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This study investigates the application of recycled concrete fines (RCF) as a mineral modifier and
hydrated lime as a traditional stabiliser of clayey soils used in road foundations. The incorporation of
RCF was shown to reduce soil plasticity and improve the compactability of loam due to the skeletal effect
of inert crystalline particles. Compressive strength tests confirmed the enhanced strength of the modified
mixtures. The addition of lime promoted the formation of hydraulic products, providing further gains in
soil strength and stability. A clear synergy was identified between the mechanical action of RCF and the
chemical stabilisation by lime, which improves the reliability and long-term performance of clayey soils.
The findings highlight the feasibility of this combined approach in road construction, consistent with the
principles of the circular economy.
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Introduction

The stability of the physico-mechanical properties of soil is a key parameter in the design of road
foundations. The structural reliability of the subgrade and the road base directly depends on the soil’s ability
to withstand loads from traffic and the overlying pavement layers. The higher the soil bearing capacity, the
greater the loads that the road structure can sustain without excessive deformation or failure.

In Ukraine, the volumes of construction and demolition waste have been increasing rapidly due to
the ongoing war, creating a significant environmental burden. The accumulation of such materials not only
occupies vast areas of land but also poses risks to the environment and public health. In this context,
recycling and reuse acquire particular importance. One promising approach is the utilisation of recycled
concrete fines (RCF) for the modification and stabilisation of clayey soils in road construction, which makes
it possible to address both environmental and engineering challenges simultaneously (Circular Concrete,
S3RoU).

Plastic clay soil represents one of the major challenges in road construction. Their high content of
fine particles and large specific surface area result in excessive water absorption, as well as a pronounced
tendency to swell and shrink (Estabragh, A. R., 2013; Dang, L. C., 2016). Without stabilisation, such soils
are characterised by low bearing capacity, uneven deformation, and significant volumetric changes under
the influence of moisture (Soltani, A., 2019; Seco, A., 2011). These behaviours lead to cracking, rutting,
reduced service life of the pavement structure, and increased maintenance and rehabilitation costs.
Therefore, the stabilisation of plastic soils is a prerequisite for ensuring the reliability of road foundations
(Rahmat, M. N., 2011).

Recycled construction and demolition waste—particularly fine fractions of concrete, brick, and
mortar — has demonstrated high effectiveness in improving weak, highly compressible soils (Sosahab, J. S.,
2023; Kerni, V., 2015). When applied with rational grading and dosage, such materials reduce plasticity and
swelling, increase unconfined compressive strength (UCS), California Bearing Ratio (CBR), and
deformation moduli, and improve compaction characteristics.
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For clayey soils, the effectiveness of stabilisation largely depends on the type and content of clay
minerals. A properly selected ratio of recycled concrete waste to soil reduces volumetric deformations
(shrinkage/swelling) and accelerates the long-term consolidation of clayey soils. In foundation
reinforcement tasks, recycled concrete waste can function both as a material for rigid inclusions and as a
component of combined stabilisation together with fly ash, lime, or Portland cement (Tavala, A. N., 2025;
Alam, M. H., 2024). Particularly valuable are fine recycled concrete fractions (RCF), which act as a mineral
modifier for the granulometric adjustment of plastic soils. Their use simultaneously reduces waste volumes
and the consumption of primary resources.

According to the available literature, recycled concrete fines (RCF) can effectively act as a mineral
modifier of clayey soils, improving their structure even without the use of binding agents. It has been shown
that incorporating recycled concrete debris into clayey mixtures for road foundations (Ouslimane et al.,
2025) enhances compactability, reduces swelling, and improves mechanical performance. The use of
limestone dust and fine RCF as stabilisers for clay in amounts of 520 % contributes to increased bearing
capacity (UCS), reduced linear shrinkage, and lower swelling index (Leon, L., 2024; Sosahab, J. S. &
Ardakani, A., 2025; Yan, S., 2023; Amakye, S. Y., 2022). Mixing clay with fine recycled aggregates
derived from concrete, brick, and mortar decreases consolidation properties while increasing the stiffness of
the foundation — an effect often described as “structural improvement through a rigid aggregate skeleton”
(Islam, S., 2022; Nasiri, A., 2024; Lu, X., 2023). Several studies (Raini et al., 2023; Beygi, L., 2024;
Solodkyy, S. J., 2019) emphasise that RCF may function as a minimal modifier without the need for large
amounts of binders. Conversely, other authors (Pauzi et al., 2024; Ouslimane, N., 2023) note that the
addition of recycled concrete aggregate to the road base at moderate dosages (=10-15 %) improves the
California Bearing Ratio and soil structure, whereas excessive recycled concrete aggregate content may
reduce the beneficial effect.

Materials and methods

Loam was selected as the clayey soil for this study. According to ISO 17892-12:2018, the tested loam
is characterised by the following Atterberg limits: liquid limit LL = 38 %, plastic limit PL =21 %, and
plasticity index P/ = 17 %. The particle density of the loam was determined as ps = 2.72 g/cm®. The grain-
size distribution of the loam was assessed in accordance with ISO 17892-4:2023 (Table 1).

Table 1
Particle size distribution of loam

Name of parameter Sieve analysis Sedimentation analysis
Sieve opening, mm | 2 1 0.5 | 0.25 0.1 0.08 | 0.071 | 0.063 | 0.063—0.002 <0.002
Fraction content, - - - - 3.52 16.63 | 2.92 7.57 47.14 22.22
A%

Total content of sand silt clay
particles 30.64 47.14 22.22

To enhance the structure-forming process and to meet the required physico-mechanical properties of
clayey soils that will subsequently be stabilised with binders, it is necessary to employ mineral additives to
optimise the grain-size distribution. Recycled concrete fines are the finest mineral fraction produced during
industrial crushing and dry screening of concrete debris from demolished buildings using specialised
equipment for processing construction and demolition waste. An important characteristic of RCF is its
grain-size distribution and mineralogical composition (Fig. 1 and Fig. 2).

According to XRD analysis, the dominant phases are inert, highly stable crystalline minerals: quartz
(~70-75 %), feldspars (albite / orthoclase, ~10-12 %), a minor amount of calcite (~4 %), and traces of
biotite / rutile. This indicates low chemical reactivity; the material functions primarily as a mineral filler,
reducing the plasticity of clayey soils. The grain-size distribution of RCF is characterised by a
predominance of very fine sand fractions. Consequently, such fines are expected to contribute to the
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adjustment of soil grading, improve blending with mineral binders, and enhance soil compaction. Based on
the modified Proctor test, RCF is characterised by an optimum moisture content (OMC) of 6.8 % and a
maximum dry density (MDD) of 1.53 g/cm?, values typical of sandy inert materials with a porous structure.
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Fig. 1. Particle size distribution of recycled Fig. 2. XRD Pattern and Quantitative Phase Composition
concrete fines of Recycled Concrete Fines

Loam and RCF were mixed in an air-dry state, and the component composition of the mixture was
calculated taking material humidity into account. Compaction parameters were determined using a modified
Proctor test (EN 13286-2:2010). Test specimens were formed in accordance with EN 13286-53, Unbound
and hydraulically bound mixtures. Part 53: Methods for the manufacture of test specimens of hydraulically
bound mixtures using axial compression.

Results and Discussion

To evaluate the beneficial effect of mineral additives on the physico-mechanical parameters of plastic
soil, the following mixtures were prepared (Table 2). The component proportioning of the mixtures was
carried out on a dry mass basis.

Table 2

Component composition of loam modified with recycled concrete fines

Composition of modified loam, % Acronym
Natural loam Recycled concrete fines (RCF)

100 - NL

90 10 ML10
85 15 ML15
80 20 ML20
75 25 ML25
70 30 ML30

Each composition of the modified loam was tested for changes in the Atterberg limits and plasticity
index (Fig. 3). A reduction in LL, PL, and PI was confirmed for loam with the addition of 10-30 % recycled
concrete fines (RCF). The decrease in soil plasticity with increasing RCF content can be explained by the
higher proportion of fine sand particles in the overall soil matrix.

The slight increase in PL can be attributed to the skeletal effect: fine inert RCF particles densify the
loam structure and reduce its void ratio. To reach the plastic state, the soil requires a somewhat higher
moisture content, which explains the rise in PL. As part of the clay fraction is replaced by inert RCF grains,
the overall demand for adsorbed water per unit mass of soil decreases. However, to achieve interparticle
sliding, the soil framework still needs to be “wetted”, which may manifest as a relative increase in PL.
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Fig. 3. Effect of RCF Addition on Atterberg Limits of Loam

In natural loam, it is the clay particles with high specific surface area that predominantly determine
the liquid limit (LL). With the introduction of RCF, this fraction decreases, and less water is required for the
soil to reach the liquid state. Inert RCF grains densify the soil framework and restrict the mobility of clay
platelets in water. This also lowers the moisture level at which flow behaviour is observed. At the same
time, the plasticity index (PI) decreases significantly — from 17 % in natural loam to about 9 % with 30 %
RCF - indicating reduced plasticity and a more stable behaviour of the modified soil.

The observed reduction in plasticity indices is accompanied by changes in compaction parameters.
For each mixture (natural loam, NL, and modified blends containing 10-30 % RCF), a modified Proctor test
was performed to determine the optimum moisture content (OMC) and maximum dry density (MDD). The
obtained compaction characteristics demonstrate the influence of RCF addition on the position of the
optimum moisture content and on the compaction behaviour when compared with natural loam.
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Fig. 4. Results of the Modified Proctor Test

Laboratory tests using the modified Proctor method (Fig. 4) showed that the OMC gradually
decreased from 15.8 % to 13.7 %, since a higher content of inert RCF requires less water for compaction.
The MDD increased up to ML20 (1.92 g/cm®) and then slightly declined at ML30 (1.85 g/cm?®). Thus, an
“optimum” is observed at 20% RCF, where the grain-size distribution becomes balanced (packing effect),
void ratio is minimised, and density reaches its maximum. At higher dosages (25-30 %), the fine RCF
particles generate an excess of dust-sized fractions, which impairs compaction.
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After determining the compaction parameters using the modified Proctor test, the next step was the
preparation of cylindrical specimens for subsequent strength testing. Samples with a diameter of 5 cm and a
height of 5 cm were produced by axial pressing under a load of 15 MPa, in accordance with EN 13286-53.
The specimens were formed at the optimum moisture content for each mixture, ensuring the achievement of
maximum dry density.

The established compaction trends are in good agreement with the results of unconfined compressive
strength (UCS) tests. Like the Proctor curves, where optimum MDD values were observed at 20 % RCF, the
ML20 mixture also exhibited the highest UCS (=2.0 MPa). The increase in UCS up to 20 % RCF can be
attributed to framework densification and maximum reduction of porosity, whereas further additions of RCF
beyond the optimum lead to a gradual decrease in strength (Fig. 5).
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Fig. 5. Unconfined Compressive Strength of Loam Soil Modified with RCF

The results obtained demonstrated that the incorporation of RCF into loam affects soil structure and
compactability, forming a denser and more stable framework. However, for the practical implementation of
this approach in road construction, it is important to assess not only the modification effect but also the
subsequent impact on stabilisation with lime, cement, or other conventional binder systems. To evaluate the
effectiveness of stabilisation, 10 % hydrated lime was used, and the mixture compositions are presented in
Fig. 6.
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Fig. 6. Composition of soil mixtures with hydrated lime

In accordance with EN 13286-53, specimen compaction was carried out based on the results of the
modified Proctor test. For quality control, the degree of compaction (DoC) was used, calculated as the ratio
of the actual dry density of the specimen to the maximum dry density obtained from the Proctor test. All



Recycled concrete fines as a component of combined stabilisation of clayey soils for sustainable road construction 21

prepared cylinders achieved a degree of compaction (DoC) of not less than 0.95, in compliance with the
standard requirements and ensuring the reproducibility of the results (Table 3).

Table 3
Compaction characteristics and degree of compaction according to EN 13286-53
Composition Optimum Maximum Dry Dry density of Degree of compaction, K
of soil Moisture Content, Density, MDD, sample, pd, g/cm? K = pdsampie/ PAprocior
OMC, % pd, g/cm?
NL 16.4 1.81 1.81 100
NL HL10 17.5 1.88 1.86 0.99
ML20 15.0 1.92 1.92 100
ML20 HL10 16.1 1.96 1.93 0.98

Note: the degree of compaction is within the normative range (>95 %) required by EN 13286-53

The prepared cylindrical specimens were cured for 7, 14, and 28 days under controlled laboratory
conditions at a temperature of (20£2) °C and relative humidity above 95 %, without direct contact with
water. The interaction of calcium hydroxide with the reactive groups of clay minerals in the loam —
specifically aluminum and silicon oxides—Ileads to the formation of hydraulic products, in particular
calcium silicate hydrates (C—S—H) and calcium aluminate hydrates (C—A—H), which provide additional
strength gain in the previously modified soil (Consoli et al., 2011).
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Fig. 7. Unconfined Compressive Strength (UCS) at Different Curing Times

The higher UCS values observed in the case of lime-stabilised modified loam can be explained by a
combined mechanism: inert crystalline RCF particles form a rigid micro-framework that additionally resists
external loads and reduces the deformability of the soil matrix, while lime promotes the development of
hydraulic products that enhance cohesion and long-term strength (Fig. 7). In contrast, for natural loam
stabilised with lime, only a slight strength gain is observed, attributable solely to lime stabilisation.

Conclusions

The incorporation of recycled concrete fines (RCF) into loam improves soil structure through the
optimisation of grain-size distribution. As the mineralogical composition of RCF is predominantly
represented by highly stable igneous crystals, the effect is mainly mechanical, associated with increased
density and deformation resistance of the plastic soil. Fine RCF particles fill the spaces between larger clay
aggregates, thereby reducing plasticity and forming a more stable framework. It was established that adding
10-30 % RCF to loam decreases plasticity (PI reduced from 17 % to 9 %). In particular, the compaction
parameters confirm enhanced structural stability of the soil due to the skeletal effect of fine inert particles.
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According to the modified Proctor test, the most favourable results were observed for loam with 20 % RCF,
where the optimum moisture content (OMC) decreased from 16.4 % to 15 % and the maximum dry density
(MDD) increased from 1.81 g/cm?® to 1.92 g/cm?. Unconfined compressive strength (UCS) tests confirmed
that the maximum strength gain was also achieved for loam with 20 % RCF, consistent with the Proctor test
results and confirming the optimum additive content. The addition of 10 % hydrated lime increased UCS for
both natural loam and the modified ML20 mixture, with the highest value recorded for ML20 HL10 (UCS
~ 3.3 MPa at 28 days). This highlights the synergy between the mechanical effect of RCF (rigid framework)
and the chemical stabilisation by lime through the formation of hydration products. The results obtained
demonstrate the potential of the combined approach to clay soil stabilisation, which can be applied to
improve technologies in road construction.

List of abbreviations: RCF — Recycled concrete fines; HL — Hydrated lime; LL — Liquid limit;
PL — Plastic limit; PI — Plasticity index; OMC — Optimum moisture content; MDD — Maximum dry density;
UCS — Unconfined compressive strength; DoC — Degree of compaction.
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Harionansauii yHiBepeuTeT “JIbBIBChKA MOJITEXHIKA”,
kadeapa aBTOMOOLIBHUX JOPIT Ta MOCTIB

TOHKOJJUCHEPCHUM 3AJIMIIIOK NEPEPOBJIEHOIO BETOHY
AK KOMIIOHEHT KOMBIHOBAHOI CTABLTI3AIIL I'TMHACTUX IPYHTIB
JJIA CTAJIOTO JOPOXKHBOI'O BY IIBHULITBA
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VY po0oTi JOCHIIPKEHO 3aCTOCYBaHHSI TOHKOJAMCIIEPCHOIO 3aIUIIKy mepepodieHoro oerony (RCF) sk
MiHepaJbHOr0 MOjAMdIKaTOpa Ta TalleHOro BallHA SK TPAJUIIHHOrO cTadimizaTopa INIMHHUCTHX IPYHTIB, IO
BHKOPHCTOBYIOTh Y TOPOXKHIX OCHOBax. JlomaBaHHs IpiOHOTO 3aiuIiKy Bix nepepodieHoro oerony (RCF) o
CYIJIMHKY TIOKpalllye€ CTPYKTYpY IPYHTY 3aBISIKM ONTHMI3allii TpaHylIOMeTpudHOro cknamy. OcKinbku
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MmiHepanoriyauii cknag RCF 31e0ibIoro npeicraBieHnii BACOKOCTA0UIbHUMU KPUCTATIYHUMH MiHepaIaMH,
e(peKT TEepPEeBAXHO MEXaHIUHHMA, IOB’S3aHUN 13 MIABMINCHHAM IIUJIBHOCTI Ta CTIHKOCTI a0 aedopmarii
IUIacTUYHOTO IpyHTY. [piOHi yactiHkM RCF 3amoBHIOIOTH MPOCTip MK TIIMHUCTUMH arperataMu, TUM CaMHUM
3MEHIIYIOYH TUIACTUYHICTh 1 YTBOPIOIOUM Kapkac I'pyHTy. Bcranomneno, mo nomaBanHs 10-30 % RCF no
CYITIMHKY 3MeHInye miacTuaHicTh (PI 3menmnyersest 3 17 % mo 9 %). ITokasano, mo Beeaenns RCF 3Hmwkye
IUIACTUYHICTh Ta TMOKpAIye IPOLECH YIIUILHEHHS CYIJIMHKY 3aBISIKM KapKacHOMY e(eKTy IHepTHUX
KPHUCTAIIYHUX YAaCTHHOK. 30KpeMa, NapaMeTpu VIIUIbHEHHS MiATBEP/DKYIOTh IiJBHUIIEHY CTPYKTYPHY
CTaOUIBHICTh IPYHTY 3aBISKH CKEJIETHOMY e(eKTy NpiOHMX iHEPTHUX YaCTHHOK. 3a MOIM(IKOBAaHUM TECTOM
[Tpoxropa HalicnpUATIUBILI pe3yNbTaTH OTpUMaHo st cyrimHKY 3 20 % RCF: ontumansha Bonoricts (OMC)
3Mennmnacs 3 16,4 % no 15 %, a makcumanpsHa cyxa miieHicts (MDD) 36inbmunacs 3 1,81 r/em® mo 1,92
r/cm®. BunipoOyBanHs Ha ctuckanHs (UCS) nokasany, 1o MakCUMallbHe 3pOCTaHHS MIITHOCTI CIIOCTEpIraiocs y
cyrmuHky 3 20 % TOHKOmMCHEepcHHX 3anuuikiB 1epepodieHoro Oerony (RCF). Lle ysromkyerbes i3
pe3yinbTaTaMu Tecty [IpokTopa Ta MiATBEpPKYE ONTUMaIbHUIN BMicT mo0aBku. Jlomasanus 10 % rimpaTHOrO
BanHa 30ubIII0 UCS sIK U1l PUPOAHOTO CYIIIMHKY, Tak 1 s momudikoBaHoi cymimi ML20, mpuuomy
HaMBUIIUI MOKa3HUK 3adikcoBano i ckiaxy ML20 HL10 (UCS = 3,3 MIla na 28-my no0y). Lle cBiquuth
npo cuHeprito Mixk MexaHiyHuM edektom RCF (kopcTkuii Kapkac) Ta XiMIYHOIO CTaOLTI3alli€lo BalHOM
YHACJIJIOK YTBOPEHHS MPOAYKTIB Tiapartamii. OrpumaHi pe3ysibTaTH JEMOHCTPYIOTh HEPCHEKTUBHICTh
MOETHAHOTO TIAXOAY A0 CTadumizalii IIMHUCTUX IPYHTIB, IO MOKE 3aCTOCOBYBATHCH JUISl YAOCKOHAJICHHS
TEXHOJIOTIH Y JIOPOXKHBOMY OYIiBHHIITBI.

Kirouogi ciioBa: nepepo0iennii 6eToHHUI Mri1, MOAN(IKOBAHUI CYTVIMHOK, cTalimi3awis IpyHTY,
Moaugikosanmii Tect IIpokTopa, MillHiCThH HA CTHCK, JOPOKHE OyNIBHMITBO.



