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Abstract

Environmental sustainability, essential for the long-term preservation of the planet
and sustainable development, has driven the exploration of alternative materials to
reduce the consumption of natural resources in civil engineering. To alleviate the
dependence on natural quarry resources and address waste disposal challenges, vari-
ous waste materials have been repurposed through reintegration into production pro-
cesses, as outlined in the “end of waste” framework. This approach has enabled the
use of recycled materials in infrastructure projects, particularly in road construction,
by incorporating waste from construction and demolition (C&D) activities. This
study investigates seven groups of recycled aggregates derived from crushing con-
crete railway sleepers manufactured in different years, assessing their potential for
use in unbound subbase and base layers. The aggregates, with a particle size dis-
tribution of 0/31.5 mm, were analyzed according to the UNI 11531-1 standard and
its related regulations to determine their geometric and mechanical suitability and
identify any required adjustments for performance optimization.
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1 Introduction

The utilization of construction and demolition waste is a key strategy in promoting
sustainability by addressing current needs while safeguarding future resources, as
initially outlined in the Brundtland Report (Bermejo 2014). Over time, the scope
of sustainability has broadened, incorporating environmental, social, and legal con-
cerns, thereby recommending a harmonious balance between ecological preserva-
tion, economic growth, and social equity. The 1972 Stockholm Declaration (Reineke
2024) emphasized the importance of environmental protection and poverty allevia-
tion, setting the foundation for future global initiatives. This was further developed
during the 1992 Rio Conference (Toku¢ 2013), which connected environmental
management with socio-economic progress (Liang and Zhong 2023). More recently,
the European Green Deal (Wolf et al. 2021) outlined climate-neutrality goals for
2050, further reinforcing the need for sustainable practices across sectors (Skjerseth
2021). Similarly, the Kyoto Protocol (Cary and Stephens 2024) and special waste
management (Bandh et al. 2024) stress the importance of material reuse in reduc-
ing resource consumption and mitigating environmental impact (Wan et al. 2019).
Special waste refers to materials that, due to their specific characteristics—such as
toxicity, infectivity, corrosiveness, reactivity, or flammability—require specialized
handling and treatment compared to ordinary waste (Qian et al. 2022). A significant
portion of special waste (Drochytka et al. 2020) arises from civil engineering pro-
jects (Islam et al. 2024). According to Carcel-Carrasco et al. (2021), approximately
half of the special waste produced in Italy consists of materials from construction,
demolition, maintenance, and renovation activities (C&D waste) (Alsheyab 2022).
These materials include concrete, bricks, tiles, timber, metals, plastics, glass, and
excavated soils, all of which are generally subject to special waste classification
(Rybak-Niedzidtka et al. 2023). Current regulations govern waste management
to protect the environment and human health (Khanna et al. 2022). These regula-
tions set criteria for collecting, transporting, treating, and disposing of special waste
(Hirpe and Yeom 2021). The process by which a waste material ceases to be waste
is known as the “end of waste” (Zorpas 2016). Through recovery techniques, the
performance of waste material is restored to a level comparable to that of natural
materials, enabling recycling (Themelis 2023). A waste aggregate ceases to be waste
when the regenerated material meets the necessary environmental and performance
standards, allowing it to be reintroduced into the market for specific applications
(Shah et al. 2024). These standards include environmental criteria outlined in the
European Waste Directive 2008/98/EC (EU 2008) (Backes 2020).

Recent studies have focused on the mechanical properties of recycled aggre-
gates, highlighting the potential benefits and limitations (Chen et al. 2024). The
recovery and reuse of non-hazardous inorganic waste are consistent with the prin-
ciples of the circular economy, which is central to achieving long-term sustain-
ability goals (Keskin et al. 2024). Regulatory frameworks support the use of recy-
cled aggregates (Reis et al. 2021), promoting the reintegration of waste materials
into production cycles (Almusaed et al. 2024), under the criteria for waste declas-
sification and environmental compliance (Jodo et al. 2023).
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Research on the application of recycled aggregates in unbound layers has identi-
fied several performance limitations (Bessa et al. 2016), particularly regarding their
resistance to abrasion and degradation (Akbas et al. 2021), necessitating the incor-
poration of supplementary aggregates to enhance their properties (Li et al. 2024).
Xiao et al. (2006) explored the relationships between various mechanical properties
of recycled concrete aggregate (RCA), identifying that recycled aggregates signifi-
cantly affect compressive strength, density, splitting tensile strength, and elasticity.
They emphasized the need for appropriate mix designs and processing to achieve
optimal performance in structural applications. Solanki and Dasha (2016) further
highlighted how recycled materials such as shredded scrap tires (SST) and reclaimed
asphalt pavement (RAP) influence the mechanical properties of concrete, noting that
RAP can improve compressive strength, while SST typically leads to a reduction in
strength due to poor bonding with the cement matrix. These findings underscore the
complexities involved in using recycled aggregates, particularly when integrating
them into base layers for infrastructure applications.

Pham et al. (2024) investigate the mechanical, hydraulic, and particle breakage
properties of recycled concrete aggregates (RCA) blended with autoclaved aerated
concrete (AAC) grains, specifically for their use in unbound road base and subbase
layers. The results suggest that the optimal mixing proportion of AAC to RCA for
roadbed materials should not exceed 30%, as this proportion maintains a good bal-
ance between bearing capacity (CBR), compaction characteristics, and hydraulic
conductivity, which are essential for road construction. Suharwanto et al. (2021)
explored the performance of recycled concrete made from railway sleepers, find-
ing that while the compressive strength of recycled concrete was lower than that of
normal concrete (ranging from 1 to 17% lower), it remains a viable alternative for
base layer applications. Thai et al. (2022) explore the compaction and CBR prop-
erties of recycled concrete aggregates for unbound road base and subbase layers,
focusing on the effects of maximum particle size, fines content, and moisture condi-
tions, and confirming the role of water content and compaction energy for optimal
performance. Omary et al. (2016) studied the physical and mechanical properties
of recycled concrete aggregates, noting that the freeze—thaw resistance of RCA is
lower than that of natural aggregates, but the degradation observed was not signifi-
cant enough to preclude their use. Pitso et al. (2024) confirmed that RCA technical
properties are comparable to natural aggregates, and recycling C&D can mitigate
the environmental cost due to material disposal. However, further research is neces-
sary for high-strength concrete mixtures to be used in base courses.

Despite the general recommendation for their use, certain technical challenges
remain. Rakshvir and Barai (2006) reviewed the performance of recycled concrete
aggregates, noting that the compressive strength of concrete decreased by up to 10%
as the percentage of recycled concrete aggregates increased. They also observed that
the water absorption of recycled aggregates is greater than that of natural aggregates,
which needs to be compensated for during the mix design. Alimohammadi et al.
(2021) reviewed the performance of flexible pavements reinforced with geosynthet-
ics based on full-scale field studies. They focused on the behavior of pavements
under real-world conditions, assessing their structural performance, durability, and
effectiveness in improving pavement performance through reinforcement, including
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using recycled aggregates. Oyeyi et al. (2023) evaluated their resistance to load
cycles, and Li et al. (2017) examined the performance of subbase layers by varying
traffic. Pogrebnjak et al. (2018) demonstrated the feasibility of constructing subbase
layers with recycled aggregates, including physical and mechanical properties of
these layers. Key factors, such as the bearing capacity, particle size distribution, and
optimal moisture content, were closely examined to ensure adequate structural per-
formance (Kafle et al. 2024). When appropriately graded and compacted, recycled
aggregates have exhibited favorable performance in subbase applications (Zhang
et al. 2020). For instance, Bennert et al. (2000) demonstrated that C&D aggregates
delivered satisfactory outcomes for base and subbase layers. These materials exhib-
ited high resilient modulus values and low rutting under traffic loads, outperforming
conventional materials like reclaimed asphalt pavement. Zhang et al. (2019) found
low moisture sensitivity in recycled aggregates, further supporting their suitability
for structural applications. Furthermore, studies have shown that recycled concrete
aggregate can be used in base layers, displaying significant resistance to abrasion
and elevated resilient modules (McNeil and Kang 2013). These collective findings
have contributed to develop predictive models, allowing for performance forecasting
based on the aggregate gradation (Cakiroglu and Bekdag 2023). The results suggest
that unbound layers composed of recycled C&D aggregates are practical and effec-
tive. However, aggregate constituents, gradation, and resulting mechanical proper-
ties require attention to use these materials in road construction. Within this context,
this study focuses on the performance of recycled aggregates in unbound subbase
and base layer construction.

In the specific context of railway infrastructure, where approximately 1000 km
of track is renewed annually in Italy, over 650,000 pre-stressed concrete railway
sleepers with compressive strength values (Ry) exceeding 55 MPa are discarded,
often classified as non-hazardous special waste (MATTM 2006). This study aims
to explore the potential of using recycled aggregates derived from these sleepers
for applications in embankments, subbases, and road base layers. Unlike previous
studies that mainly focus on recycled aggregates from demolition or other sources,
the aggregates used here are derived from concrete sleepers, a specific material
with excellent resistance and durability properties. The goal is to design a mix that
ensures the required stability and load-bearing capacity, while also complying with
both Italian and European standards for geometric and mechanical suitability.

2 Materials and Methods

In this study, the analyzed materials consist of recycled aggregates obtained from
the crushing of concrete railway sleepers, with a particle size distribution ranging
from O to 31.5 mm. The crushing process involved double jaw crushing to achieve
the desired aggregate size. The investigated aggregates belong to seven groups, A to
G, each representing a different production period of the railway sleepers (Table 1).
The concrete used for manufacturing these sleepers adhered to the standards and
requirements during their respective production years, including specific guidelines
for cement, water, aggregates, and additives. Specifically, the aggregates in groups F
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Table 1 Investigated aggregate groups
o Group 0A oB oC oD oE oF oG

o Production period 01987 01999 02000 02009 02017-2018 02019-2022 02024

and G comply with the technical specifications outlined by Rete Ferroviaria Italiana
(RFI 2017).

This study aims to characterize the geometric and mechanical properties of
concrete recycled aggregates according to UNI 11531-1 (UNI 2024), which pro-
vides criteria for using unbound aggregate mixtures based on EN ISO 14688 (EN
ISO 2018), EN 13242 (EN 2008), and EN 13285 (EN 2018). EN 13285 and EN
13242 deal with unbound mixtures of natural, artificial, and recycled aggregates for
building and maintaining roads, airports, and other trafficked areas. UNI 115311
lays down the requirements for resistance to fragmentation (EN 2020), resistance
to wear (EN 2024), and resistance to freezing and thawing (EN 2007). The study
also includes an assessment of compaction using the modified Proctor compaction
method (EN 2010) and load-bearing capacity compliant with the California Bearing
Ratio (CBR) test (EN 2022).

Overall, the regulatory framework requires the verification of geometric and
physical requirements for unbound subbase and base layers (Table 2).

The sampling and preparation of tested materials were compliant with UNI EN
932-1 (EN 1998), UNI EN 932-2 (EN 2000), and UNI EN 932-5 (EN 2001). Parti-
cle size distribution according to UNI EN 933-1 (EN 2012a) was analyzed by com-
paring the results with a grading category (EN 2012b). Geometric tests included the
Flakiness Index (FI) (EN 2012c), the ratio of crushed and rounded particles (Cy;y),
fines quality (SEy), and the constituents of coarse aggregates (Rcugy, Rgy, Ray,
FLy, Xx) (EN 2009). The proportions of the materials in coarse recycled aggre-
gate comply with EN 933—11, which includes concrete, concrete products, mortar,
and concrete masonry units (Rcug>90%); glass (Rg<5%); bituminous material
(Ra<5%); floating materials such as paper, wood, polystyrene, food residues, and
textile fibers (FL<5%); and non-floating materials like vegetation, metals, non-
floating wood, plastic, rubber, gypsum, plasterboard, and other non-lithoid materials
(X<1%) (EN 2023).

Mechanically, the resistance to fragmentation of the subbase and base layers mate-
rials was evaluated using the Los Angeles (LA) test, which combines impact and
abrasion actions, simulating the effects of traffic on aggregate particles. The study
evaluated the resistance loss after freeze—thaw cycles (AS; ,) to measure the aggre-
gate durability under temperature variations and water exposure. Water can infiltrate
aggregates through surface porosity, and upon freezing, it expands within the pore
structure, creating internal stresses (Zhang et al. 2021). Repeated freeze—thaw cycles
result in progressive degradation of the aggregate (Lei et al. 2018).

For the base layer, it is additionally required to specify the percentage of crushed/
rounded particles, with crushed particles needing to account for at least 90%, while
rounded particles must be less than or equal to 3%, classified as Cyy ;3. Since the
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investigated material derives from a crushing process, it does not contain rounded
particles. The rough fracture surfaces and sharp edges ensure the potential for high
compaction and increased stiffness. Moreover, the micro-Deval test is intended to
assess the wear resistance of the aggregates and is required only for the base layer.
The micro-Deval coefficient (Mpg) (EN 2024) should be below 20%. This test meas-
ures the wear of the material on faces and edges due to dynamic loads acting on
the layer; significant abrasion of the aggregates can lead to a reduction in interlock-
ing between the constituent elements and a decrease in stability (Khaleghi Esfahani
et al. 2019).

Finally, the maximum dry density was determined using the modified Proctor
method, followed by the CBR test (EN 2022). The CBR test highlights how mois-
ture content and compaction state affect the mechanical behavior of the mixtures.
Specimens underwent 4 days of soaking for standard CBR index evaluation, includ-
ing potential swelling assessment.

Each test result was compared against the regulatory limit values for each layer
(Table 2), enabling an evaluation of the suitability of these recycled aggregates for
road pavement applications.

3 Results

For each group of recycled aggregates, various particle size analyses were per-
formed to assess production consistency, verify correct sampling at the plant, and
ensure compliance with the grading envelope specified by the standards for subbase
and base layers (Fig. 1).

The investigated mixtures predominantly comprised coarse aggregates. Although
the grain size distributions of the groups were not identical, each required adjust-
ments to the finer fractions. Despite the unbound layer’s need to ensure adequate
drainage of rainwater, which typically classifies the underlying gradations as perme-
able (Tota-Maharaj et al. 2024), grain size adjustments were necessary to enhance
the bearing capacity and durability of the layers.

A qualitative lithological analysis revealed that groups A to E contained aggre-
gates such as limestone and dolomitic limestone, and groups F and G consisted of
basalt in the 8—40-mm fraction and limestone in the 0—10-mm fraction.

The Flakiness Index (FI) was determined by analyzing the coarse fraction
(=4 mm) to assess the prevalence of cubical or spheroidal aggregate shapes (Fig. 2).
The standard requires FI<35% for both unbound layers and all mixtures met such
criterion (Table 3).

The sand equivalent (SE) test quantifies the level of contaminants that cause plas-
ticity of the 0/2-mm fraction in the mixture. The results confirmed that each group
was free of contaminants (Table 4), meeting the requirements for both subbase
(SE>30%) and base layers (SE >50%). Figure 3 shows a SE test setup.

The values in Table 4 align with the Atterberg limits. Indeed, it was not possible
to determine the liquid limit of all the examined materials, which are non-plastic.
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Fig. 1 Sieve grading curves and particle size envelope for the subbase and base layer

Fig. 2 Flakiness test

Table 3 Flakiness Index results Group A B c D E F G

FI 20% 16% 18% 16% 20% 10% 3%
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Table 4 Sand equivalent results Growp A B c D E F G

SE 82% 8% 8% 91% 19%  92%  81%

Fig.3 Contaminants in the aggregate mixtures

Table5 Los Angeles results Growp A B C D E F G

LA 28%  30% 29% 29% 29% @ 20% 16%

Fig.4 Post LA test aggregates

For all groups, the R, content exceeded 99%. No glass or bituminous ele-
ments have been found. However, floating and non-lithoid materials were within
the prescribed regulatory limits (FL =0.8 cm’/kg, X=0.11%). Contaminants like
steel nuts and plastic parts were in the mixtures (Fig. 3).

Table 5 shows the results of the LA test (Fig. 4).

@ Springer
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Table 6 Freeze—thaw resistance

Group A B C D E F G
results

AS,,  30% 3% 2% 21%  35% 6%  19%

Table 7 Micro-Deval results Group A B C D E F G

My 1% 13% 14% 13% 16% 15%  13%

The LA coefficients of groups F and G were lower than those of the other mix-
tures, likely due to the influence of basalt content. Overall, the mechanical behav-
ior depends on the crushed concrete resistance. Factors such as pores in individ-
ual elements—caused by poor vibration during manufacturing—and the adhesion
between grains and the cement paste are crucial. Furthermore, the strength of the
mineral aggregates can vary based on their formation process, degree of fracturing,
and inherent porosity, all of which affect the locations and characteristics of fracture
points and surfaces (Han et al. 2019). Post-test examination revealed that the pri-
mary fragmentation occurred within the cement paste.

The freeze—thaw resistance test (AS; ,) was conducted to evaluate the durabil-
ity of the aggregates under temperature variations and water exposure. The stand-
ard specifies a AS} , coefficient <30% for both layers. Mixture E did not meet this
requirement, while the other groups showed a wide range of results, from 2% (i.e., C
group) to the upper limit of acceptability (i.e., A group) (Table 6).

Table 7 lists the micro-Deval results.

Figure 5 a and b allow a before/after comparison between crushed and abraded
aggregates, respectively.

Figure 5 illustrates that the grains appear highly abraded, although the material
loss was within the required limits. Group A exhibited the highest wear resistance
(i-e., 11%) compared to the other mixtures. Groups B, C, D, and G displayed similar
behavior (i.e., Mpg ranges between 13 and 14%), while E and F were the least resist-
ant (Table 7). Examination of the grains revealed that wear had led to the removal
of the cement mortar, leaving some aggregates exposed. The tangential actions
between the aggregates and the abrasive elements resulted in erosion of the surface
asperities, causing overall rounding.

The study of the load-bearing capacity and maximum dry density (yg max)
involved at least five specimens from each group by varying water contents to iden-
tify the optimum compaction one (w,,). Figure 6 a to g show the CBR curves (red
lines) and y4 curves (blue lines) for groups A to G, respectively. Figure 6h compares
the y4 curves and the zero air void line (i.e., the saturation curve) obtained from the
average specific gravity (y,) of the aggregates (i.e., 2.718 g/cm®).

Each pair of curves in Fig. 6 a to g is consistent because the water content at
which the maximum y,4 value is achieved is close to that at which the maximum
CBR value is identified. The compaction curves reflect the sieve curves and the
lithological properties of the groups. Group G (with basaltic aggregate and a
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Fig.5 Micro-Deval specimens. a Before the micro-Deval test; b after the micro-Deval test

grain size distribution within the acceptance limits in Fig. 2) showed the highest
CBR curve (Fig. 6g and Table 8).

Although aggregates not sensitive to water typically do not show bearing
capacity losses with varying water content, a noticeable difference was observed
between the optimal CBR and the other values. The analysis of the CBR curves
indicates that all mixtures are generally more susceptible to water variations
on the right side of the y, ,,,, curve compared to the dry condition on the left.
The maximum CBR occurs under optimal conditions for each mixture, except
for group D, where it was recorded nearby (CBR=61% at a water content of
5.8%, which is 0.4% higher than w,,,). Generally, the maximum bearing capacity
occurs at compaction water contents slightly lower than the optimum, indicating
better interlocking at lower water contents (Kuttah 2019). When evaluating the
results against the standard requirements (UNI 2024):

— For the subbase layer, the CBR after 4 days of soaking on specimens com-
pacted at+2% of the optimum water content to 94% of the maximum dry
density at modified Proctor energy must be > 50%

— For the base layer, the CBR after 4 days of soaking on specimens compacted
at+2% of the optimum water content to 99% of the maximum dry density at
modified Proctor energy must be > 100%

According to Table 8, A and E groups failed to meet the subbase require-
ments (CBR <50%), and only G meets the requirements for both layers.
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4 Conclusions
This study provides a comprehensive evaluation of recycled aggregates obtained

from concrete railway sleepers, manufactured in various years, for their potential
use in unbound subbase and base layers. The sleepers, produced between 1987
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Table 8 Compaction test results

A Water Content [%] 4.0 5.0 6.0 8.0 10.0
Dry Density [Mg/m?3] 1.62 1.65 1.66 1.57 1.53
CBR 25.83 41.15 37.18 35.98 40
B Water Content [%] 39 4.9 5.5 6.1 6.5
Dry Density [Mg/m?3] 1.74 1.79 1.75 1.74 1.73
CBR 40.64 57.82 51.89 44.12 36.54
C Water Content [%] 3.7 4.6 5.4 6.3 8
Dry Density [Mg/m?3] 1.71 1.78 1.7 1.71 1.58
CBR 35.76 73.15 58.93 40.53 34.57
D Water Content [%] 4.2 49 5.4 5.8 6.6
Dry Density [Mg/m3] 1.71 1.72 1.76 1.76 1.72
CBR 28.33 47.38 57.34 60.42 47.82
E Water Content [%] 4 5.6 7.9 10 12
Dry Density [Mg/m3] 1.67 1.68 1.61 1.56 1.55
CBR 33.28 424 36.41 32.44 15.78
F Water Content [%] 3.2 4 4.5 4.9 6 7.2
Dry Density [Mg/m3] 1.69 1.75 1.71 1.66 1.65 1.64
CBR 31.78 78.25 60.24 45.69 25.38 23.71
G Water Content [%] 4.3 6 7.8 9.7 11.05
Dry Density [Mg/m?3] 1.84 1.86 1.87 1.88 1.85
CBR 75 77 98 116 99

and 2024, were categorized into seven groups (A to G), each with distinct mate-
rial compositions based on their production period. Groups A to E contain lime-
stone and dolomitic limestone, while Groups F and G incorporate basalt. The
concrete analyzed in this paper has demonstrated high resistance, with results
complying with mandatory technical regulations, thus ensuring its suitability for
use in critical infrastructure projects such as road construction. This study intro-
duces a detailed analysis of the aggregate’s particle size distribution, geometric,
and mechanical properties, offering valuable insights for optimizing the perfor-
mance of recycled aggregates in base and subbase layers applications according
to UNI 11531-1.

Geometrically, the aggregates demonstrated favorable interlocking characteristics
and compliance with regulatory standards, with flakiness and sand equivalent values
indicating a non-plastic, clean aggregate mix (i.e., SE ranges between 79 and 92%).
Mechanically, the aggregates performed satisfactorily under several critical tests.
The Los Angeles test revealed acceptable fragmentation resistance (i.e., LA ranges
between 16 and 30%), while the freeze—thaw durability was within permissible lim-
its for most groups, except for Group E (i.e., 35%). The micro-Deval results also
showed adequate abrasion resistance (i.e., Mpg between 11 and 16%), with Group A
exhibiting the highest resistance to abrasion. The constituent analysis confirms com-
pliance with the stability requirements, showing acceptable levels of lithoid, bitumi-
nous, glass, and floating elements.
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The bearing capacity and compaction characteristics with the modified Proctor
compaction varied among the groups, with Group G exhibiting the best perfor-
mance in terms of load-bearing capacity and water sensitivity. Compared with
saturation curves, the results show that the specimens achieve a compaction
level less than the maximum allowable. However, Groups A and E did not meet
the CBR requirements for subbase layers, and only Group G met the stringent
requirements for both base and subbase layers.

Although the recycled aggregates generally meet the criteria for subbase appli-
cations, further refinement in the crushing process and aggregate grading is nec-
essary to improve their suitability for base layers. The presence of fine particles,
in particular, calls for adjustments in grading to optimize the material’s mechani-
cal performance. It is crucial to consider the fragmentation of the cement paste
observed during testing, which may be linked to the variations in moisture con-
tent. This suggests the need to estimate a higher water content to ensure adequate
mixing, assuming that the free cement particles will absorb some water. Addi-
tionally, the sensitivity to moisture observed in the CBR tests suggests that care-
ful attention should be paid to water management in field applications.

Regarding the variability and reproducibility of results, it should be empha-
sized that the minor differences observed between the groups do not undermine
the overall potential of the recycled aggregates. The results have shown consist-
ent mechanical and geometric properties that meet the requirements for subbase
applications. The slight variations between the different production periods are
within acceptable limits, and the aggregates consistently meet the performance
standards for road construction. These findings demonstrate that the recycled
aggregates are a reliable material source for subbase and base layers, with poten-
tial for further optimization through adjustments in the production and processing
techniques.

In conclusion, while the studied recycled aggregates show promise for use in
road construction, especially for subbase layers, further research is required to
optimize their use, particularly for base layers. Exploring alternative processing
techniques and conducting long-term performance studies under real-world con-
ditions will be essential to expand the use of these recycled materials, contribut-
ing to a more sustainable construction practice and reducing the consumption of
virgin materials.
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