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Abstract: This research concerns the possibility of using reclaimed asphalt pavement as a substitute
for conventional aggregate in cement concrete mixtures for roads and airfield applications. The ad-
vantages of using reclaimed asphalt pavement as a replacement for natural aggregates are presented.
Economic and environmental aspects are indicated, including the reduction in the consumption of
natural non-renewable sources of mineral aggregates, as well as reduction in transport costs and
emissions of harmful greenhouse gases. The consistency of this recycled material with the idea of
sustainable development in the construction industry is emphasized. The test results of the used
reclaimed asphalt and the assessment of the effect of its amount on the change in mechanical, physical
and strength parameters of cement concrete are presented. It has been shown that the addition of
reclaimed concrete reduces selected parameters of cement concrete, but it is possible to use it in
structures with less traffic load, taking into account the sustainable development policy.

Keywords: reclaimed asphalt pavement; airport pavements; cement concrete pavements

1. Introduction

Technological development is closely related to and dependent on transport possi-
bilities, especially in terms of the economics of given projects. Transport safety is the
most important element that should be ensured at the stage of management of highway
infrastructure (e.g., by using modern techniques [1–3]) but also at the stage of imple-
mentation and planning of the investment itself. The durability of communication, road
and airport surfaces can be ensured at the stages of investment planning, structure
design, incorporation of concrete mix and its proper care and maintenance during use.
Many works [4–6] indicate the need to take into account these factors in terms of various
technological processes and material solutions. In terms of materials, issues related to
the current use of mineral aggregates are also indicated. Road and airport pavements
differ significantly in terms of traffic load and the method of generated static, dynamic
and thermal loads. The durability criterion of the concrete pavement is equated with
the parameters of the concrete mix materials. One of the most important factors is the
type and properties of the aggregate used in the crumb pile. In the works [7–9], attention
was paid to the reactivity of the aggregates used, their influence on the parameters
of cement concrete and the occurrence of damage. So far, natural aggregates are sup-
plemented or replaced with alternative aggregates. In Poland, in accordance with the
guidelines [10], granite grit should be used as the basic type of aggregate for mixtures
intended for airport pavements. National requirements should be met in the case of road
surfaces [11–13].

The results presented in [14] indicated that the difference in compressive strength
results of analyzed aggregates (quartzite, granite, limestone and marble) was not sig-
nificant for normal concretes, but for concretes with high durability the influence was
significant. The authors of article [15] showed that the strength growth pattern of con-
crete with phyllite was similar to that of concrete with granite; however, this concrete
obtained about 20% lower strength result. The paper [16] presents the possibility of using
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porphyry and amphibolite aggregate as a replacement for coarse aggregate for airport
pavements. On the one hand, the analysis of the research described in [17] showed that
concrete based on limestone and basalt aggregate is characterized by higher strength
than concrete with gravel aggregate. On the other hand, the authors of the paper [18],
examining the influence of the aggregate type, obtained the highest results for concrete
with quartzite, gravel and granite, respectively. The paper [19] shows the influence of
the shape of dolomite aggregate and the manner of its arrangement in the mixture on the
strength of concrete.

It is estimated that in Europe the average production and consumption of natural
aggregates is about 6.5 tons per capita [20]. Such a demand is related to the search for
alternatives to non-renewable aggregate and possibilities of construction waste man-
agement. Currently, the processing of concrete waste into various types of aggregate is
increasingly analyzed.

In the article authors consider the possibility of reusing the aggregate from recycled
pavement. The use of recycled materials in transportation infrastructure corresponds with
the sustainability concept due to its environmental and economic benefits.

2. Review of the Literature on the Topic

Reclaimed asphalt pavement (RAP) is the material created in the process of demolition
or milling of a distressed flexible pavement which is an integral part in pavement renovation
works. Asphalt destruct in its composition contains about 88% mineral aggregate, 7% filler
and about 5% asphalt binder, thus it gives opportunities to reuse such amounts of mineral
material [21]. The authors of the publication by Sigh et al., 2017 [22] indicate that the method
of obtaining reclaimed asphalt pavement affects its properties, especially gradation. Many
studies [23–25] reported that coarse reclaimed asphalt pavement is finer than natural coarse
aggregates, on the other hand fine reclaimed asphalt pavement has been reported to be
coarser than natural fine aggregates. Although pavement is commonly used in bituminous
mixtures, it is worth checking the possibility of its use as a substitute for conventional
aggregates in concrete mixes. It could provide many benefits such as: reduction in natural
aggregate demands, reduction in greenhouse gas emissions, and savings in transportation
costs [26].

The beginnings of work on the possibilities of using reclaimed asphalt pavement
in cement concrete mixes date back to the 1990s. Delwar et al., 1997 [27] investigated
the potential use of reclaimed asphalt pavement as an aggregate in concrete with Port-
land cement. Obtained compressive strength test results indicated that as the content
of reclaimed asphalt pavement increases the compressive strength decreases, but con-
crete samples with reclaimed asphalt pavement were characterized by good shatter
resistance properties.

In laboratory research Hassan et al., 2000 [28] analyzed the effect of reclaimed asphalt
pavement on the characteristics of cement concrete using various compositions of mineral
mixture in their laboratory batches. Authors took into account in the composition different
proportions of reclaimed asphalt pavement with fine and coarse grain size. Studies have
shown that the use of only coarse-grained reclaimed asphalt pavement in the mixture
allows for better mechanical properties than in the case of replacing fine fractions with
it. Huang et al., 2005 [29] discussed the effect of reclaimed asphalt pavement content
in cement concrete mixtures on the stiffness and brittle cracking behavior of concrete
composite. The thesis was made that the thin asphalt coat covering the aggregate in
reclaimed asphalt material protected the aggregate grains by dissipating energy thus
inhibiting the propagation of the crack and making the concrete with the reclaimed asphalt
pavement more durable. In addition, Huang et al., 2006 [30] investigated the impact of a
water-reducing admixture on concrete properties. They found that the use of an admixture
had a positive effect on the mechanical properties of concrete with reclaimed asphalt
pavement. The author of the work [31] presented the results of tests on fresh and hardened
concrete with the addition of recycled aggregate. He pointed out that this aggregate is
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characterized by a lower density and higher water absorption than ordinary aggregate,
and that it affects the parameters of concrete. This influence concerns lower compressive
and bending strength, and lower value of the modulus of elasticity. As the amount of
recycled aggregate increases, the shrinkage of concrete, water permeability and water
absorption increase. Silva et al., 2019 [32] drew attention to the influence of the scale of
the experiment on the obtained results of research on RA concrete intended for use on
communication pavements. The authors of the work [33] presented the possibility of
using recycled aggregate and fly ash. The obtained results show that the use of various
contents of these components (up to 15% of fly ash and up to 10% of coarse aggregate
from recycling) or their combination (up to 5% of total fly ash and recycled aggregate)
allows obtaining concrete with parameters comparable to concrete without aggregates
from recycling.

The research of [24] concerned the basic determinations of the mechanical properties of
concrete, such as compressive strength, but also the influence of the destruct on the stiffness
modulus, thermal expansion coefficient and shrinkage. The obtained results allowed the
design of a computational model of a concrete slab. Numerical analysis in the FEACONS
IV program, which was developed at the University of Florida, showed that concrete with
the addition of reclaimed asphalt compared to the reference concrete has a lower ratio of
stress to bending strength; therefore, the use of the additive has a positive effect on the
performance of the analyzed material.

The use of reclaimed asphalt in concrete mixes is a promising material solution;
therefore, the global interest in developing this technology is visible. The publications
on this subject that have been published in recent years focus not only on the strength
properties of the concrete, but more and more new aspects are analyzed. Brand and Al-
Quadi [23] focused their research on the stiffness modulus of concrete with the addition of
reclaimed asphalt. Issues related to the stiffness modulus were also discussed by [34]. The
research by Abraham and Ransinchung [35] analyzed the effect of the addition of reclaimed
asphalt on the properties of the cement matrix, including the structure of its air pores by
mercury porosimetry.

The use of reclaimed asphalt as a substitute for natural aggregate brings many benefits,
not only in terms of the natural environment, but also economic aspects [26]:

• Reducing the consumption of natural aggregates—destruct can be used both as a
replacement for fine and coarse aggregate, and replacing natural aggregate with
it in the amount of up to 50% does not cause a significant decrease in concrete
properties [22,25,36].

• Reduction in greenhouse gas emissions—it is estimated that the production of 1 ton of
aggregate generates about 1% of greenhouse gases [37].

• Conducting a sustainable concrete production process [38]. Sustainable development
is by definition a resource-rational management that takes into account the needs of
future generations.

• Savings in transport costs [22,36]—this is a huge savings, especially in situations when
the natural aggregate bed is located at a considerable distance from the construction
site and the concrete mixing plant.

• Savings in production costs—the amount of expenditure related to transport, extrac-
tion and preparation of natural aggregate significantly affects the cost of concrete
production, it is estimated that it is possible to reduce the production cost of 1 m3 of
concrete by up to 45% by using reclaimed asphalt as a substitute for natural aggregate
in the concrete mix [25].

Despite the indicated advantages of using an alternative material in the form of
reclaimed asphalt, the authors of the related publications indicate the lack of clear guidelines
as to the possibility of using this additive in concrete mixes. An additional problem is
the lack of awareness and concerns of contractors and investors regarding the quality
and durability of objects made of cement concrete with reclaimed asphalt. However, the
growing interest of scientists and the amount and scope of research work on the properties
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and possibilities of using reclaimed asphalt in cement concrete may, however, increase the
interest in this technology [26].

In order to systematize the knowledge gained so far in the experimental field, selected
parameters of the concrete mix and the concrete composite were compiled, which were the
results of the analyses of researchers dealing with the issue of using reclaimed asphalt in
concrete mixes.

Recent publications also focus on possible applications of reclaimed asphalt for rolled
concrete (RCC-Roller-Compacted Concrete), research in this area was conducted by Deb-
barma, Ransinchung and Singh [39]. The possibility of using up to 50% of reclaimed
asphalt for rolled concrete is recommended in the research by Settari, Debieb, Kadri and
Boukendakdji [40].

Obtained results indicated that further research on use of reclaimed asphalt in rigid
surfaces made of cement concrete is justified.

This research is aimed at checking the possibility of using reclaimed asphalt pavement
for concrete mixtures in relation to polish road national standards.

3. Purpose and Scope

The aim of this research was to demonstrate the consistency between the internal struc-
ture of the concrete composite containing reclaimed asphalt and its mechanical parameters.

4. Durability Criteria for Road and Airport Pavement Concrete

Safe exploitation of concrete pavements is possible in terms of concrete that meets
the functional, strength and durability requirements during the expected life cycle of the
structure. In the context of road pavements, the static and dynamic loads generated by
vehicles in conjunction with the stresses occurring in concrete slabs are included in the
scope of structure design. In the airport systems, the forced thermal loads generated during
the take-off stage of the aircraft are additionally taken into account. In terms of durability,
these are multi-criteria issues that should be considered individually, as pointed out by the
authors of [41–45].

5. Materials and Methods
5.1. The Scope of Laboratory Tests

Laboratory tests included determination of the impact of the use of reclaimed asphalt
on the change in selected paving concrete parameters. The reclaimed material selected
in the exploratory tests (discussed in [46]) was used. The composition of two concrete
mixes for pavements was designed, taking into account the impact of the external envi-
ronment in terms of exposure classes: XF4 (freeze/thaw attack with or without de-icing
agents—high water saturation, with de-icing agent or sea water), XC4 (corrosion induced
by carbonation—cyclic wet and dry), XA2 (chemical attack—moderately aggressive chem-
ical environment). The design assumptions included a concrete class of C30/37 and a
w/c ratio of up to 0.4. The basic parameters of concrete mixes, i.e., consistency class,
air content and density of the mix, were determined. Selected physical, mechanical,
performance and internal microstructure parameters were determined for the hardened
concrete. The material requirements applicable in Poland for the composition of concrete
intended for traffic pavements, with a distinction between road and airport structures, are
summarized in Table 1.
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Table 1. Material requirements for the composition of concrete intended for road and airport
pavements—surface layer [45,46].

Parameters
Pavements

Roads Airports

Coarse aggregate

According to: According to:
Dust content and dust quality [47] [47]

Crushing resistance [48] [48]
Polishing resistance [49] [49]
Abrasion resistance [50] [50]

Grain density and absorbability [51] [51]
Frost resistance [52] [52]

Chemical composition [53] [53]

Fine aggregate According to [11] According to [10]

Grain-size distribution Limit curves Limit curves
Cement-minimum class 32.5 32.5

Type of cement CEM I, CEM II
According to [54]

CEM I
According to [54]

Water According to [55] According to [55]

5.2. Aggregates and Asphalt Destructs

Density and water absorption were determined for aggregates according to PN-EN
1097-6 [50] using the pycnometric method—Table 2. The aggregates used meet the re-
quirements of PN-EN 13877-1 [11], PN-EN 12620 [56], and the requirements listed in the
specification D-05.03.04 [57], for the upper and lower layers of the KR3-4 road surface.
Due to the resistance to crushing by the Los Angeles drum method, according to PN-
EN 1097-2 [48], the crushing resistance category for granite aggregate was LA30. These
parameters also meet the requirements for airfield pavements according to the defense
standard NO-17-A204 [10], where the minimum acceptable category of resistance to aggre-
gate crushing is LA40. Coarse aggregate was assessed for alkaline reactivity according to
the accelerated method PB/1/18 [58]. In this method, the assessment of aggregate reactiv-
ity was carried out on the basis of the average change in the length of the samples after
14 days of conditioning in 1 M NaOH solution at 80 ◦C. It was found that the aggregate did
not show reactivity, and thus it was assigned the required R0 category because the change
in the length of the sample was less than 0.10%.

Table 2. Aggregate parameters.

Parameters Natural Sand
0/2

Granite Grits
2/8

Granite Grits
8/16

Density [Mg/m3] 2.63 2.65 2.65
Water absorption [%] 0.12 0.54 0.54

Resistance to fragmentation LA30
Alkaline reactivity R0

The grain composition of the aggregates was determined in accordance with the
requirements of PN-EN 12620 [56] and PN-EN 933-1 [47]. Aggregates meet the require-
ments for aggregates intended for the construction of road surfaces according to PN-EN
12,620 [56], PN-EN 206 [13], NO-17-A204 [10] and specification D-05.03.04 [57]. The grain-
ing category according to PN-EN 13,043 [54] for coarse granite aggregate is GC85/20 and
for natural sand is GF85. The percentage share of individual grain sizes is summarized in
Table 3.
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Table 3. Grain composition of aggregates.

#
[mm]

Fine Aggregate
0/2

Granite Grits
2/8

Granite Grits
8/16

31.5 - - -
22.4 - - -
16.0 - - 9.4
11.2 - - 46.1
8.0 - 6.6 34.6
5.6 - 42.6 7.9
4.0 0.4 22.1 1.3
2.0 4.1 25.2 0.6
1.0 10.5 2.7 0.1
0.5 28.2 0.4 0.0

0.25 46.5 0.2 0.0
0.125 9.6 0.1 0.0
0.063 0.7 0.1 0.0

Σ 100 100 100

Specific selected parameters of reclaimed asphalt and asphalt extracted from it are
summarized in Table 4. The selection of the most advantageous type of asphalt destruct
was discussed in article [46]. In the case of binder samples, the presence of a modifier
was not found, as the determination of elastic recovery reached a value of 16%, and
the presence of elastomers in the binder can be concluded when the tested feature is at
least 50%.

Table 4. Parameters of reclaimed asphalt.

Parameters Reclaimed Asphalt

Density [Mg/m3] 2.556
Binder content [%] 4.5

Parameters Extracted Asphalt

Penetration at 25 ◦C [0.1 mm] 45
Softening point [◦C] 58.9
Elastic recovery [%] 16

For reclaimed asphalt, the grain composition and the maximum U size of the aggregate
were determined. The reclaimed asphalt was classified as FM1/0.1 (the maximum U size
was 22.4 mm and no foreign materials from groups 1 and 2). The grain size of the used
reclaimed asphalt is shown in Table 5.

Table 5. Graining of reclaimed asphalt.

Sieve dimension
# [mm] 22.4 16.0 8.0 2.0 1.0 0.063

Reclaimed asphalt
[%] 100 89 63 37 19 9

5.3. Components of the Concrete Mix

In the composition of the concrete mix, cement CEM I 42.5 was used as a binder, which
meets the standard requirements for reduced alkalinity. The cement content was deter-
mined on the basis of the adopted design assumptions and standard requirements [10,11,13]
in the amount of 370 kg/m3. The composition of the mix uses tap water that meets the
requirements of [55], and admixtures that improve the parameters of the mix and hardened
concrete. A plasticizing admixture with a density of 1.14 kg/dm3, pH of 5.5 and chloride
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ion content below 0.10% was used. An air-entraining admixture based on modified tensides
and root resins was also used, in which the content of chloride ions was less than 0.10%. The
compositions of concrete mixes are presented in Table 6. The designation of the reference
concrete (without the addition of reclaimed asphalt) was adopted as C-C. On the other
hand, the designation of concrete with the addition of reclaimed material in the amount of
20% was C-RA.

Table 6. Mixture composition.

Components [kg/m3] Concrete C-C Concrete C-RA

Cement 370 370
Water 133 133

Fine aggregate 553 549

Coarse aggregate 2/8 mm 830 628
8/16 mm 590 390

Reclaimed asphalt 0 392 *
Air-entraining admixture 1.7 1.7

Plasticizing admixture 2.6 2.6
* Percentage share of reclaimed content, taking into account changes in the density of aggregates and the share of
individual grain size fractions.

5.4. Research Methodology

The concretes were made in accordance with the requirements of a series of stan-
dards [10,13,59–61]. The care stage included conditioning the samples in standard
conditions for a certain number of days (1, 7, 14 and 28) and then devoting them to
destructive testing. The research cycle was divided into four stages. In the first stage, the
physical parameters of concretes and the impact of reclaimed asphalt on their change
were determined. The density of concrete was determined according to the standard PN-
EN 12390-7 [62], water absorption according to [10] and the depth of water penetration
under pressure according to PN-EN 12390-8 [63]. As part of the second stage, tests were
carried out on the impact of the addition of reclaimed asphalt on mechanical parameters,
i.e., compressive strength according to [64], flexural strength according to [65], tensile
splitting strength [66] and modulus of elasticity according to [67]. In the third stage,
the surface peel strength was determined according to [68] and the frost resistance of
concrete according to [10] (by two methods: internal frost resistance after 200 cycles of
freezing and thawing, and resistance to surface flaking after 56 cycles of freezing and
thawing). In the fourth research stage, changes in the internal structure of the cement
composite due to the presence of reclaimed asphalt in the composition of the mix were
analyzed. The procedure for preparing samples for observation in the SEM scanning
electron microscope and CT computed tomography was consistent with that described
in [69,70].

The compared series of C-C and C-RA concretes were analyzed in accordance with the
assumptions of the Student’s t-test, each time for at least six samples in one test series. It was
assumed that the number of series is constant and the distribution of results in each of the
analyzed groups is compared with the normal distribution. The basic statistical parameters,
arithmetic mean, standard deviation and coefficient of variation were determined according
to the procedure presented in [45].

In the research process, various types of samples were investigated, depending on
their purpose and the test performed, which, together with the geometric characteristics,
are summarized in Table 7.
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Table 7. List of parameters of hardened concrete samples intended for testing.

Tested Parameters Type of Experimental Study Research Period [Days] Sample Type Sample Dimensions
[mm]

Physical parameters
Density 14; 28 Cubic samples 150 × 150 × 150

Depth of penetration 28 Cubic samples 150 × 150 × 150
Water absorption 28 Cubic samples 150 × 150 × 150

Mechanical parameter

Compressive strength 7; 14; 28 Cubic samples
Cylindrical samples

150 × 150 × 150
150 × 300

Tensile splitting strength 28 Cylindrical samples 150 × 300
Flexural strength 28 Beam samples 150 × 150 × 700

Stress—Young’s modulus 28 Cylindrical samples 150 × 300

Durability parameters
Pull-off 28 Rectangular samples 300 × 300 × 100

Frost resistance
28 + 200 cycles * Cubic samples 100 × 100 × 100
28 + 56 cycles ** Rectangular samples 150 × 150 × 50

Microstructure parameters SEM 28 Fractures of samples 10 × 10 × 10
TC 28 Cubic samples 100 × 100 × 100

* The test consists of 200 successive cycles of freezing (in air at −18 ± 2 ◦C) and thawing (in water at +18 ± 2 ◦C).
** The test involves consecutive 56 freeze–thaw cycles in water.

6. Results and Discussion
6.1. Physical Parameters

It was found that the concrete with the addition of reclaimed asphalt of the C-RA
series was characterized by a lower density compared to the control concrete (Table 8).

Table 8. Density of hardened concrete results.

Parameters
Concrete

C-C C-RA

Density of hardened concrete after 14 days [kg/m3] 2420 2400
Density of hardened concrete after 28 days [kg/m3] 2430 2410

The depth of water penetration under pressure is one of the durability parameters of
structural concrete in a road engineering structure. At the same time, a beneficial effect of
reclaimed material on the reduction in water absorption under pressure and the depth of
concrete penetration was found (Table 9). This is important in the case of the operation of
surface structures in real environmental conditions and is a positive phenomenon.

Table 9. Depth of penetration of water results.

Parameters
Concrete

C-C C-RA

Depth of penetration of water [mm] 23 12
Water absorption [%] 4.2 3.9

6.2. Mechanical Parameters

In the case of mechanical parameters, a decrease in the examined features was found,
regardless of the analyzed parameter. The decrease in compressive strength was found in
all three test periods (after 7, 14 and 28 days). The highest decrease was recorded in the case
of early ripening, after 7 and 14 days, which was about 15% (Figure 1). Analyses performed
after 28 days of curing showed that the average compressive strength decreased by more
than 11%. This decrease translated into a decrease in the concrete class from C40/50 for
C-C series concrete to C35/45 for C-RA series concrete.
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Statistical parameters characterizing individual series are presented in Table 10.

Table 10. Statistical parameters for the compressive strength feature.

Statistical Parameters
Concrete

C-C C-RA
7 14 28 7 14 28

Minimal value [MPa] 45.5 45.1 52.5 37.8 39.3 45.9
Maximum value [MPa] 51.3 51.8 58.7 43.9 43.2 51.6

Standard deviation [MPa] 2.37 2.30 2.25 2.19 1.50 2.44

The results obtained from the compressive strength test were characterized by low val-
ues of the standard deviation, which means that the average values obtained in laboratory
tests are statistically representative.

Similar dependencies occurred in the assessment of average flexural strength and
average tensile splitting strength of the C-RA series concrete in relation to the C-C series
concrete. A decrease in strength of more than 11% in the first case and 7% in the second
case was found (Figures 2 and 3).
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Approximately 30% higher values of Young’s modulus results were measured in
concrete C-C. The results were characterized by a slight differentiation, the coefficient of
variation for concrete C-C was 1.3%, and 4.0% for concrete C-RA (Figure 4).
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The stress–strain dependence for the analyzed concrete series C-C and C-RA is shown
in Figures 5 and 6. In the case of modified concrete, the obtained values are lower.
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The presented test results clearly indicate that the fracture toughness of C-RA concrete
is higher than that of C-C concrete. The index for the C-C series concrete was 0.115, and for
the C-RA concrete it was 0.120. These results are also consistent with the specified brittleness
coefficients of the analyzed concretes, as shown in Figure 7. The presented relationship
shows that the C-RA series concrete is more susceptible to shrinkage deformations. Higher
resistance to deformation can result in a longer service life of the concrete in the structure.
This is a particularly important feature in the case of demanding environmental conditions,
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in which temperature fluctuations oscillate around 0 degrees, because they can affect the
appearance of additional stresses in concrete slabs.
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6.3. Durability Parameters

The pull-off method is a measure of the concrete’s pull-off strength and is one of
the methods for evaluating the durability of a structure. Based on the obtained results
(Table 11), a lower resistance to peeling off the surface layer was found in the case of C-RA
series concrete. It should be noted that two series of concrete met the minimum guidelines
of the standard for values above 2.0 MPa.

Table 11. Change in the average pull-off strength of concretes of the C-C and C-RA series.

Parameters
Concrete

C-C C-RA

Pull-off strength [MPa] 2.92 2.35

The assessment of concrete resistance to freezing and thawing cycles showed that both
concrete series meet the requirements for traffic surfaces (Table 12).

Table 12. Resistance of C-C and C-RA series of concretes to frost resistance cycles.

Parameters Test Method Allowable Maximum Value Specified in the Standard Concrete
C-C C-RA

Strength decrease [%]
Internal frost resistance

20 4.96 3.33
Weight loss [%] 5 0.07 0.70

Weight loss [kg/m2] Surface flaking resistance 0.01 0.00 0.003

By analyzing the durability parameters, it was shown that the C-C series concrete
obtained a higher durability factor than the C-RA series concrete.

The CT observation enabled a detailed assessment of changes in the total porosity
content of C-C and C-RA series cement concrete. The obtained parameters are summarized
in Table 13. Selected cross-sections of concrete of the C-C and C-RA series are shown in
Figure 8.
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Table 13. Porosity parameters for C-C and C-RA series concrete, the volume of the samples was
1687.5 cm2.

Parameters j.m. Concrete
C-C C-RA

The content of voids in the entire sample % 1.0584 1.0186
Pore content with a diameter of less than 300 µm % 0.0326 0.0439

Round pore content (sphericity ranging from 0.8 to 1.0) % 0.0053 0.0076
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Based on the analysis of the obtained results, it was found that the total content of air
voids in the C-C series concrete is higher than in the C-RA concrete. However, the content
of pores with diameters below 300 µm and round pores, which increase the level of frost
resistance in cement concrete, is higher in the C-RA series concrete.

The differences in the frequency of air pores of different volumes and diameters are
shown in Figures 9 and 10, respectively. The frequency of pores with different sphericity
ranges is shown in Figure 11.
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7. Conclusions

Based on the obtained results and their analysis, the following conclusions were formulated:

1. The use of reclaimed asphalt in the concrete mix allows for comparable air-entrainment
parameters, density and consistency classes.

The air content determined by the pressure method for the C-C reference mixture was
4.6% and for the C-RA series mixture it was 4.8%. Both series of mixtures met the minimum
content requirements ranging from 4.5% to 6%. The used reclaimed asphalt consisted of
visible agglomerations of aggregate combined with an asphalt binder, which contributed to
an increase in the air content in the C-RA mix.

The use of reclaimed asphalt reduces the density of the concrete mix (from 2389 kg/m3

for the C-C series to 2370 kg/m3 for the C-RA series). This is due to the fact that reclaimed
asphalt has a lower density than the granite aggregate used in this experimental program.

2. The use of reclaimed material reduces the density of hardened concrete in all analyzed
periods. Reducing the density of C-C series concrete from 2430 kg/m3 to 2407 kg/m3
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for the C-RA series is related to the difference in the density of granite aggregate
(2.65 kg/m3) and reclaimed asphalt (2.56 kg/m3).

3. In the case of physical parameters, a beneficial effect of the addition of reclaimed
material was observed. Water absorption of the C-RA series concrete (3.9%) was lower
than that of the control concrete (4.2%). A similar relationship occurred with regard
to testing the depth of water penetration under pressure. The tested feature for the
C-RA series was 12 mm and for the C-C series it was 23 mm.

4. In the case of mechanical parameters, a decrease in the tested concrete properties was
observed due to the presence of reclaimed material.

The compressive strength of the C-RA series concrete was significantly lower than
that of the C-C series control concrete in all analyzed research periods. In the case of the
first 7 days, this decrease was about 15%, after 14 days it was also 15% and after 28 days it
was 12%. The use of reclaimed material resulted in a reduction in the strength class from
C40/50 for the C-C series to C35/45 for the C-RA series.

Similar relationships were also observed for the characteristics of bending strength
(decrease of more than 7%) and tensile strength at splitting (decrease of more than 11%). For
the latter feature, both series of concretes meet the requirements for road surface concretes
with traffic categories from KR1 to KR4. However, the C-RA series does not meet the
requirements for airport pavements.

5. In the case of durability features, no significant effect on the change in the tested
concrete parameters due to the addition of reclaimed material was observed.

The frost resistance parameters of both concrete series are comparable and meet the
requirements for road and airport pavements.

The lower values of the peel strength of the surface layer of the C-RA series concrete
(2.35 MPa) in relation to the C-C series concrete (2.92 MPa) indicate a potentially lower
resistance of the surface concrete. Especially in the case of more heavily loaded surfaces,
such as airport pavements, this may shorten the service life of the structure. It should be
noted, however, that in the case of both concrete series, the minimum required value of
2.0 MPa was achieved.
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16. Linek, M.; Nita, P.; Wolka, P.; Żebrowski, P. Usefulness of porphyry and amphibolites as a component of concrete for airfield

pavements. MATEC Struct. Mater. Perform. Eval. 2018, 163, 1–8. [CrossRef]
17. Özturan, T.; Çeçen, C. Effect of coarse aggregate type on mechanical properties of concretes with different strengths. Cem. Concr.

Res. 1997, 27, 165–170. [CrossRef]
18. Abdullahi, M. Effect of aggregate type on Compressive strength of concrete. Int. J. Civ. Struct. Eng. 2012, 2, 791–800. [CrossRef]
19. Stempkowska, A.; Gawenda, T.; Naziemiec, Z.; Ostrowski, K.A.; Saramak, D.; Surowiak, A. Impact of the geometrical parameters

of dolomite coarse aggregate on the thermal and mechanic properties or preplaced aggregate concrete. Materials 2020, 13, 4358.
[CrossRef]

20. Baic, I.R.; Kozioł, W.; Miros, A. Dependence of extraction and production of construction aggregates on selected indicators of
economic development in Poland. Arch. Civ. Eng. 2021, 67, 3.

21. Mniszek, W.; Sadzik, A. Recycling of asphalt for road construction. Sci. J. High. Sch. Occup. Saf. Manag. Katow. 2012, 1, 52–64.
(In Polish)

22. Singh, S.; Ransinchung, G.D.; Kumar, P. Laboratory Investigation of Concrete Pavements 1080 Containing Fine RAP Aggregates.
J. Mater. Civ. Eng. 2017, 30, 04017279. [CrossRef]

23. Brand, S.; Roesler, J.R. Ternary concrete with fractionated reclaimed asphalt pavement. ACI Mater. J. 2015, 112, 155–163. [CrossRef]
24. Hossiney, N.; Tia, M.; Bergin, M.J. Concrete containing RAP for use in concrete pavement. Int. J. Pavement Res. Technol. 2010, 3,

251–258.
25. Singh, S.; Ransinchung, G.D.; Kumar, P. An economical processing technique to improve RAP inclusive 953 concrete properties.

Constr. Build. Mater. 2017, 148, 734–747. [CrossRef]
26. Debbarma, S.; Selvam, M.; Singh, S. Can flexible pavements’ waste (RAP) be utilized in cement concrete pavements?—A critical

review. Constr. Build. Mater. 2020, 259, 120417. [CrossRef]
27. Delwar, M.; Fahmy, M.; Taha, R. Use of reclaimed asphalt pavement as an aggregate in portland cement concrete. ACI Mater. J.

1997, 94, 251–256.
28. Hassan, K.; Brooks, J.J.; Erdman, M. The Use of Reclaimed Asphalt Pavement (RAP) Aggregates in Concrete; Elsevier: Amsterdam, The

Netherlands, 2000. [CrossRef]
29. Huang, B.; Shu, X.; Li, G. Laboratory investigation of Portland cement concrete containing recycled asphalt pavements. Cem.

Concr. Res. 2005, 35, 2008–2013. [CrossRef]
30. Huang, B.; Shu, X.; Burdette, E.G. Mechanical properties of concrete containing recycled asphalt pavements. Mag. Concr. Res.

2006, 58, 313–320. [CrossRef]
31. Kenai, S. Waste and Supplementary Comentitious Materials in Concrete, Characterisation, Properties and Applications; Series in Civil and

Structural Engineering; Woodhead Publishing: Cambridge, UK, 2018; pp. 79–120. [CrossRef]
32. Silva, R.V.; Jimenez, J.R.; Agrela, F.; de Brito, J. Real-scale applications of recycled aggregate concrete. In New Trends in Eco-Efficient

and Recycled Concrete; Woodhead Publishing: Cambridge, UK, 2019; pp. 573–589. [CrossRef]
33. Ramakrishna, B.; Harshini, B.; Iswarya Lakshmi, G.N.K.; Sangireddy, K.; Pavan Krishna Prasad, K. Influence of fly ash on the

properties of recycled coarse aggregate concrete. Int. J. Emerg. Trends Eng. Res. 2020, 8, 2097–2100.
34. Al-Oraimi, S.; Hassan, H.F.; Hago, A. Recycling of reclaimed asphalt pavement in Portland cement concrete. J. Eng. Res. 2009, 6,

37–45. [CrossRef]

https://hrcak.srce.hr/225478
http://doi.org/10.31803/tg-20190518181647
https://www.researchgate.net/publication/331224543_Making_Best_Use_of_Long-Life_Pavements_in_Europe_Phase_3_A_Guide_to_the_use_of_Long-Life_Rigid_Pavements
https://www.researchgate.net/publication/331224543_Making_Best_Use_of_Long-Life_Pavements_in_Europe_Phase_3_A_Guide_to_the_use_of_Long-Life_Rigid_Pavements
http://doi.org/10.1016/B978-0-12-803581-8.11525-5
https://www.cement.org/docs/default-source/fc_concrete_technology/is413-02---diagnosis-and-control-of-alkali-aggregate-reactions-in-concrete.pdf
https://www.cement.org/docs/default-source/fc_concrete_technology/is413-02---diagnosis-and-control-of-alkali-aggregate-reactions-in-concrete.pdf
http://doi.org/10.1016/S0008-8846(01)00588-9
http://doi.org/10.1016/j.conbuildmat.2009.10.009
http://doi.org/10.1051/matecconf/201816307002
http://doi.org/10.1016/S0008-8846(97)00006-9
http://doi.org/10.6088/ijcser.00202030008
http://doi.org/10.3390/ma13194358
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002124
http://doi.org/10.14359/51687176
http://doi.org/10.1016/j.conbuildmat.2017.05.030
http://doi.org/10.1016/j.conbuildmat.2020.120417
http://doi.org/10.1016/S0713-2743(00)80024-0
http://doi.org/10.1016/j.cemconres.2005.05.002
http://doi.org/10.1680/macr.2006.58.5.313
http://doi.org/10.1016/B978-0-08-102156-9.00003-1
http://doi.org/10.1016/B978-0-08-102480-5.00021-X
http://doi.org/10.24200/tjer.vol6iss1pp37-45


Materials 2023, 16, 2791 17 of 18

35. Okafor, F.O. Performance of recycled asphalt pavement as coarse aggregate in concrete, Leonardo Electron. J. Pract. Technol. 2010,
9, 47–58.

36. Shi, X.; Mukhopadhyay, A.; Liu, K.W. Mix design formulation and evaluation of Portland cement concrete paving mixtures
containing reclaimed asphalt pavement. Constr. Build. Mater. 2017, 152, 756–768. [CrossRef]

37. Hanson, C.S.; Noland, R.B.; Cavale, K.R. Life-Cycle Greenhouse Gas Emissions of Materials Used in Road Construction,
Transportation Research Record. J. Transp. Res. Board 2012, 2287, 174–181. [CrossRef]

38. Singh, V.; Lehri, A.; Singh, N. Assessment and comparison of phytoremediation potential of selected plant species against
Endosulfan. Int. J. Environ. Sci. Technol. 2019, 16, 3231–3248. [CrossRef]

39. Debbarma, S.; Ransinchung, G.D.; Singh, S. Feasibility of roller compacted concrete pavement containing different fractions of
reclaimed asphalt pavement. Constr. Build. Mater. 2019, 199, 508–525. [CrossRef]

40. Settari, C.; Debieb, F.; Kadri, E.; Boukendakdji, O. Assessing the effects of recycled asphalt pavement materials on the performance
of roller compacted concrete. Constr. Build. Mater. 2015, 101, 617–621. [CrossRef]

41. Czarnecki, L.; Justnes, H. Sustainable, durable concrete. Cem. Lime Concr. 2012, 6, 341–362. Available online: https://www.
researchgate.net/publication/258514304_Sustainable_and_Durable_Concrete (accessed on 14 December 2022).

42. Glinicki, M.A. Durability of concrete in road surfaces. In Effect of Microstructure, Materials Design, Diagnostics; Road and Bridge
Research Institute: Warsaw, Poland, 2011; Volume 11.

43. Nita, P.; Linek, M.; Wesołowski, M. Concrete and special airport surfaces. In Theory and Structural Dimensioning; ITWL: Warsaw,
Poland, 2021.

44. Transportation Research Circular. Durability of Concrete. 2013, tom E-C171. Available online: https://onlinepubs.trb.org/
onlinepubs/circulars/ec171.pdf (accessed on 14 December 2022).

45. Linek, M. Airport cement concrete with ceramic dust of increased thermal resistance. Materials 2022, 15, 3673. [CrossRef]
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