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Abstract:

Introduction: The present study aims to investigate the effect of crushed
limestone sand (CLS) and limestone crushed sand dust (LCSD) on the
physical and mechanical behaviour of reconstituted river sand (RS) using
the volumetric substitution method.
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Methods: The study involved conducting direct shear tests on two
substitution series to evaluate the effect of CLS sand with incremental
increases of 0, 10, 20, 30, and 40%, and LCSD dust ranging from 0 to 35%
in 5% steps on the mechanical behaviour of reconstituted river sand. All
samples are prepared with 50% relative density and tested under three
different normal stresses of 100, 200, and 300 kPa, respectively.

Results: The results show that the substitution of river sand with CLS up to
30% enhances its mechanical properties; the peak shear strength reached
a maximum value of 29% under 200 kPa of normal stress. The substitution
of river sand for LSCD leads to a decrease in mechanical properties.
However, a more in-depth analysis of the results obtained reveals an
improvement in residual parameters, with up to 15% of substitution.
Conclusion: Following a rigorous analysis of the obtained results, it was
determined that sand reconstituted from a combination of 30% CLS and
15% LCSD offers optimal performance in terms of enhanced mechanical
properties. This solution aligns significantly with the sustainable
development of the Algerian government strategy promoting improved
characteristics and preserving natural resources while meeting the stringent
requirements of the geotechnical sector.

Key words: river sand, crushed limestone sand, limestone crushed sand
dust, substitution, shear strength, sustainable development.

Introduction

Recently, Algeria has seen a notable expansion of its road and
railway infrastructure, which has occurred in parallel with advancements in
the urban sector. Therefore, the demand for fundamental construction
materials in terms of aggregates and raw materials has increased
considerably; aggregates, being one of the most extensively utilised
resources in this sector, are responsible for the generation of
approximately 20% of waste products (equivalent to 13.5 million tonnes)
due to their high fines content (15-25%) (Guemmadi & Houari, 2009).

On the other hand, a substantial amount of waste is generated, along
with the production of additional dust. Research indicates that these by-
products can pose serious environmental and health risks, posing a risk to
both human populations and the country's biodiversity (Safiddine et al,
2017, 2021).The use of this particular type of aggregate, which contains a
high level of fine limestone, necessitates a series of washing and other
treatment procedures. Several studies were conducted with the objective
of recovering this particular industrial by-product in Algeria as crushed
sand and limestone crushed sand dust in concrete technology (Safiddine
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et al, 2017, 2021; Abbou et al, 2020; Skender et al, 2021; Logbi et al,
2023).

Recycling this type of waste could be a way of improving the
mechanical properties of sandy soils, according to other researchers
(Abbou et al, 2020; Ibrahim et al, 2020). Soils containing more angular
grains have higher shear strengths than soils based on more rounded river
sand (Holtz & Gibbs, 1956). Furthermore, the maximum shear stress and
the angle of internal friction were improved by varying the shape of soil
grains and increasing their roughness (Cho et al, 2006; Altuhafi et al, 2016;
Kandasami & Murthy, 2017). The presence of angular particles in soils can
favour the rearrangement of grains and develop additional friction between
particles, thus enhancing mechanical resistance under variable and high
loads (Holtz & Gibbs, 1956; Holtz et al, 2022; Santamarina & Cho, 2001;
Guo & Su, 2007; Li, 2013; Yang & Wei, 2014; Borhani & Fakharian, 2016).

The incorporation of fine content led to a decrease in the mechanical
properties of granular soil (Belkhatir et al, 2010; Monkul et al, 2016; Monkul
et al, 2017; Cherif Taiba et al, 2018; Benessalah et al, 2021; Ezziane et al,
2025); the fine content effect becomes significant at rates of up to 20%,
particularly in the behaviour of undrained mixtures, leading to a linear
decrease in the shear strength of silty sand (Belkhatir et al, 2010). It is
important to note that the optimum percentage of fine limestone used to
enhance the volume change of clay soils is 18%; otherwise, up to 12% of
limestone powder amount, the initial void index is significantly reduced
(Ibrahim et al, 2020). In accordance with the findings of preceding research
(Brooks et al, 2011; Sabat & Muni, 2015; Ibrahim et al, 2020; Cabalar &
Omar, 2023), it was determined that two parameters previously examined,
namely grain shape and fine content, are present in the used sand from
aggregate production quarries, represented by crushed limestone sand
(CLS) and limestone crushed sand dust (LCSD).

The present study aims to investigate the incorporation of
crushed sands and their limestone fines on the physical and
mechanical behaviour of reconstituted river sands and to align with
the Algerian sustainable development strategy.

Experimental materials and methods

Materials

In the present study, two different types of clean sand presented in
Figure 1 were used. The first is the river sand (RS) from the M'zi River
(Laghouat city), 400 km south of Algiers, and the second one is the
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crushed limestone sand (CLS) from the Montgorno quarry (Medea city)
situated 90 km south of Algiers. Both RS and CLS were characterized by
a continuous particle size distribution between 0.08 and 2mm. LCSD is
obtained from CLS sieving through an 80 um sieve.

A

o l

Figure 1 — (a) river sand (RS), (b) crushed limestone sand (CLS) and (c) limestone
crushed sand dust (LCSD)

Figure 2 shows the grain size distribution curves of clean river and
clean crushed limestone sands and limestone crushed sand dust (LCSD);
river sand (RS) is characterized by rounded particles with smooth
surfaces, classified as poorly graded (SP) according to the Unified Soil
Classification System. It is medium-sized sand with a wide grain size
distribution. On the other hand, crushed limestone sand (CLS) is well-
known by angular particles with rough surfaces. It is classified as well-
graded (SW) and exhibits a more dispersed grain size distribution
compared to RS. LCSD particle sizes predominantly smaller than 80 ym
are characterized by a wide particle size distribution. The particle size
distributions of sands and LCSD were determined according to the
AFNOR (1992, 1996) standards, respectively.
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Figure 2 — Grain size distribution curve for sands and CLS dust used

The physical characteristics of the used sands and LCSD are
presented in Table 1.

Table 1 — Physical properties of clean sands used in the experimental program

Sands RS CLS LCSD
Gs (g/cm3) 2646 2.741 2.741
emax( =) 0.904 1.097 -
emin ( -) 0.607 0.722 -
Dso (mm) 0.330 0.790 0.022
Dgo (mm) 0.394 0.987 0.023
D30 (mm) 0.259 0.390 0.020
D10 (mm) 0.177 0.120 0.010
Cu(-) 2.226 8.225 2.300
Cc(-) 0.962 1.284 1.739
WL (%) - - 26.25
We (% - - 21.11
Ip (%) - - 5.14

Specimen preparation

In the first part of this experimental program, five clean sand mixtures
were formulated; river sand (RS) was used as a base material, with
crushed limestone sand (CLS) incorporated in various volumetric
proportions of 0, 10, 20, 30, and 40% to investigate their effect on the
properties of reconstituted clean sand (RCS).The second part of the study
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involves an investigation of the effect of fine limestone on the mechanical
behaviour of the best-reconstituted sand from the first part, with reference
to its mechanical properties. These mixtures are obtained by replacing
RCS with a volumetric percentage of fine limestone ranging from 0 to 35%,
with an increment of 5%.

Physical properties

A series of three tests was conducted in order to characterise the
physical parameters of the various mixtures: granulometry analysis,
specific gravity measurement, and void ratio determination according to
the (AFNOR, 1991, 1996, 2000) standards, respectively. The grain size
distributions of the reconstituted sand mixtures are illustrated in Figure 3
(a, b).
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Figure 3 — Grain size distribution curve for the sands used in the experimental program:
(a) RCS mixture, (b) RCS with LCSD
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As illustrated in Figure 4 below, the reconstituted void ratios (eminand
emax) are presented. It has been observed that both maximum and
minimum void ratios underwent a linear decrease with increasing CLS
content up to 40%. This phenomenon could be explained by a change in
particle size, resulting in increased dispersion. However, beyond this
content level (40%), an increase in void ratio values was observed with
increasing the CLS content. This behavior can be attributed to the fact that
as particle angularity rises, voids between particles also increase, thereby
reducing particle mobility and leading to a decrease in the sample's
potential density. In contrast, rounded particles tend to minimize voids and
enhance density. These findings are consistent with previous studies
(Youd, 1973; Cho et al, 2006; Al-Tuhafi et al, 2016).

The second part deals with the effect of limestone crushed sand dust
(LCSD) where the variation of the void ratios of the reconstituted silty
sands is illustrated in Figure 4(b). The more the dust amount is increased,
the more the void ratio decreased up to 20% - this can be explained by the
filling role of fine particles until saturation. Following this percentage, an
increase in the void ratio was observed (Cubrinovski & Ishihara, 2002;
Belkhatir et al, 2011; Monkul et al, 2016; Cherif Taiba et al, 2018; Ezziane
et al, 2025).
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Figure 4 — Variation of the maximum and minimum void ratio of sand mixtures: (a)
with different CLS content, (b) with different LCSD content

The physical characteristics of the sand mixtures used in this
experimental program are represented in Tables 2 and 3.
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Table 2 — Physical characteristics of the reconstituted clean sand mixtures

Reconstituted clean sands mixtures

CLS Gs €max €min Dso Dso D3o D1o Cu Cc
(%) () () () (mm) (mm) (mm) (mm) () ()

0 2646 0.904 0.607 0.330 0.394 0.259 0.177 2226 0.962
10 2.656 0.893 0.600 0.345 0.381 0.241 0.164 2.323 0.930
20 2663 0.884 0586 0.362 0.434 0.258 0.168 2.583 0.913
30 2674 0.868 0576 0.391 0.479 0.267 0.172 2.785 0.865
40 2.682 0.852 0547 0451 0.562 0.285 0.179 3.139 0.807

100 2741 1.097 0.722 0.790 0.987 0.390 0.120 8.225 1.284
Table 3 — Physical characteristics of the reconstituted silty-sand mixtures
RCS%+LCSD% mixtures

LCSD Gs €max €min Dso Cu Cc WL We lp
(%) () () () (mm) () () (%) (%) (%)

0 2674 0.868 0576 0.391 2.785 0.865 - - -

5 2.675 0.801 0452 0.362 3.290 0.982 - - -
10 2.681 0.784 0403 0.350 5.338 1.535 - - -
15 2.682 0.778 0.384 0.333 12.62 3.478 - - -
20 2689 0.770 0.362 0.311 14.38 3.390 - - -
25 2693 0.839 0410 0.297 14.70 2.620 - - -
30 2694 0.884 0456 0.270 14.51 0.813 - - -
35 2699 0.978 0496 0.243 14.00 0.221 - - -

100 2741 1369 0854 0.029 16.84 0.087 26.25 21.11 514

Experimental setup

The effect of incorporating CLS and LCSD on the mechanical
behaviour of reconstituted sands was investigated in 36 direct shear test

series.

All experiments were performed in accordance with the standard
(AFNOR, 1994) ensuring a relative density of 50% under 100, 200, and
300 kPa of normal stress, with a constant displacement speed of 1.00

mm/min.

The shear box dimensions were 25 mm for the height of the sample
and 60 x 60 mm? for the surface area of the horizontal section. The study's
experimental program is illustrated in Table 4.
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Table 4 — Testing program of mixtures

Tests RS CLS LCSD Normal stress
(RCS-CLS %-LCSD %) (%) (%) (%) (kPa)
RCS 100 0
RCS-10 90 10
RCS-20 80 20 0
RCS-30 70 30
RCS-40 60 40
RCS-30-5 67.5 275 5 100, 200, and
RCS-30-10 65.0 25.0 10 300 kPa
RCS-30-15 625 225 15
RCS-30-20 60.0 20.0 20
RCS-30-25 575 175 25
RCS-30-30 55.0 15.0 30
RCS-30-35 525 125 35

Experimental results and discussion

Effect of crushed limestone sand (CLS) on the river sand
(RS) parameters

Effect of the CLS content on shear strength

Figure 5 shows the shear strength behaviour of reconstituted clean
sand-based 0, 10, 20, 30, and 40% of CLS under different normal stresses
(100, 200, and 300 kPa) prepared with a relative density of 50%. The test
results indicate that the shear strength of all samples increases rapidly
against the shear displacement to reach a peak value, followed by a partial
decrease that could reflect the failure behaviour; then, a stabilisation
segment is observed until the end of the shear test, which represents the
typical behaviour of soils. This pattern can be attributed to the materials'
strain-softening behaviour exhibited, whereby a peak shear strength is
achieved at small displacements, followed by gradual strength reductions
as displacement increases (Gilbert & Byrne, 1996; Igwe, 2018).

It is clear that the use of higher amounts of CLS (30 and 40%) exhibits
better stability compared to lower percentages. Additionally, higher normal
stress (300 kPa) enhances the stability of the shear stress curves, showing
improved soil failure resistance. Furthermore, an increase in shear
strength with the CLS content up to 30% is indicated by the test result; a
more detailed analysis of this parameter shows that the shear strength
increased by approximately 18, 29, and 17% under normal stress of 100,
200, 300kPa, respectively.
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Figure 5 — Variation of shear strength versus horizontal shear displacement for RS mixed
with various contents of CLS at normal stress: (a) 100 kPa, (b) 200kPa, and (c) 300 kPa

The enhancement in shear strength can be attributed to the influence
of the angular particles of CLS, by enhancing interparticle interlocking, and
contributes to developing shear resistance (Schanz & Vermeer, 1996;
Hamidi et al, 2009; Nafisi et al, 2018; Nie et al, 2022; Daghistani & Abuel-
Naga, 2023). However, at 40% CLS content, a slight decrease in the shear
strength was observed; this is due to the increased void ratio between the
particles at this stage because the increase in eccentricity leads to an
increase in the emax and emin ratios and thus the density becomes lower,
which is the reason for the decrease in resistance (Cho et al, 2006;
Shabong et al, 2023).
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Effect of the CLS content on the peak friction angle of RS

The results in Figure 6 present the influence of the CLS incorporation
on the river sand friction angle (o). It was observed that the more the CLS
content is increased, the more the friction angle is improved, reaching its
maximum value of approximately 43° at 30% CLS content, corresponding
to an enhancement rate of 12%; beyond a 30% amount, a decrease of the
friction angle is observed.
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Figure 6 — Effect of the CLS content on the friction angle

The enhancement in the friction angle is attributed to the angularity of
the CLS particles. These particular shapes of angular grains could
enhance the interlocking and frictional resistance between particles up to
a critical threshold (Been & Jefferies, 1985; Thevanayagam et al, 2002;
Cho et al, 2006; Guo & Su, 2007; Li, 2013, Abbireddy & Clayton, 2015).
Following this percentage, the friction angle decrease can be attributed to
the excess of fine particles generated by higher CLS content, reducing the
effective interparticle interactions and limiting the beneficial effects of
angularity (Vallejo, 2001; Shabong et al, 2023).

Effect of the CLS content on the volume change
behaviour

Figure 7 illustrates the effect of the CLS content on the volume change
behaviour of RS, under 100, 200, and 300 kPa of normal stresses. The
vertical displacement versus horizontal shear displacement curves reveal
three primary phases during shearing: initial contraction, dilation to vertical
displacement peak, and subsequent contraction until failure.
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Figure 7 —Vertical displacement/horizontal shear displacement curve for RS mixed with
various contents of CLS at normal stress: (a) 100 kPa, (b) 200kPa, and (c) 300 kPa

At low normal stresses (100 kPa), sands containing 10 and 20% of
the CLS content exhibit greater dilation compared to RS, which is
attributable to the theoretical capacity of sands containing irregular particle
shape to form a lower minimum void ratio compared to sands with rounded
particles, allowing particle rearrangement during shearing (Lu et al, 2019).
In contrast, when the CLS content exceeds 30%, the dilation level is
notably decreased, signifying the predominance of angular particle effects
in constraining expansive movements through enhanced interlocking and
prevention of particle rearrangement during shear resulting from the
incorporation of angular particles (Cho et al, 2006).
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Furthermore, the contraction phase in the samples containing 30 and
40% CLS is observed to intensify under 200 and 300 kPa of normal
stresses, in particular.

This behaviour underscores the critical role of angular grains in
constraining the interparticle rotation and promoting interlocking, thereby
diminishing the potential for expansion (Bolton, 1986; Lu et al, 2019).

The interaction between particle shape, content and stress illustrates
the importance of optimising the CLS content to balance expansion and
contraction to improve mechanical performance, thus justifying the use of
up to 30% CLS content in technical applications requiring high load-
bearing capacity.

Effect of the LCSD content on the mechanical properties of
the optimum reconstructed clean sands (RCS)

Based on the results obtained in the first stage, the mixture that
developed the best resistance and friction angle is the reconstituted sand
containing 30% of crushed sand.

Therefore, the investigation in the second stage will be based on
studying the effect of limestone crushed sand dust (LCSD) on the
mechanical properties of the optimum reconstructed clean sands (RCS).
RCS is substituted by LCSD with various volumetric contents (from 0 to
35%) and sheared under different normal stresses of 100, 200, and 300
kPa at 50% of relative density.

Effect of the LCSD content on shear strength

Figure 8 represents the variation of shear strength versus horizontal
shear displacement for reconstituted clean sand (RCS) mixed with various
contents of LCSD. Clearly visible in the figures is that the shear strength
of clean sand is significantly greater than that of the mixtures containing
fine particles.

Furthermore, the shear strength of clean sand increases considerably
with the advancement of horizontal displacement. Consequently, an
increase in fine content leads to a gradual decrease in shear strength,
especially during the initial stage of horizontal displacement (from 0 to 2
mm).

This reduction can be attributed to fine particles enhancing the
contractiveness phase during the test, thereby filling the voids as well as
reducing internal friction between the resulting sand particles (Arab et al,
2008; Belkhatir et al, 2010; Monkul et al, 2016; Monkul et al, 2017; Bouri
et al, 2019; Aouali et al, 2019; Nougar et al, 2021).

617

Benyahia, A.B. et al, Effect of crushed limestone sand and dust on the mechanical behaviour of river sand mixtures: an experimental study, pp.605-632



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

]

[

01 2 3 456 728 910
6h(mm)

—4— 0%_LCSD
——5%_LCSD
—e—10%_LCSD
—=—15%_LCSD
—%—20% LCSD
25%_LCSD

—+—30%_LCSD

—e—35%_LCSD

01234546 78 910
5h(mm)

Figure 8 — Variation of shear strength versus horizontal shear displacement for
reconstituted clean sand (RCS) mixed with various contents of LCSD, under normal
stress: (a) 100 kPa, (b) 200 kPa, and (c) 300 kPa

In particular, the stabilisation of shear strength at large displacements
was observed for higher proportions of LCSD (>15%), while lower
proportions (£15%) exhibited lower strength and less stability in
comparison. High fines content enhances the phenomenon of "soil
softening" or "stable cohesion", ultimately leading to relative stability after
reaching maximum shear strength values (Ishihara, 1996; Lade &
Yamamuro, 1997).

The effect of the LCSD content on the maximum shear resistance
(treak) @nd the residual shear resistance (tes) under different normal
stresses (100, 200, and 300 kPa) is shown in Figure 9. The maximum
shear strength (treak) is linearly decreased with increasing the LCSD
content under all levels of normal stress, as shown in Figure 9(a). The
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decrease is attributed to the effect of fines on reducing the interlocking
between sand particles, which reduces the ability of the mixture to resist
external loads (Shen et al, 2021; Ouici et al, 2024; Li et al, 2023).
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Figure 9 — Effect of the LCSD content on the peak and residual shear strength, under
normal stresses of 100, 200, and 300 kPa

A different trend is shown in Figure 9(b) - as the LCSD content
increases up to 15%, the residual shear strength (tres) is improved.
However, beyond this threshold, the residual shear strength is decreased
gradually with an increase in the LCSD content. This performance at this
range of substitution (less than 15%) can be attributed to the interlocking
effect between fine and soil particles during shearing, which significantly
enhances the overall structure and increases the residual shear strength
(Shi et al, 2024).

Once the value exceeds 15%, the interparticle content becomes
sufficient to destabilize the sand particles' cohesion.

This study reflects a dual effect of the LCSD content on shear strength
- fine particles improve the residual shear strength within a certain range,
while their increase leads to a negative effect on the maximum and
residual shear strength when the critical percentage is exceeded (15%).

Effect of the LCSD content on the friction angle

The influence of the limestone sand dust content (LCSD) on the
maximum friction angle (ereak) and the residual friction angle (gres) Of
reconstituted clean sand (RCS) is shown in Figure 10. The test results
show that the maximum friction angle gradually decreased as the LCSD
content increased, indicating the effect of fine particles in reducing the
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interaction between coarse grains; this result agrees with those of (Bouri
et al, 2019; Monkul & Ozden, 2007; Najjar et al, 2015) concluding that the
addition of fines to granular materials decreases the friction angle. This
decrease is attributed to fine particles by the voids filling effect, limiting the
structural cohesion and reducing the friction angle (Been & Jefferies,
1985). In addition, the results showed an almost linear relationship
between the LCSD content and the maximum friction angle.
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Figure 10 — Effect of the LCSD content on: (a) peaks friction angle (preax) and (b) residual
friction angle (pres)

On the other hand, the residual friction angle (¢rs) shows a clear
improvement as the LCSD content increases until reaching 15%; at this
threshold, the interstices between sand grains are completely filled by fine
particles, without significantly altering the interaction between the coarse
grains, thereby enhancing the residual friction characteristics
(Thevanayagam et al, 2002). However, when the substitution exceeds
15%, the residual friction angle begins to diminish due to the increased
content of fine particles, leading to the failure of structural cohesion and
the reduction of the positive effect of these particles (Vallejo, 2001).

Effect of the LCSD content on the volume change behaviour

The effect of the LCSD content on the volume change behaviour of
the reconstituted clean sand specimens, incorporating different LCSD
ratios ranging from 0 to 35% by sand volume, under normal stresses of
100, 200, and 300 kPa, is shown in Figure 11.

The analysis reveals a typical volumetric deformation of medium-
density samples, where three primary phases are observed. Firstly, there
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is the initial contraction phase, where the specimens begin to contract as
the shearing process begins due to the rearrangement of sand grains and
the void filling by fine particles (Xiao et al, 2017). Moreover, the results
illustrate that increases in normal stress lead to a greater initial contraction
behaviour of the specimens.
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Figure 11 — Vertical displacement / horizontal shear displacement curve for RCS mixed
with various contents of LCSD, at normal stress: (a)100 kPa, (b)200 kPa and (c)300 kPa

The second stage is expansion: the samples begin to expand
significantly at low pressures compared to high pressures and with the
increase in the LCSD content, especially within the range of 0 to 15%, the
expansion becomes more pronounced. Meanwhile, at an amount
exceeding or equal to 20%, the expansion gradually decreases due to the
effect of fine content in increasing the sphericity and roundness of the
samples (Nguyen et al, 2021). The final phase is indicative of the
secondary contraction under normal stresses of 200 and 300 kPa.
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Subsequent to the expansion phase, the samples begin to contract once
more under a high LCSD content. The fine particles start to create internal
saturation of the voids, thereby reducing the void ratio. Consequently, the
interlocking increases, weakening the significance of the expansion (Liu et
al, 2023).

Moreover, when the fine content (FC) is low (FC < 10%), the values of the
volume change are very similar to each other, indicating that the influence
of the LCSD content on volumetric deformation is negligible. In this case,
coarse particles dominate the mechanical properties of the soil, while fine
particles occupy the voids between them. Nevertheless, a substantial
decrease in the volume change values is observed when the FC is greater
than or equal to 15%. This decline can be ascribed to fine particles starting
to fill the voids between coarse particles. Consequently, the porosity and
compressibility of the soil are reduced, thus limiting the volume change
that occurs under loading condition (Gong et al, 2019). The distribution of
fine particles in the soil plays a critical role in the phenomenon of
contraction and expansion during the shearing process. The increase in
the percentage of fines in the soil leads to an enhancement in its
contraction, concurrent with a reduction in its expansion, resulting from an
increase in internal friction between the grains (Been & Jefferies, 1985;
Schanz et al, 1999). Furthermore, the results of (Thevanayagam et al,
2002) indicate that the optimum percentage of fines, varying between 15
to 20%, improves the behaviour of mixed sands through the filling void
without disturbing the fundamental interaction of sand grains. These
results confirm that the optimum LCSD ratio obtained in this study to
balance contraction and expansion is estimated at 15% of LSCD
substitution.

Conclusion

This experimental study investigates the effect of crushed limestone
sand (CLS) and limestone crushed sand dust (LCSD) on the mechanical
behaviour of river sand (RS). Based on the obtained results, the following
conclusions can be drawn:

— The substitution of RS with 30% CLS resulted in an enhancement of
the peak shear strength by 18, 28, and 17% under normal stresses of
100, 200, and 300 kPa, respectively. Furthermore, the friction angle is
improved to 43° (representing a 12% improvement).

— At low normal stresses (100 kPa), sands with 10% and 20% CLS
showed greater dilation compared to river sands. However, as the
content of CLS is increased to 30% or more, the dilation is reduced,
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and the contraction is increased, especially under higher normal
stresses of 200 and 300 kPa.

— The findings demonstrate a gradual decrease in the peak shear
strength values, exhibiting a linear relationship with the increasing
LCSD content. Moreover, the residual shear strength increased by
12%, 14%, and 9.5% at 100, 200, and 300 kPa normal stresses,
respectively, up to 15% LCSD content.

— The incorporation of up to 15% LCSD content enhanced the residual
shear strength without compromising the peak shear strength; beyond
this threshold, a decline in residual shear strength is observed.

— The optimum amount of the LCSD content is considered to be
15%.The peak friction angle (ppeak) regularly decreased as the LCSD
content increased.

— The residual friction angle (¢res) achieved the optimum value for 15%
of LCSD substitution.

— The substitution of sand with 15% to 20% LCSD resulted in enhanced
dilation under low stresses and balanced contraction under high
normal stresses.

The mechanical behaviour of river sands from the M'zi River was
significantly improved when substituted with crushed limestone sand at a
percentage of 30%, with the incorporation of fines from the same limestone
rock estimated at 15%. The waste from the aggregate production quarries
in the Montgorno region (Medea, Algeria) contains a limestone fines
content ranging between 15 and 20%, which allows it to be used directly
without any treatment. These findings are highly promising for the field of
sustainable development, as they demonstrate the potential to enhance
soil properties and valorise quarry by-products.

The results presented in this paper are part of a research project
focusing on the valorisation and reuse of construction and road wastes
and industrial by-products.
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Efecto de la arena y el polvo de caliza triturados sobre el
comportamiento mecanico de mezclas de arena de rio: un estudio
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Resumen:

Introduccién/objetivo: El presente estudio tiene como objetivo investigar el
efecto de la arena caliza triturada (CLS) y el polvo de arena caliza triturada
(LCSD) sobre el comportamiento fisico y mecanico de la arena de rio
reconstituida (RS) utilizando el método de sustitucion volumétrica.

Meétodos: El estudio implico la realizacion de pruebas de corte directo en
dos series de sustitucion para evaluar el efecto de la arena CLS con
incrementos incrementales de 0, 10, 20, 30 y 40%, y del polvo LCSD que
varia de 0 a 35% en pasos del 5% sobre el comportamiento mecanico de
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la arena de rio reconstituida. Todas las muestras se preparan con una
densidad relativa del 50% y se prueban bajo tres tensiones normales
diferentes de 100, 200 y 300 kPa, respectivamente.

Resultados: Los resultados muestran que la sustitucion de arena de rio por
CLS hasta un 30% mejora sus propiedades mecanicas; la resistencia
maxima al corte alcanzé un valor maximo del 29% bajo 200 kPa de tension
normal. La sustitucion de arena de rio por LSCD conduce a una
disminucion de las propiedades mecanicas. Sin embargo, un analisis mas
profundo de los resultados obtenidos revela una mejora en los parametros
residuales, con hasta un 15% de sustitucion.

Conclusién: Tras un andlisis riguroso de los resultados obtenidos, se
determiné que la arena reconstituida a partir de una combinacién de 30%
de CLS y 15% de LCSD ofrece un rendimiento optimo en términos de
propiedades mecanicas mejoradas. Esta solucibn se alinea
significativamente con la estrategia de desarrollo sostenible del gobierno
argelino que promueve la mejora de las caracteristicas y la preservacion
de los recursos naturales, al tiempo que cumple con los estrictos requisitos
del sector geotécnico.

Palabras claves: arena de rio, arena caliza triturada, polvo de arena
caliza triturada, sustitucion, resistencia al corte, desarrollo sostenible.

BrnivaHune gpobneHoro n3BecTHAKOBOroO necka 1 nbinv Ha u3nko-
MeXxaHMU4yecKne CBOMCTBA PEYHOro Nnecka: 3KCnepuMeHTanbHoe
nuccnegoBaHue
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Peswome:

BeedeHue/uenb: Llenbto Hacmosiweao uccredogaHusi s8risiemcs
usydeHue  enusiHUsi  OpobrieHO20  U3BECMHSIKOBO20  Mecka U
useecmHskoeoU nbiu Ha gbusudeckue U MexaHu4dyeckue cgolicmea
80CCMAaHOBJ/IEHHO20 PEYHOo20 [lecka C Uucrosib3ogaHueM Memoda
06BEeMHO020 3aMeleHUsl.
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Memodbi: WccrnedosaHue ekrrovano nposedeHue ucrnbimaHull Ha
npsivoli cdgue C ucrosib3ogaHueM 08yx cepuli 3ameHumernel Ons
OUEHKU 8rusiHUs OpobrieHo20 U38EeCMHSIKOBOZ0 recka C ocmerneHHbIM
ysenudyeHuem codepxaHusi Ha 0, 10, 20, 30 u 40% u ussecmHsikogol
nbinu 8 duanaszoHe om 0 do 35% c waeom 8 5% Ha MexaHu4Yeckue
ceolicmea 80CCMaHOB/IEHHO20 PeYyHo20 recka. Bce obpasybi 6biniu
noGaomoerieHbl ¢ omHocumersbHoU nnomHocmbeto 50% u ucrnbimaHsbi
o0 mpemsi pasnnuvyHbIMU HopMarsbHbIMU HanpsxeHusmu 100, 200 u 300
kla.

Pesynbmamsbi: Pe3ynbmamsbi nokasbigarom, 4mo 3amMeHa peyHoeo
rnecka Ha OpobrieHblli U3gecmHsIKo8bIU rnecok Ha 30% ynydwaem ezo
MexaHu4ecKkue ceolicmea; MakcuMasibHasi poYHoOCmb Ha cdeue rpu
amom docmuarnia MakcumarbHo20 3HadyeHuss 8 29% npu HOpMasrbHOM
HanpsixkeHuu 200 klla. B mo epems kak 3aMeHa peyHo20 necka Ha
U3BECMHSAKOBYIO [blfIb  pUBOOUM K CHUXEHUK MexaHU4YeCcKUX
ceolicmg. OOHako 6onee muwamernbHbIlU aHanu3 MoayYeHHbIX
pes3ynbmamos rokasbieaem yily4WweHUe 0CmarmoYHbIX napamMmempos,
docmuearouiee 15% npu 3ameHe.

Bbigod: [llocrne muwamernbHO20 aHanu3a MoJfyYeHHbIX pe3yribmamos
YCMaHOB/IEHO, 4MO MEeCcoK, 80CCMaHOBMEeHHbIU u3 KombuHauuu 30%
OpobrieHo20 u3secmHsikogoeo rnecka u 15% ussecmHsikogol nbinu,
obnadaem onmumarsibHbIMU 3KCITyamauloHHbIMU XapakmepucmuKamu ¢
MOYKU 3PEHUS YITyYWEeHHbIX MEexaHU4YecKux ceolicme. 3mo peweHue 8
3Ha4yumeribHOU CmerneHU coomeemcmsyem cmpameauu ycmou4ugo2o
paszsumusi npasumenscmea ArmKupa, HanpaeneHHoU Ha yry4YueHue
XapakmepucmuK U  COXpaHeHuUe  MPUPOOHbLIX  pecypcos  rnpu
00HO8peMeHHOM cobrtodeHuUU xecmkux mpebosaHull 2e0MexHU4EeCKO20
cekmopa.

Kntouesnie criosa: peqHoli necok, OpobrieHbIl U38ECMHSIKO8bIU MECOK,
uszeecmHsikogasi OpobrieHasi necyaHasi fbiiib, 3aMeweHuUe, MPOYHOCMb
Ha cdsue, ycmou4usoe pazsumue.

YTuuaj 3apobrbeHor Kpeyraykor rnecka u npaxa Ha MexaHu4ko
noHallahe MeLlaBMHa pPeyvHor necka: ekcriepMeHTanHa ctyavja
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OBNACT: maTepujanm
KATEFOPWJA (TWIM) YNAHKA: opuriHanHu Hay4Hun pag

Caxemak:

Yeod/uyurb: Ljurb ose cmyduje jecme da ucnuma ymuuyaj usdpobrbeHoe
Kpeursadkoe recka (crushed limestone sand —CLS) u kpeursaykoe rpaxa
(limestone crushed sand dust — LCSD) Ha busuyko U MexaHU4YKo
roHawarbe peKkoHcmumyucaHo2 pedyHoe recka mfomohy memode
gorymempujcke cyricmumyuuje.

Memode: Y cmyduju cy uzgedeHU mecmosu QUPEKMHo2 cMulara Ha 0ee
cepuje cyncmumyuuje kako 6u ce npoueHuo egekam necka CLS ca
noseharuma y uHkpemeHmuma o0 0, 10, 20, 30, u 40%, kao u echekam
npaxa LCSD 00 0 do 35% y kopauuma 00 5% Ha MexaHU4KO roHawaH-e
peKkoHcmumyucaHoz pe4Hoz necka. Ceu y3opuu cy npunpemroeHu ca 50%
penamueHe 2ycmuHe U mecmupaHu nod mpu pasfuduma HopMasHa
HarioHa, mj. nod HaroHuma 00 100, 200 u 300 kPa.

Pesynmamu: Pedynmamu noka3syjy 0a 3aMmeHa pe4yHoz riecka
Uu30pobrbeHUM KpeydrsadykKuM reckoM rosehasa He208a MexaHu4YKa
ceojcmea 0o 30%. Yspcmoha cmuuara docmuenia je MakcuMarnHy
8pedHocm 00 29% rnod HopmarnHum HarloHom 00 200 kPa. S3ameHa peyHoe
recka rpaxom u3dpobrbeHo2 Kpeyraykoe rnecka 00800u 00 cMarbusarba
MexaHuU4Kux ceojcmaea. Mehymum, demarbHuja aHanuda 0obujeHux
pe3ynmama omkpusea rnobosbluare y pe3udyanHum rnapamempuma 00
15% cyncmumyuuje.

Sakrbyyak: HakoH puzoposHe aHanuse 0obujeHux pesynmama, ymepheHo
je 0a necak pekoHcmumyucaH kombuHauujom 30% u30pobrbeHo2
Kpeurbadkoe necka U 15% Kpedrauykoz npaxa HyOu onmumMarsHe
nepghopmaHce kala je pey 0 nobosbWaHUM MEXaHUYKUM ceojcmeuma.
060 pewerse y 8erukoj mepu odzoeapa 00pKUBOM pa3sojy cmpameauje
amkupcke enade jep rnpomosuwie nobosbwaHe Kapakmepucmuke U
ouysar-e MpupoOHUX pecypca, 0K y UCmo epeme UCryHasa Ccimpoze
3axmese eeomexaHu4Ko2 cexmopa.

KrbydHe peyu: peqHU necak, u30pobrbeHU Kpeuyrsauyku recak, rpax
u3dpobrbeHo2  Kpeuymwaykoz rfecka, cyrncmumyyuja, 4epcmoha
cMmuyarba, 00pXKu8U pa3eo;.
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