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Abstract

The purpose of this study is to determine the fundamental characteristics of a recycled concrete aggregate for its utilization in
geotechnical constructions. Minimum and maximum bulk densities, the shear strength properties, and the deformation properties
were tested in the laboratory. The tests were performed on recycled concrete aggregates of basic fraction, i.e., 0-16 mm, and separated
fractions, i.e., 0-4 mm, 4-8 mm, and 8-16 mm. The laboratory tests on the recycled concrete aggregate were compared with the results of
the natural aggregates sorted into comparing fractions with the recycled concrete aggregate. The bulk density of the recycled concrete
aggregate was either less or equal to that of the natural aggregate. The shear strength properties of the recycled concrete aggregates
were greater than the shear strength properties of the natural aggregates except for the fraction of 8-16 mm, where it was the opposite.
The one-dimensional compression modulus of the recycled concrete aggregate is slightly lower than that of natural aggregate for
the fractions of 4-8 mm, 8-16 mm, and 0-16 mm. However, for the fraction of 0-4 mm, which is not typically used in the creation of

recycled concrete (because it is replaced by the natural aggregate), the recycled concrete aggregate has a higher shear strength and

compression modulus than natural aggregate.
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1 Introduction

Solid waste materials are increasingly being generated
worldwide. As a result of the demolition of old buildings,
concrete structures, and road pavements, construction
and demolition (C&D) waste is created, which often has
no new or further use. To minimize greenhouse emissions
and decrease carbon footprints, this waste material can be
recycled and reused in various civil engineering projects.
Recycling also reduces the consumption of virgin mate-
rials, such as fine-grained soil, coarse-grained soil, and
quarry stones, and can significantly reduce waste disposal
in landfills, e.g., [1-3]. Typical examples of C&D materials
that can be recycled and reused are, e.g., recycled concrete
aggregate (RCA), recycled waste aggregates (RWA), and
recycled asphalt pavement (RAP), see, e.g., [4—6]. These
materials can be used again as an aggregate to create "new"
concrete for the construction of various types of concrete
structures [7—12], but they can be widely used in different
civil engineering projects, such as, e.g., pavement bases/
subgrades, permeable pavements, light duty pavements,

structural fill in highway embankments, and backfill for
retaining walls and structures, see e.g., [6, 13, 14]. Slovakia
produces over 5 million tons of C&D waste annually,
with mineral C&D waste accounting for almost 22%.
These materials are gradually starting to be reused for con-
crete structures, but they also have a good potential for use
in geotechnical construction, see e.g. [15-17]. The study
presented in the article reflects on the present situation of
practical use of the RCA in the western part of Slovakia.
After demolishing a structure, a landfill from the con-
struction waste material is created on-site. Initially, bigger
blocks of concrete material are separated and crushed to
create RCA that is between 0-16 mm. To reuse the mate-
rial in creating a concrete mixture, it is necessary to obtain
a suitable granularity of the aggregate. For this reason,
the basic fraction 0-16 mm is always divided in the con-
crete plant into three separate reservoirs, which contain
the fractions 0-4 mm, 4-8 mm, and 8-16 mm. The con-
crete plant sources indicate that the primary focus is on
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reusing the 4-8 mm and 8-16 mm fractions. The interest in
the reuse of the fraction 0-4 mm is only minimal. This fine
fraction is often replaced by natural aggregates for the pro-
duction of recycled concrete, and thus its excess is created
in the concrete plant. In geotechnical engineering, there is
almost no interest on the side of civil engineering imple-
mentation companies in the use of these materials due to
concerns about their strength and deformation parameters.
This study aims to analyze the bulk densities, shear
strength, and deformation properties of RCA for each
fraction used in concrete plants. The individual parame-
ters of RCA are compared and analyzed with those of nat-
ural coarse-grained aggregates (NA) of the same fractions.
It can be assumed that knowing the "basic" geotechnical
parameters of RCA for individual fractions will contribute
to its greater use in geotechnical engineering. It can be
also assumed that the presented results can lead to greater
use of RCA of the 0-4 mm fraction in geotechnical engi-
neering as it is not commonly used in recycled concrete.

2 The literature background for the study presented
The properties of the RCA for geotechnical engineering
applications have been analyzed by many researchers,
see, e.g., [4, 14, 17-20]. The density of RCA can be lower
than that of NA. This is mostly caused by mortar that is
part of the RCA structure and is less dense than the solid
grain [12, 21]. The density can vary depending on the spe-
cific aggregate and binder in question.

The shear strength properties of RCA depend on
its size, shape, and type. RCA is a typical example of a
coarse-grained material for which the shear strength prop-
erties can be determined by a large-size direct shear test
apparatus [22-25]. The shear strength of river gravel (peb-
bles) that has round grains is defined mostly by the angle
of the shear strength; however, in the case of crushed
gravel as well as quarry stone, the shear strength can be
defined by the angle of the shear strength and the initial
shear strength, see, e.g., [26, 27]. The initial shear strength
has also been reported by other authors; however, they
presented this parameter as the cohesion or the apparent
cohesion of the soil, see, e.g., [15, 17]. Calling it the ini-
tial shear strength instead of cohesion is preferred because
this effect is mostly caused by the interlocking effect of the
soil particles, as first stated by [28]. A nonlinear failure
envelope can provide a more accurate interpretation of the
peak and critical shear strengths in these materials than a
linear Mohr-Coulomb failure line [27, 29, 30]. This effect
is caused by the crushing of the grains, which can be
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significant in poorly-graded materials, see, e.g., [31].
However, for normal stresses up to 200 kPa, a linear fail-
ure envelope can be accepted, see, e.g., [27].

The compressibility of RCA has been analysed
by [14-17, 32]. Soleimanbeigi and Edil [15] presented
a comparison of the 1D compression of sandy material
and RCA. They noted that RCA has a lower degree of com-
pressibility. Aqil et al. [17] stated that when RCA is com-
pacted in the vicinity of optimum moisture content wopt,
the compressive strength qmax becomes as great as well-
graded gravel, which is considered the best type of backfill
material. Topgu and Giingan [33] showed that the density,
compressive strength, modulus of elasticity, and toughness
values decrease with the increasing ratio of RA to NA. RCA
has residual mortar adhering to the particles that can eas-
ily break off when subjected to loading, e.g., [15, 34, 35].
Hansen and Narud [36] noted that about 25% to 60% of
the original mortar remains adhered to a given aggregate.

There are also some possible negatives of using RCA
as subgrade materials, which were presented by [37].
They analyzed RCA recovered after 8 years and stated that
its acid neutralization capacity and pH were higher com-
pared to the original state. The application of RCA is also
not suitable in an aggressive environment. These findings
suggest that the use of RCA in geotechnical structures
requires careful consideration.

3 Material samples preparation
Recycled aggregates were collected from various demol-
ished structures in the western part of Slovakia. A total of
four different RCA samples were used for the laboratory test-
ing. In all the cases, an original RCA 0-16 mm fraction was
also divided into separate fractions, i.e., 0-4 mm, 4-8 mm,
and 8-16 mm, which was briefly described in the introduc-
tion. The process of creating and collecting samples for test-
ing is depicted in Fig. 1 in a simple scheme. The grain-size
distribution curves of all the fractions of the RCA material
tested (from one demolished structure) are shown in Fig. 2.
The grain-size curves of other RCA materials tested were
nearly identical due to the samples being divided into identi-
cal fractions. The classification was done according to STN
72 1001: Classification of soil and rock [38], as follows:
* RCA sample of 0-4 mm fraction, classified as poor-
ly-graded sand (SP);
* RCA sample of 4-8 mm fraction, classified as poor-
ly-graded gravel (GP);
* RCA sample of 8-16 mm fraction, classified as poor-
ly-graded gravel (GP);
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Fig. 1 Scheme of creating and collecting the recycled material samples
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Fig. 2 Grain-size distribution curves of the tested materials

* RCA sample of 0-16 mm fraction (a basic fraction -
before dividing it into 0-4 mm, 4-8 mm, and 8-16 mm
fractions), classified as well-graded gravel (GW).

The natural aggregates were collected while con-
structing different types of geotechnical structures, such
as e.g. roadbeds, reinforced earth structures, roads and
railway embankments, base layers for foundations, and
stone columns. Some of these samples were investi-
gated in individual geotechnical problems presented by
authors [26, 27, 39]. A total of 39 natural coarse-grained
aggregates were used for the presented analysis. The sam-
ples were divided into the same fractions used in the case
of RCA, i.e., 0-4 mm, 4-8 mm, 8-16 mm, and 0-16 mm.

4 Testing methodology

The first step involved determining the natural moisture con-
tent of all collected samples. The moisture content was deter-
mined according to the STN EN ISO 17892-1 (Laboratory
testing of soil: Part 1-Determination of water content) stan-
dard [40]. Subsequently, the grain size distribution of the
sample was determined using approximately 5 to 8 kg of
dried sample. The tests were executed in the usual way using
a set of standard nets (range of 0.063-16 mm) respecting
the STN EN ISO 17892-4 (Laboratory testing of soil: Part
4-Determination of particle size distribution) standard [41].
Determining the minimum and maximum bulk densities
fulfilled the requirements given by the STN EN ISO 17892-2
(Laboratory testing of soil: Part 2-Determination of bulk
density) standard [42]. The tests were executed using a con-
tainer with a volume of 5.93 dm? and repeated three times
to minimize errors in the testing procedure. The bulk densi-
ties of some natural coarse-grained aggregates have already
been presented by authors [43].

The shear tests were performed using a large-size
direct shear test apparatus, which has dimensions of
300 x 300 x 200 mm (width x length % height). Each sam-
ple was tested under three normal stresses, i.e., 50, 100,
and 200 kPa. The horizontal movement speed was equal to
0.25 mm/min for samples of 0-4 mm, 4-8 mm, and 0-16 mm
fractions, and 0.50 mm/min for a sample of 8-16 mm frac-
tion. The maximum horizontal movement achieved during
the test was about 60 mm. A sample of the given weight
(about 25-30 kg, depending on the grain sizes of the mate-
rial tested) was compacted into the shearing box in 5 lay-
ers. The samples were compacted to their highest possible
density by using a rubber hammer. Based on the known
weight and the volume of the sample tested, the bulk den-
sity and the density index were determined. The first step
of testing was the "consolidation phase". Because only dry
coarse-grained materials were tested, this phase repre-
sented only a quick compaction/compression of the sam-
ple for the normal stress used without any time-consuming
consolidation. The time of this "consolidation phase" was
accepted to be about 30-60 minutes, and after it ended, the
bulk density and density index were determined again.

Afterwards, shear testing was carried out. The tests
were executed according to the requirements of the
STN EN ISO 17892-10 (Laboratory testing of soil: Part
10-Direct shear test) standard [44]. In the case of dense
coarse-grained soils, the shear strength consists of both
peak and critical shear strengths. The peak shear strength
is clearly defined by the maximum shear stress deter-
mined (point P in Figs. 3(a) and 3(b)). In the case of the
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Fig. 3 A typical dilation and shear strength curve: (a) sandy soil,
(b) poorly graded gravely soil (right)

fine coarse-grained soil (sandy soil), the critical shear
strength can be determined at two states, i.e., when the
maximum density of the sample tested is reached (point A
in Fig. 3(a)), and for a large horizontal movement when
the sample exceeds its peak stress state and a critical void
ratio is reached (point C in Fig. 3(a)).

For coarse-grained materials consisting of sharp-edged
grains, the shear strength at point C is greater than the shear
strength at point A (Fig. 3(b)), which was investigated by
the authors [27]. This effect can also be seen in the results
presented by, e.g., [20, 29]. It is mostly caused by the inter-
locking effect of the sharp-edged soil particles. In this case,
the shear strength 7', at point A is defined by Eq. (1), while
the peak shear strength r'p (point P) is given by Eq. (2) and
the critical shear strength 7’ (point C) is given by Eq. (3).

7, =0-tang’, @

Sulovska et al. | 80/]
Period. Polytech. Civ. Eng., 69(3), pp. 798-807, 2025

T, =0-tang’, +7, , 2)

T, =0-tang’ +7,, 3)

where ¢’ is the angle of the shear strength at point A, go'p

0p is the initial
shear strength in the peak stress state, ¢’ is the critical

is the peak angle of the shear strength, 7’

angle of the shear strength, and 7, is the initial shear
strength in the critical stress state. The angle of dilatancy
was determined for the peak shear strength according
to [28] using the following equation:

tan¥'=4, /5, @)

where J, is an increment in the vertical direction and 6, is
an increment in the horizontal direction.

In the study presented, a nonstandard large-size compres-
sion test was used. The sizes of the consolidation box for the
sample were 300 x 300 x 200 mm (width x length x height) - the
tests were executed using the container for the shear strength
test. The tests were carried out in the same way as standard
oedometer tests according to the STN EN ISO 17892-5:2023
(Laboratory testing of soil: Part 5-Incremental loading
oedometer test) standard [45]. The results were interpreted
as 1D compression modules instead of oedometer modules
because the dimension of the square consolidation box did
not fulfill the requirements for the circular dimension of the
oedometer cell; however, all the tests (recycled and natural)
were executed using the same principle which allowed for
direct comparison of the results.

In the first step of the test, a sample of a given weight
(about 30-35 kg) was compacted in 5 layers into the con-
solidation box. The compression tests were carried out in
the following way:

* initial sample compression (compensation to a sample

reconsolidation used in a standard oedometer test),

» compressibility test - consisting of primary and

cyclic loading.

The initial sample compression was done at a normal
stress of 50 kPa. The purpose was to achieve compactness
of the sample and eliminate the effects of manual compac-
tion. The compressibility test was executed for the normal
stresses o = 0-100, 100-200, 200-400, and 400-800 kPa
in the loading path and the normal stresses o = 800-400,
400-200, 200-100, and 100-0 kPa in the unloading path.
The cyclic loading consisting of 9 cycles was done right
after the primary loading, so the testing procedure for
each sample consisted of a total of 10 loading cycles.
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5 Results of laboratory testing

5.1 Index properties

Table 1 presents the basic index properties of a typical
RCA material. The results are given for a single RCA
material (of different fractions). The division of the sample
into separate fractions, i.e., 0-4 mm, 4-8 mm, 8-16 mm,
and 0-16 mm causes, that the grain size distributions of
all RCA materials tested to be identical. The minimum
and maximum bulk densities are also presented for given
fractions of this RCA material.

The ranges of minimum and maximum bulk densi-
ties of a given fraction of RCA material are presented in
Figs. 4 and 5. The results are directly compared to the
minimum and maximum bulk densities of natural aggre-
gates of the given fraction. The minimum bulk densities
of RCA were smaller than the minimum bulk densities of
NA for all samples and fractions tested. The maximum
bulk densities of RCA were less than those of NA. A small
overlap between the values of 1692-1729 kg.m > was noted
in the case of the fraction 0-4 mm. For all other fractions,
there was no overlap in the results, so the maximum values
of maximum bulk densities of RCA were smaller than the
minimum values of maximum bulk densities of NA.

5.2 Shear strength properties

The results of the peak and critical shear strength tests
on different fractions of one RCA sample are presented
in Table 2. This table shows the values for one sample from
each fraction, i.e., 0-4 mm, 4-8 mm, 8-16 mm, and 0-16 mm.
The initial shear strength was determined in both the peak
stress state (r'o,p) and the critical stress state (r'o,c). Fractions
0-4 and 0-16 mm have higher values of the angle of the
shear strength than fractions 4-8 and 8-16 mm. This is
mainly caused by higher porosity in fractions 4-8 and
8-16 mm (due to the absence of fine grains). In the critical
stress state, the differences between the angles of the shear
strength are not as significant as in the peak stress state.
The interlocking effect resulted in a significant increase in
the initial shear strength for the fraction 8-16 mm when
compared to the other fractions. The effective angles of
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the dilatancy are presented for all normal stresses applied,
i.e., 50, 100, and 200 kPa (Table 2). The values of effective
angles of the dilatancy decrease with increasing normal
stress. The different behavior of the RCA and NA in shear
strength is plotted in Fig. 6.

The shear strength distribution curves of RCA of given
fractions are directly compared with the shear strength
distribution curves of NA for normal stresses used, i.e.,
50, 100, and 200 kPa. The shear strength curves of RCA
are significantly higher than NA in the case of fractions
0-4 mm and 0-16 mm. RCA has a slightly higher peak
and critical shear strength than NA, even for the fraction
of 4-8 mm. The different behavior was determined in the
case of the fraction 8-16 mm, where the shear strength of
RCA is slightly higher than NA for small normal stresses;
however, for a normal stress of about 200 kPa, the shear
strength of RCA was significantly smaller than NA.

Each sample presented in Table 2 and Fig. 6 was simul-
taneously included in the sample set, for which the shear
strength properties ranges are presented in Figs. 7-11.
The ranges of the peak angles of the shear strength of dif-
ferent fractions of RCA and NA are presented in Fig. 7.
In the case of the fraction 0-16 mm, the peak angle of the
shear strength can be slightly higher for RCA than NA.

Table 1 Index properties of the recycled material tested

Fraction d d

Sample Classification “’ B * o “ “ Pazin Famas

mm mm mm mm mm - - kg.m™ kg.m™
Sample R1 SP 0-4 0.19 0.53 1.19 1.65 8.68 0.90 1353.1 1639.9
Sample R2 GP 4-8 4.40 5.20 6.00 6.40 1.45 0.96 1233.1 1495.4
Sample R3 GP 8-16 8.80 10.40 12.00 12.80 1.45 0.96 1224.7 15271
Sample R4 GW 0-16 0.35 2.00 4.55 6.00 17.39 1.93 1463.3 1756.5
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Table 2 Shear strength properties of the recycled material tested

Fraction 9 7y 9. T Vso' Yo Va0 Vo
Sample
mm kPa ° kPa ° ° ° °
0-4 50.3 21.2 351 9.7 20.6 18.1 13.4 17.4
Recycled 4-8 447 17.2 36.4 49 18.8 14.3 9.1 137
concrete
aggregate 8-16 41.6 28.6 36.0 19.2 16.9 1.2 8.9 12.3
0-16 50.8 244 38.6 73 23.6 18.9 13.1 185
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Fig. 6 Shear strength curves of RCA and NA materials

of the angle of the dilatancy for the normal stresses of 50
to 200 kPa were compared. The comparison of the val-
ues led to the same conclusions which were stated for the

The different behaviors can be seen for fractions 0-4 mm,
4-8 mm, and 8-16 mm. While for the fraction 0-4 mm the
angle of the peak shear strength is significantly higher for
RCA than NA, in the case of the fraction 8-16 mm it is
exactly the opposite. The values of the angle of the shear
strength of RCA and NA are similar to each other in the
case of the fraction 4-8 mm. The same evaluation can
be applied to the comparison of the ranges of the critical
angle of the shear strength of RCA and NA (Fig. 8).

In the following stage, the dilatancy angle values of the
RCA and NA were compared (Fig. 9). The average values

peak and critical angles of the shear strength if fractions
0-4 mm, 4-8 mm, and 0-16 mm. In the case of the fraction
8-16 mm, the average angle of the dilatancy of NA was in
the range of 8.3° to 20°, while for RCA the range was only
12° to 12.6° (within the interval of NA).

The results of the shear strength testing showed that
NA has no or neglected initial shear strength. The initial
shear strength was significant only in the case of RCA.
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Fig. 11 The critical initial shear strengths

The ranges of the peak and critical initial shear strength of
RCA are shown in Figs. 10 and 11. The results showed that
for the fraction of 4-8 mm, the values of the initial shear
strength (especially in the case of the critical stress state)
were slightly smaller than for other fractions tested.

5.3 Deformation properties

The results of the compression tests showed that the dif-
ferences between a one-dimensional deformation modu-
lus (£,,) determined for different samples of a given frac-
tion are neglected. To make it easier to interpret the results,
the E|, values for one sample of RCA and the NA of the

given fractions are given for clarity. The results of £ for
the loading stages of 100-200 kPa, 200-400 kPa, and 400-
800 kPa, and the unloading stages of 800-400 kPa, 400-
200 kPa, and 200-100 kPa, are presented in Fig. 12.

The results showed that, under the same boundary con-
ditions of testing, the values of £ ; for NA are similar or
slightly higher than for RCA; however, no significant dif-
ferences were noted. In the case of the fraction of 0-4 mm,
the values of £, for RCA can also be higher than for NA.

6 Discussion

The minimum and maximum bulk densities of RCA were
either less or identical to those of NA (Figs. 4 and 5.).
This is in agreement with the results of other research-
ers, see, e.g., [12, 21]. For this reason, RCA has a higher
potential for use in geotechnical constructions, where it
is appropriate to reduce the weight of the material, e.g.,
backfills for gravity walls and retaining structures.

The values of the peak and the critical angle of the shear
strength were equal to or higher than those of NA for the
fractions of 0-4 mm, 4-8 mm and 0-16 mm in the case of
RCA. The peak and critical angles of shear strength val-
ues for RCA were lower than for NA (Figs. 7 and 8) only
for the 8-16 mm fraction. In the case of NA, the peak and
critical angles of the shear strength increase with increas-
ing fraction, while the opposite trend can be seen for NA.
This effect is caused by the brittleness of the grains of the
RCA material. The 8-16 mm fraction has large grains and
high porosity and is prone to grain breakage. Crushing of
grains occurs even with a fraction of 0-4 mm, but due to the
size of the grains and porosity, there is no decrease in the
shear strength. Compared to NA, the RCA has significant
initial shear strength in the peak and critical stress states
for all fractions tested. This is typical for coarsely crushed
gravels and quarry stones [26, 27]. Except for the fraction
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8-16 mm, the shear strength of the RCA is greater than the
shear strength of the NA in the peak as well as critical stress
state. The compression tests revealed that RCA has a sim-
ilar deformation property to NA. In the case of fractions
4-8 mm, 8-16 mm, and 0-16 mm, the values of E, of the
NA were only about 1.095-1.43 greater than the values of
E,, of the RCA in the loading, and about 1.119-1.209 in the
unloading. The values of £, of the RCA can be assumed to
be potentially very good for geotechnical applications. In the
0-4 mm fraction, the values of £, for RCA were higher than
those for NA. While at the normal stresses of 100-200 kPa,
the values of the RCA and NA were similar to each other,
for the normal stresses of 400-800 kPa, £ of the RCA was
about 1.35 times greater than £, of the NA in the loading
stage. In the unloading stage, the ratio between E|, of RCA
and NA increased from about 1.12 (normal stresses 100-
200 kPa) to about 1.6 (normal stresses 400-800 kPa).

The testing results indicate that the NA can be replaced
by the RCA for appropriate geotechnical structures. A good
potential for practical geotechnical application also has
the 0-4 mm fraction, which is usually replaced by natural
aggregates in the creation of recycled concrete and thus its
excess is created. The 0-4 mm fraction of RCA has a sig-
nificantly greater angle of the peak shear strength, the angle
of the dilatancy, and the angle of the critical strength than
the NA. The shear strength properties of the 0-4 mm frac-
tion (RCA) were significantly greater than those of frac-
tions 4-8 mm and 8-16 mm (RCA). The E|; parameters are
equal to or greater than the values of £, of the NA mate-
rial during the loading and unloading stages. The shear
strength and deformation properties of the 0-4 mm fraction
were similar to those of other fractions (RCA).

The study does not include an analysis of the long-
term behaviour of RCA, as this is still ongoing. It can be
assumed that the application of the RCA in an aggressive
environment can lead to a negative effect on the material
structure. The results of the presented study can be used
for the application of RCA in geotechnical structures in a
non-aggressive environment.

7 Conclusions

The recycling of construction materials is one of the most
important topics in civil engineering worldwide. The use
of recycled material in geotechnical structures is very rare
in Slovakia. The recycled concrete aggregate (RCA) is pro-
duced in large quantities and has a good potential for use
in suitable geotechnical structures. The laboratory testing
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presented in the paper was focused on determining the basic
soil properties, e.g., the bulk density, the shear strength and
the compression modules, which are required in the geotech-
nical design. Knowing about them can encourage their use
in appropriate geotechnical structures. The recycled con-
crete aggregate fractions of 0-4 mm, 4-8 mm, 8-16 mm,
and 0-16 mm were tested. This division resulted from the
division of materials in the reservoirs of the concrete plant.
The properties of the recycled concrete aggregate were com-
pared with the properties of the natural aggregates of the
same fraction. Based on the results of laboratory measure-
ments presented, the following conclusions can be drawn:

* Both minimum and maximum bulk densities of RCA
were less than or at most equal to those of NA;

* In cases of fractions 0-4 mm, 4-8 mm, and 0-16 mm,
the recycled concrete aggregate had a peak and critical
angles of the shear strength greater than the natural
aggregate. Only in the case of the fraction 8-16 mm,
larger brittle grains and high porosity resulted in the
shear strength angle of the recycled material being
smaller than that of the natural aggregate;

* While the natural aggregate has almost no ini-
tial shear strength, the recycled concrete aggregate
showed significant initial shear strength at the peak
as well as the critical stress state;

* The one-dimensional compression modulus (£, ,) of the
natural aggregate was about 1.095-1.43 greater than
that of the recycled concrete aggregate in the case of the
loading stage and about 1.119-1.209 in the unloading
stage for fractions of 4-8 mm, 8-16 mm, and 0-16 mm;

» The recycled concrete aggregate of the 0-4 mm
fraction has greater £, than the natural aggregate
by about 1-1.35 in the loading stage and about 1.12-
1.6 in the unloading stage;

» The recycled concrete aggregate of the fraction of
0-4 mm has significantly greater shear strength and
deformation properties than the natural aggregate of
the same fraction. Because this fraction is not used
for creating recycled concrete, it can be suitably
applied in geotechnical structures;

* The results of the tests showed that the properties of
the recycled concrete aggregate are comparable (in
some cases even better) to the coarse-grained natu-
ral aggregates. Natural aggregate can be replaced by
recycled concrete aggregate in suitable geotechnical
constructions.



3806

Sulovska et al.
Period. Polytech. Civ. Eng., 69(3), pp. 798-807, 2025

References

(1]

(2]

(3]

(4]

(5]

(8]

(9]

[10]

(1]

Krogmann, U., Liban, C. B., Puppala, A. J., Reddy, K. R. "Waste
Management: Conservation, Reuse, and Recycling of Materials
and Components", In: Kelly, W. E., Luke, B., Wright, R. N. (eds.)
Engineering for Sustainable Communities, ASCE Press, 2017,
pp. 223-236. ISBN: 9780784480755
https://doi.org/10.1061/9780784414811.ch15

Lee, J., Edil, T., Tinjum, J., Benson, C. "Quantitative Assessment
of Environmental and Economic Benefits of Using Recycled
Construction Materials in Highway Construction", Transportation
Research Record: Journal of the Transportation Research Board,
2158(1), pp. 138-142, 2010.

https://doi.org/10.3141/2158-17

Kou, S., Poon, C., Agrela, F. "Comparisons of natural and recy-
cled aggregate concretes prepared with the addition of different
mineral admixtures", Cement and Concrete Composites, 33(8),
pp. 788-795, 2011.
https://doi.org/10.1016/j.cemconcomp.2011.05.009

Soleimanbeigi, A., Likos, W. "Mechanical Properties of Recycled
Concrete Aggregate and Recycled Asphalt Pavement Reinforced
with Geosynthetics", In: Geo-Congress 2019: Earth Retaining
Structures and Geosynthetics, Philadelphia, PA, USA, 2019,
pp. 284-292. ISBN: 9780784482087
https://doi.org/10.1061/9780784482087.026

Li, J., Saberian, M., Nguyen, B. T. "Effect of crumb rubber on the
mechanical properties of crushed recycled pavement materials",
Journal of Environmental Management, 218, pp. 291-299, 2018.
https://doi.org/10.1016/j.jenvman.2018.04.062

Arshad, M., Farooq Ahmed., M. "Potential use of reclaimed asphalt
pavement and recycled concrete aggregate in base/subbase layers
of flexible pavements", Construction and Building Materials, 151,
pp. 83-97, 2017.

https://doi.org/10.1016/j.conbuildmat.2017.06.028

Abed, M., Nemes, R.
Aggregate Self-Compacting High Strength Concrete Utilizing

"Mechanical Properties of Recycled

Waste Fly Ash, Cellular Concrete and Perlite Powders", Periodica
Polytechnica Civil Engineering, 63(1), pp. 266-277, 2019.
https://doi.org/10.3311/PPci.13136

Liu, Y., Zhou, J., Zhao, T., Sun, H., Kang, T., Li, S., Zhao, B.
"Bond Behavior of Recycled-Fiber Recycled Concrete and
Reinforcement", Journal of Materials in Civil Engineering, 35(5),
04023093, 2023.

https://doi.org/10.1061/JMCEE7.MTENG-15027

Zhang, W., Ingham, J. M. "Using Recycled Concrete Aggregates
in New Zealand Ready-Mix Concrete Production”, Journal of
Materials in Civil Engineering, 22(5), pp. 443—-450, 2010.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000044

Ojha, P. N., Singh, P, Singh, B., Singh, A., Ajay, A., Sagar, A.
"Experimental and FEM Analysis for Fracture Performance
Evaluation of Concrete Made with Recycled Construction and
Demolition Waste Aggregates", Periodica Polytechnica Civil
Engineering, 67(1), pp. 65-79, 2023.
https://doi.org/10.3311/PPci.20586

Kim, N., Kim, J. "Effect of Maximum Aggregate Size and Powder
Content on the Properties of Self-compacting Recycled Aggregate
Concrete", Periodica Polytechnica Civil Engineering, 67(4),
pp. 1038-1047, 2023.

https://doi.org/10.3311/PPci.20407

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

Limbachiya, M. C., Leelawat, T., Dhir, R. K. "Use of recycled
concrete aggregate in high-strength concrete", Material and
Structures, 33(9), pp. 574-580, 2000.
https://doi.org/10.1007/BF02480538

Arulrajah, A., Piratheepan, J., Disfani, M. M., Bo, M. W.
"Geotechnical and Geoenvironmental Properties of Recycled
Construction and Demolition Materials in Pavement Subbase
Applications", Journal of Materials in Civil Engineering, 25(8),
pp. 1077-1088, 2013.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000652

Gabr, A., Cameron, D. A. "Properties of Recycled Concrete
Aggregate for Unbound Pavement Construction", Journal of
Materials in Civil Engineering, 24(6), pp. 754-764, 2012.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000447
Soleimanbeigi, A., Edil, T. B. "Compressibility of Recycled
Materials for Use As Highway Embankment Fill", Journal
of Geotechnical and Geoenvironmental Engineering, 141(5),
04015011, 2015.
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001285

Kim, S. H., Ashtiani, R., Vaughan, D., Islets, J. D., Beadles, S.
"Use of Recycled Concrete Materials as Aggregate Base Layer",
In: Airfield and Highway Pavement 2013: Sustainable and
Efficient Pavements, Los Angeles, CA, USA, 2013, pp. 1264—-1277.
ISBN: 9780784413005

https://doi.org/10.1061/9780784413005.107

Aqil, U., Tatsuoka, F., Uchimura, T. "Strength and Deformation
Characteristics of Recycled Concrete Aggregate in Triaxial
Compression", In: Geo-Frontiers Congress 2005, Austin, TX,
USA, 2005, pp. 1-10. ISBN: 9780784407851
https://doi.org/10.1061/40785(164)20

Vieira, C. S., Pereira, P. M. "Use of recycled construction and
demolition materials in geotechnical applications: A review",
Resources, Conservation and Recycling, 103, pp. 192-204, 2015.
https://doi.org/10.1016/j.resconrec.2015.07.023

Ok, B., Sarici, T., Talaslioglu, T., Yildiz, A. "Geotechnical prop-
erties of recycled construction and demolition materials for filling
applications", Transportation Geotechnics, 24, 100380, 2020.
https://doi.org/10.1016/j.trge0.2020.100380

Arulrajah, A., Rahman, M. A., Piratheepan, J., Bo, M. W., Imteaz,
M. A. "Evaluation of Interface Shear Strength Properties of
Geogrid-Reinforced Construction and Demolition Materials Using
a Modified Large-Scale Direct Shear Testing Apparatus", Journal
of Materials in Civil Engineering, 26(5), pp. 974-982, 2014.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000897

Usha Nandhini, K., Jayakumar S., Kothandaraman S. "Studies
of the Mechanical and Structural Properties of Concrete with
Recycled Concrete Aggregates”, In: Proceeding of AEI 2017:
Resilience of the Integrated Building, , Oklahoma City, OK, USA,
2017, pp. 349-367. ISBN: 9780784480502
https://doi.org/10.1061/9780784480502.029

Kalasin, T., Khamchan, C., Aoddej, A. "Effects of Particle Size
and Soil Bed on the Shear Strength of Materials in the Direct
Shear Test", Periodica Polytechnica Civil Engineering, 67(1),
pp. 166176, 2023.

https://doi.org/10.3311/PPci.20416


https://doi.org/10.1061/9780784414811.ch15
https://doi.org/10.3141/2158-17
https://doi.org/10.1016/j.cemconcomp.2011.05.009
https://doi.org/10.1061/9780784482087.026
https://doi.org/10.1016/j.jenvman.2018.04.062
https://doi.org/10.1016/j.conbuildmat.2017.06.028
https://doi.org/10.3311/PPci.13136
https://doi.org/10.1061/JMCEE7.MTENG-15027
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000044
https://doi.org/10.3311/PPci.20586
https://doi.org/10.3311/PPci.20407
https://doi.org/10.1007/BF02480538
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000652
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000447
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001285
https://doi.org/10.1061/9780784413005.107
https://doi.org/10.1061/40785(164)20
https://doi.org/10.1016/j.resconrec.2015.07.023
https://doi.org/10.1016/j.trgeo.2020.100380
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000897
https://doi.org/10.1061/9780784480502.029
https://doi.org/10.3311/PPci.20416

(23]

[24]

[25]

[27]

(28]
[29]

(30]

(31]

(32]

(33]

[34]

Bulko, R., Masarovicova, S., Gago, F. "Determination of the
Basic Geotechnical Parameters of Blast-Furnace Slag from the
Kremnica Region", Materials, 16(17), 5966, 2023.
https://doi.org/10.3390/mal6175966

Bulko, R., Muzik, J., Gwozdz-Lason, M., Juraszek, J., Segalini, A.
"Stability of the Cachtice Underground Corridors", Civil and
Environmental Engineering, 19(1), pp. 339-347, 2023.
https://doi.org/10.2478/cee-2023-0030

Vicek, J., Drusa, M., Gago, F., Mihalik, J. "Analysis of a Large-Scale
Physical Model of Geosynthetic-Reinforced Piled Embankment and
Analytical Design Methods", Buildings, 13(6), 1464, 2023.
https://doi.org/10.3390/buildings13061464

Stacho, J., Sulovska, M. "Numerical Analysis of Soil Improvement
for a Foundation of a Factory Using Stone Columns Made
of Different Types of Coarse-grained Materials", Periodica
Polytechnica Civil Engineering, 63(3), pp. 795-803, 2019.
https://doi.org/10.3311/PPci.13727

Stacho, J., Sulovska, M. "Shear Strength Properties of Coarse-
Grained Soils Determined Using Large-Size Direct Shear Test",
Civil and Environmental Engineering, 18(1), pp. 244257, 2022.
https://doi.org/10.2478/cee-2022-0023

Taylor, D. W. "Fundamentals of Soil Mechanics", Wiley, 1948.
Kharanaghi, M. M., Briaud, J. L. "Large-Scale Direct Shear Test
on Railroad Ballast", In: Geo-Congress 2020, Minneapolis, MN,
USA, 2020, pp. 123—131. ISBN: 9780784482803
https://doi.org/10.1061/9780784482803.014

Estaire, J., Santana, M. "Large Direct Shear Tests Performed with
Fresh Ballast", In: Stark, T. D., Swan, R. H., Szecsy, R. (eds.)
Railroad Ballast Testing and Properties, ASTM International,
2018, pp. 144—161. ISBN: 978-0-8031-7655-3
https://doi.org/10.1520/STP160520170137

Danesh, A., Palassi, M., Mirghasemi, A. A. "Evaluating the Influence
of Ballast Degradation on Its Shear Behaviour", International
Journal of Rail Transportation, 6(3), pp. 145-162, 2018.
https://doi.org/10.1080/23248378.2017.1411212

Papp, W. J., Maher, M. H., Bennert, T. A., Gucunski, N. "Behavior
of construction and demolition debris in base and subbase applica-
tions", Geotechnical Special Publication, 79, pp. 122136, 1998.
Topgu, 1. B., Giingan, N. F. "Using waste concrete as aggregate",
Cement and Concrete Research, 25(7), pp. 1385-1390, 1995.
https://doi.org/10.1016/0008-8846(95)00131-U

Tavakoli, M., Soroushian, P. "Strengths of recycled aggregate
concrete made using field-demolished concrete as aggregate",
ACI Materials Journals, 93(2), pp. 182-190, 1996.
https://doi.org/10.14359/9802

(35]

[36]

(371

(40]

[41]

[42]

[43]

[44]

[45]

Sulovska et al. | 807
Period. Polytech. Civ. Eng., 69(3), pp. 798-807, 2025

Shayan, A., Xu, A. M. "Performance and Properties of Structural
Concrete Made with Recycled Concrete Aggregate", ACI Materials
Journal, 100(5), pp. 371-380, 2003.

https://doi.org/10.14359/12812

Hansen, T. C., Narud. H. "Strength of recycled concrete made from
crushed concrete coarse aggregate", Concrete International, 5(1),
pp. 79-83, 1983.

Natarajan, B. M., Kanavas, Z., Sanger, M., Rudolph, J., Chen, J.,
Edil, T., Ginder-Vogel, M. "Characterization of Recycled Concrete
Aggregate after Eight Years of Field Deployment", Journal of
Materials in Civil Engineering, 31(6), 04019070, 2019.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002708

UNMS SR "STN 72 1001:2010, Classification of soil and rock",
Slovak Office of Standards, Metrology and Testing, Bratislava,
Slovakia, 2010.

Stacho, J., Sulovska, M., Slavik, I. "Determining the Shear
Strength Properties of a Soil-geogrid Interface Using a Large-
scale Direct Shear Test Apparatus”, Periodica Polytechnica Civil
Engineering, 64(4), pp. 989-998, 2020.
https://doi.org/10.3311/PPci.15766

UNMS SR "STN EN ISO 17892-1, Geotechnical investigation
and testing. Laboratory testing of soil. Part 1: Determination of
water content", Slovak Office of Standards, Metrology and Testing,
Bratislava, Slovakia, 2023.

UNMS SR "STN EN ISO 17892-4, Geotechnical investigation and
testing. Laboratory testing of soil. Part 4: Determination of parti-
cle size distribution", Slovak Office of Standards, Metrology and
Testing, Bratislava, Slovakia, 2023.

UNMS SR "STN EN ISO 17892-2, Geotechnical investigation
and testing. Laboratory testing of soil. Part 2: Determination of
bulk density", Slovak Office of Standards, Metrology and Testing,
Bratislava, Slovakia, 2023.

Stacho, J. Stlovska, M. "Determination of the density of stone
columns using in-situ testing", In: SGEM 2017 - 17" International
Multidisciplinary Scientific GeoConference, Sofia, Bulgaria,
2017, pp. 223-230.

UNMS SR "STN EN ISO 17892-10, Geotechnical investigation
and testing. Laboratory testing of soil. Part 10: Direct shear tests",
Slovak Office of Standards, Metrology and Testing, Bratislava,
Slovakia, 2023.

UNMS SR "STN EN ISO 17892-5, Geotechnical investigation
and testing. Laboratory testing of soil. Part 5: Incremental load-
ing oedometer test", Slovak Office of Standards, Metrology and
Testing, Bratislava, Slovakia, 2023.


https://doi.org/10.3390/ma16175966
https://doi.org/10.2478/cee-2023-0030
https://doi.org/10.3390/buildings13061464
https://doi.org/10.3311/PPci.13727
https://doi.org/10.2478/cee-2022-0023
https://doi.org/10.1061/9780784482803.014
https://doi.org/10.1520/STP160520170137
https://doi.org/10.1080/23248378.2017.1411212
https://doi.org/10.1016/0008-8846(95)00131-U
https://doi.org/10.14359/9802
https://doi.org/10.14359/12812
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002708
https://doi.org/10.3311/PPci.15766

	1 Introduction
	2 The literature background for the study presented
	3 Material samples preparation
	4 Testing methodology
	5 Results of laboratory testing
	5.1 Index properties
	5.2 Shear strength properties
	5.3 Deformation properties

	6 Discussion
	7 Conclusions
	References

