber reinforcement improves concrete properties by 
allowing the fibers to withstand tensile stresses and reduce shrinkage and swelling deformations [3]. 

In recent years, polypropylene fibers have been used widely on rigid concrete pavements. Polypropylene 
exhibits high chemical resistance to alkaline environments and is one of the most environmentally friendly 
materials for the production of fiber-reinforced concrete, since it afford the lowest carbon emission in the 
production of the final material [4, 5].  

Owing to the same characteristics, polypropylene-fiber-reinforced concrete can afford cheaper rigid road 
pavements than steel fiber concrete and unreinforced concrete [2]. 

However, to achieve high concrete durability for rigid pavements, only effective modifiers can be used, i.e., 
polycarboxylate superplasticizers in particular. The molecular structure of polycarboxylates contributes to the 
acceleration of cement hydration, and the rapid adsorption of water molecules on cement particles enables larger 
surface or hydration reactions [6].  

Pozzolans, including metakaolin, are effective modifiers that can increase the durability of concrete for rigid 
pavements [7-10]. Metakaolin affects the process of cement matrix structure formation and decreases concrete 
permeability, shrinkage, and frost resistance [1, 7, 11-13]. In addition, the use of metakaolin enables high-
strength concretes of grade C50/60 to be obtained as well as the control of early age strength [9, 14]. However, 
metakaolin involves a high dispersion and provides a positive effect only when used in conjunction with a 
plasticizer to reduce the amount of water in the mixture [8]. 

2 MATERIALS AND METHODS 

Research pertaining to fiber-reinforced concrete properties for rigid pavements has been conducted using 
experimental design techniques [15]. 
          In this study, a four-factor experiment was performed based on an optimal design. The following 
composition factors were varied: 
     - Х1, amount of Portland cement (CEM II/A-S 42.5), from 400 to 500 kg/m3; 
     - Х2, amount of polypropylene fiber (length 12 mm; diameter 20 μm), from 0 to 2 kg/m3;     
     - Х3, amount of metakaolin (dispersed product obtained via heat treatment of enriched natural kaolin). Heat 
treatment forms amorphous aluminum silicate Al2O3·2SiO2, from 0 to 30 kg/m3; 
     - Х4, amount of polycarboxylate-type superplasticizer Coral ExpertSuid-5, from 0.6 % to 1 % by weight of 
cement. 

When calculating the experimental statistical models, the variation range of the factors was coded from -1 to 
+1, as follows: 
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The experimental plan and the compositions of the investigated concrete and fiber-reinforced concrete are listed 
in Table 1. 
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Table 1 Experimental plan and compositions of investigated concrete and fiber-reinforced concrete 
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1 0 0 0 0 450 1115 655 15 1 3.6 183 

2 -1 -1 1 -1 400 1130 668 30 0 2.4 191 

3 -1 1 -1 1 400 1135 692 0 2 4.0 193 

4 1 -1 -1 1 500 1105 635 0 0 5.0 168 

5 1 1 1 1 500 1100 603 30 2 5.0 181 

6 1 1 -1 -1 500 1105 621 0 2 3.0 192 

7 0 1 1 -1 450 1115 617 30 2 2.7 206 

8 0 -1 -1 -1 450 1115 684 0 0 2.7 161 

9 0 -1 1 1 450 1115 651 30 0 4.5 164 

10 1 0 1 -1 500 1105 574 30 1 3.0 203 

11 -1 0 -1 -1 400 1130 691 0 1 2.4 192 

12 -1 0 1 1 400 1130 672 30 1 4.0 182 

13 1 -1 0 -1 500 1105 601 15 0 3.0 199 

14 -1 1 0 -1 400 1130 676 15 2 2.4 199 

15 -1 -1 0 1 400 1135 702 15 0 4.0 158 

16 1 -1 1 0 500 1105 590 30 0 4.0 183 

17 -1 1 1 0 400 1130 662 30 2 3.2 189 

18 -1 -1 -1 0 400 1135 710 0 0 3.2 163 

          Crushed stone of fraction 5/10 and quartz sand with a size modulus of 2.7 were used as aggregates for the 
fiber concretes.  
          The slump of all the concrete mixtures investigated was equal (5–9 cm). Such workability facilitates the 
placement of concrete mixtures for rigid pavements. Equal workability was achieved by changing the amount of 
water, i.e., the water-cement ratio (W/C) depended on the concrete mixture. When the W/C ratio was changed, 
the amount of sand in the concrete mixture was adjusted. 

According to DSTU B V.2.7-224: 2009 “Concrete. Strength Control Rules,” all the experimental points 
passed the strength tests. In addition, frost and abrasion resistance were determined for all concretes as the main 
indicators that affect the durability of road pavements. The frost resistance of concrete was determined using the 
accelerated method in salt water frozen to -50 °С, based on DSTU B V.2.7-49-96 “Concrete. Accelerated 
Methods for Determining Frost Resistance with Repeated Freezing and Thawing” (third method). The abrasion 
resistance of concrete and fiber-reinforced concrete was determined using cube samples with an edge of 7.07 
cm, in accordance with DSTU B.2.7-212: 2009 “Concrete: Methods for Determining Abrasion Resistance” 

3 RESULTS AND DISCUSSION 

Because all mixtures exhibited the same workability, the W/C of the mixture depended on the composition. It was 
discovered that the W/C ratio of the mixtures investigated, depending on the composition, varied in the range 
from 0.33 to 0.49. As the cement content increases, the W/C ratio of the mixtures is expected to decrease. The 
incorporation of polypropylene fiber renders it necessary to increase the W/C ratio to maintain the necessary 
mixture workability. Owing to the additional water demand of metakaolin upon its introduction, the mixture W/C 
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ratio increased by 5.8 %. Increasing the amount of polycarboxylate admixture from 0.6 % to 0.8 % and 0.9 % of 
the cement content reduced the mixture W/C ratio by 10 % and 13 %, respectively. 

The values of compressive strength, flexural strength, frost, and abrasion resistance of the investigated 
concretes and fiber-reinforced concretes at 18 control points are listed in Table 2. 

Table 2 Compressive strength, flexural strength, frost resistance, and abrasion resistance of investigated 
concretes and fiber-reinforced concretes 

№ 
Compressive strength 

fcm (MPa) 
Flexural strength fc.tf 

(MPa) 
Frost resistance F 

(cycles) 
Abrasion resistance 

G (g/cm2) 

1 59.4 8.32 400 0.35 

2 49.3 6.97 250 0.53 

3 45.2 7.21 300 0.41 

4 66.1 8.72 350 0.47 

5 65.0 9.22 450 0.29 

6 54.4 8.73 400 0.36 

7 51.1 8.49 300 0.36 

8 54.8 7.91 300 0.50 

9 65.4 8.22 350 0.45 

10 55.5 8.47 400 0.39 

11 41.8 7.35 250 0.45 

12 49.1 7.46 300 0.41 

13 56.6 8.07 350 0.46 

14 46.3 7.78 300 0.44 

15 60.9 7.61 300 0.49 

16 65.2 8.24 400 0.43 

17 51.1 7.62 300 0.42 

18 49.4 7.07 250 0.48 

Using the data listed in Table 2, an experimental-statistical model was obtained (2), which describes the 
effect of variable composition factors on the compressive strength of fiber-reinforced concrete for rigid 
pavements. 

𝑓𝑐𝑚(𝑀𝑝𝑎) = 59.4 + 5.9𝑥1 − 2.4𝑥1
2 + 1.1𝑥1𝑥2 ± 0𝑥1𝑥3 + 1.1𝑥1𝑥4 − 2.0𝑥2 + 2.4𝑥2

2 ± 0𝑥2𝑥3
− 1.0𝑥2𝑥4 + 1.6𝑥3 − 3.1𝑥3

2 ± 0𝑥3𝑥4 + 1.5𝑥4 − 1.9𝑥4
2 

(2) 

The analysis shows that the fiber amount did not significant affect the compressive strength. As the cement 
content increases, the strength of the fiber-reinforced concrete for rigid pavements is expected to increase. Using 
the experimental-statistical model (2), a diagram was drawn (as shown in Fig. 1), which reflects the effect of the 
metakaolin content and superplasticizer on the compressive strength of the fiber-reinforced concrete (at medium 
dosages of cement and fiber). An analysis of the diagram shows that the rational metakaolin content in terms of 
providing increased compressive strength was from 15 to 20 kg/m3, and the volume of polycarboxylate 
superplasticizer was within 0.8 % to 0.9 % of the cement content.  
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Figure 1 Effects of metakaolin content and superplasticizer on compressive strength of fiber-reinforced 
concrete (х1 = х2 = 0; cement content = 450 кg/m3; polypropylene fiber content = 1 kg/m3) 

Flexural strength is an important characteristic of road pavement. The effects of the factors on this indicator 
were analyzed using a similar experimental-statistical model (2). The data in Table 2 were used to calculate the 
model. It was determined that the dispersed reinforcement increased the concrete flexural strength by 0.5 to 0.9 
MPa. Owing to dispersed reinforcement and complex modification with metakaolin and a polycarboxylate 
superplasticizer, the concrete flexural strength for rigid pavements increased by 1.2 to 1.4 MPa and reached 8.5–
9.3 MPa. In general, the use of rational amounts of polypropylene fiber and metakaolin as pozzolan additives can 
significantly increase the concrete strength of road pavements. 

Road pavements are simultaneously affected by operational and climatic factors, such as temperature 
changes, cyclic freezing and thawing, moistening and drying, loads, and dynamic effects from transport. The 
number of freezing and thawing cycles of pavements can be significantly greater than the number of air 
temperature transitions through 0 °С. Under such conditions, the main quality indicators that provide concrete 
durability for rigid pavements are frost resistance and abrasion resistance. Furthermore, frost resistance 
characterizes the concrete stability not only under freezing and thawing conditions, but also under cyclic 
temperature changes in a positive range. 

The diagrams in Fig. 2 represent the effects of the contents of metakaolin and a superplasticizer (Fig. 2.a), 
fiber, and a superplasticizer (Fig. 2.b) on the concrete frost resistance, drawn using a similar experimental-
statistical model (2).  
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Figure 2 Effects of metakaolin and superplasticizer contents (a) and fiber and superplasticizer contents 
(b) on frost resistance of fiber-reinforced concrete. Dosage of factors (not presented) was at middle level 

of range 

An analysis of the diagrams shown in Fig. 2 shows that, owing to the use of rational amounts of a 
superplasticizer (0.8–0.9 %) and metakaolin (15–20 kg/m3) as well as dispersed fiber reinforcement in a volume 
of 1–1.5 kg/m3, the concrete frost resistance increased by approximately 100 cycles in comparison with concretes 
modified with a minimum amount of superplasticizer. 

The experimental-statistical model, which represents the effect of variable composition factors on the 
abrasion resistance of fiber-reinforced concrete rigid pavements, is expressed as follows: 

𝐺 = 0.350 − 0.036𝑥1 ± 0.020𝑥1
2 − 0.016𝑥1𝑥2 − 0.008𝑥1𝑥3 ± 0𝑥1𝑥4 − 0.056𝑥2 + 0.030𝑥2

2 ±
0𝑥2𝑥3 ± 0𝑥2𝑥4 − 0.006𝑥3 + 0.012𝑥3

2 ± 0𝑥3𝑥4 − 0.018𝑥4 + 0.022𝑥4
2 [g/cm2] 

(3) 

Model (3) was calculated using the data presented in Table 2. The model analysis showed that the most 
significant factors that affected the abrasion of the investigated concretes was the fiber amount and Portland 
cement content, whereas the least significant factor was the metakaolin content. Furthermore, concretes with 15–
20 kg/m3 of the active mineral additive were characterized by a 6-8 % lower abrasion compared with those 
without metakaolin. To perform a more detailed analysis regarding the effects of the superplasticizer and 
polypropylene fiber amounts on the abrasion of the investigated fiber-reinforced concrete, a diagram was drawn, 
as shown in Fig. 3. 
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Figure 3 Effects of fiber and superplasticizer amounts on abrasion of fiber concretes. Dosage of factors 
(not presented was at middle level of range (x1 = x3 = 0; cement content = 450 kg/m3; metakaolin content = 

15 kg/m3) 

An analysis of the diagram shows that dispersed reinforcement is an effective method for improving the 
abrasion resistance of rigid pavements. By incorporating 1.5–2 kg/m3 of polypropylene fiber, the concrete 
abrasion decreased by 0.11–0.16 g/cm2, which, depending on the composition, corresponded to a decrease by 
22 % to 35 %. In addition, the superplasticizer contributed positively to the concrete abrasion resistance, owing to 
an increase in the polycarboxylate superplasticizer amount from 0.6 % to 0.9 %. Meanwhile, the W/C ratio of the 
mixture decreased, and the concrete strength increased, which reduced its abrasion level. The complex 
application of fiber and the addition of a rational amount of superplasticizers can reduce the concrete abrasion by 
40 %–45 %. 

Therefore, applying dispersed reinforcement and a rational amount of modifiers (polycarboxylate 
superplasticizer and metakaolin) allows concrete for rigid pavements with high strength and durability to be 
achieved via an increase in the frost resistance and a decrease in abrasion, it is rational to use 1.2–1.6 kg/m3 of 
fiber, 15–20 kg/m3 of metakaolin, and a superplasticizer with 0.9 % cement content. 

To identify the modifier effect on the structures of the investigated fiber-reinforced concrete, an X-ray phase 
analysis of the cement and matrix was performed. Samples from control points № 1 (average amount of 
metakaolin, superplasticizer, and fiber), № 6 (absence of metakaolin, minimum amount of superplasticizer, and 
maximum amount of fiber), № 8 (absence of metakaolin and fiber, minimum amount of superplasticizer), and № 9 
(maximum amount of metakaolin and superplasticizer, no fiber) were analyzed. The compositions of the samples 
investigated are listed in Table 1. 

Based on the X-ray phase analysis (Fig. 4), the stone diffraction patterns of the cements and matrix 
samples from points № 1, № 6, № 8, and № 9 reflect the characteristic lines of β-quartz, feldspar such as 
orthoclase and anorthite, as well as hydromica, which are rock-forming minerals of fine aggregates, i.e., sand. 
The low reflex intensity of non-hydrated Portland cement clinker minerals – alite and belite phases (d/n = 0.302, 
0.274, 0.276, and 0.218 nm) indicates the completeness of the hydration processes. The main hydration products 
of the cement–sand matrix without metakaolin (sample № 8) were ettringite (d/n = 0.973, 0.561, and 0.256 nm) 
and calcium hydroxide Ca(OH)2 (d/n = 0.493, 0.263, 0.193, and 0.179 nm). The fiber addition to the composition 
of the cementsand matrix (sample № 6) did not change the mechanism of the hydration processes, and the main 
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products of hydration were represented by ettringite (d/n = 0.973, 0.561, and 0.256 nm) and Ca(OH)2 (d/n = 
0.493, 0.263, 0.193, and 0.179 nm).  

Using the average amounts of metakaolin, superplasticizer, and fiber (№ 1) in the cement–sand matrix 
composition the number of characteristic lines indicating the intensity of Ca(OH)2 decreased slightly owing to 
pozzolanic reactions between the active SiO2 and Al2O3 of metakaolin and portlandite, resulting in the formation 
of hydrosilicates and calcium hydroaluminates. The effects of the maximum amounts of metakaolin and 
superplasticizer (№ 9) on the phase composition of the cements and matrix were due to the intense and depth of 
the pozzolanic reaction, as evidenced by a 1.5-fold decrease in Ca(OH)2 reflections with the formation of calcium 
hydrosilicates and hexagonal calcium hydroaluminatives of the C4AH13 type (d/n = 0.79 and 0.247). Hence, the X-
ray phase analysis of the investigated fiber-reinforced concrete structure confirmed the effectiveness of the 
modifiers used, in particular, the positive effect of metakaolin as an active pozzolana. 

Figure 4 X-ray diffraction patterns of cement–sand matrix samples of investigated fiber-reinforced 
concrete 
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CONCLUSIONS 

  A four-factor experiment and analysis of a set of experimental-statistical models enabled rational amounts 
of polypropylene fiber (1.2–1.6 kg/m3), a polycarboxylate-type superplasticizer (0.9% of the cement content), and 
metakaolin 15–20 kg/m3 to be incorporated in the composition of fiber-reinforced concrete pavement. Owing to 
the use of optimal amounts of a polycarboxylate superplasticizer and metakaolin as a pozzolana-type additive, as 
well as dispersed reinforcement comprising polypropylene fiber, fiber-reinforced concrete for rigid pavements with 
increased strength (maximum compressive strength of 55–71 MPa; maximum flexural strength of 8.59.3 MPa), 
frost resistance (F400–F450), and abrasion resistance (< 0.35 g/cm2) that afforded high durability under typical 
operating conditions was achieved. The positive effect of metakaolin as an active pozzolana was confirmed via 
the X-ray phase analysis of the fiber-reinforced concrete structure. 
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