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Abstract: Large quantities of dredged sediments and recycled concrete materials are generated
every year all over the world. The disposal of these large quantities in landfills represents serious
environmental problems. Furthermore, high-quality raw materials for construction are depleting,
and their use cannot be sustained. The valorization of dredged sediments and recycled concrete
materials as alternative construction materials has the potential to reduce the impact of these two
issues. In this context, this study aims at investigating the feasibility of using dredged sediments and
recycled concrete aggregates as alternative raw material for road subgrade construction. Various
mix designs were prepared using dredged sediments and recycled concrete aggregates. The mixes
were then treated with quicklime and road binder as specified in the French soil treatment guide.
Their physical, mechanical, and geotechnical properties confirmed the feasibility of using recycled
concrete aggregates and dredged sediments up to a certain percentage in road subgrade construction.
Moreover, they showed that the mixes containing 20% of dredged sediments met road subgrade
minimum physical and mechanical properties, such as immediate bearing capacity, unconfined
compression strength, indirect tensile strength greater, and UCSI/UCS60 ratio. Finally, leaching tests
were conducted to ensure the environmental safety of the various mixes. The results showed that
the mixes met the thresholds for their use in road subgrade construction. The feasibility of using
dredged sediments and recycled concrete aggregates in foundations and base layers will be studied
in future projects.

Keywords: sediment; recycled concrete aggregate; road construction; eco-friendly

1. Introduction

Today, the environmental issues related to the management of natural resources are
currently considered as major and high priority in nature (COP). The need to find alternative
solutions, particularly by implementing circular economy concepts and adopting new
economic models, is more than necessary. In this perspective, the substitution of natural
materials by alternative materials presents itself as an interesting solution vis à vis this
socio-economic and environmental challenge, which is fully in line with a sustainable
development and circular economy approach.

The construction industry consumes more than 453 million tons of granular materials
per year in France (UNPG, 2019). More than half of that quantity is consumed in road con-
struction. This situation may lead to severe depletion and scarcity of natural construction
materials in France, which would make them not sustainable. Thus, there is a pressing
need for finding new alternative construction materials, especially for road projects. On the
other hand, significant quantities of concrete waste and dredged sediments are produced
every year, whose disposal is becoming more and more complicated. In France, about
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50 million m3 of dredged sediments are collected each year, mostly from estuarine maritime
ports (90%) to ensure their good functioning by preventing their silting [1].

Several regulations govern sediment management both nationally and internationally.
When they cannot be dumped in the sea, the sediments are managed on land as waste. In
this context, waste management generates environmental, technical and economic issues.

During the last decade, several research studies have been conducted on the valoriza-
tion of dredged sediments as alternative aggregates in road construction [2–7]. However,
the results of these studies have shown that the use of dredged sediments alone as alter-
native aggregates did not yield satisfactory road performance. The studies indicated that
the performance of the road could be improved by adding a granular corrector [8,9] to the
dredged sediment mixtures to improve the compactness of the granular skeleton in the
form of natural sand or by using a stabilization/solidification process involving hydraulic
binder and lime [10–13] to improve the geotechnical properties and mechanical behavior of
the sediments. On the other hand, the construction industry produces large quantities of
construction and deconstruction waste (CDW), which is mainly composed of concrete. The
disposal of these huge quantities of CDWs poses a storage problem because of saturated
landfills and an environmental one due to their transportation-extensive pollution. Most
CDWs are characterized by their low environmental impact due to their physical and
chemical characteristics. The Waste Framework Directive (2008) provided the measures to:
(1) prevent the harmful effects of CDW generation and management on the environment
and human health and (2) improve resource use efficiency. These measures are essential for
a transition to a circular economy [14]. The directive set a target of 70% for recycled CDW
by 2020. The studies, which were conducted to achieve this target, showed that CDW can
be used as: (1) aggregate in concrete [15–19], backfill, road construction, (2) as cement to
produce clinker [20–22], or (3) as mineral addition for cementitious material [23–27]. In
France, recycled concrete aggregates (RCA) have a specific classification, in which GD0
and GD1 classes are assimilated into soils with a diameter Dmax less than 150 and 80 mm,
respectively. During the manufacture of RCAs, the cement paste of the original concrete
adheres to the natural aggregate, giving it high water absorption [28–30], which leads to an
increase in the optimum water content and a decrease in the maximum dry density [31].

Dredged sediments and soil-assimilated RCAs are currently used separately according
to the French GTR guide [32] but have never been used together. In the various works,
sediments are used with sand as a granular corrector, which is a non-renewable resource
that is rarely found near construction sites. The aim of this study is to use RCAs as a
granular corrector for sediments. RCAs are materials that are easily found locally [33] and
represent a large part of waste from the construction industry.

The objective of this paper is to study the feasibility of using both dredged sediments
and RCAs in pavement subgrade materials. This objective is in line with the valorization of
waste to make secondary raw materials for the construction sector and to promote the use
of local materials as well. Several mixes with different percentages of dredged sediments
and RCA were selected and optimized using the Talbot–Fuller–Thompson spindle, in order
to meet the normative requirements for road materials. The geotechnical, physical, and
mechanical properties of the prepared mixes were obtained through testing and were
analyzed. The immediate bearing ratio and treatment suitability tests were also carried
out to check the suitability of using these mixes in subgrade construction. Finally, an
environmental characterization was carried out to validate the environmental suitability of
the mixes for subgrade construction.

2. Materials and Methods
2.1. Marine Dredged Sediments (SED)

The marine sediments (Figure 1) were dredged from the Arcachon basin in France.
The accumulation of sediments in the basin has hampered both commercial and pleasure
navigation. The material is extracted where it is placed in settling ponds. The sediments
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were collected from different parts of the basin. They were deagglomerated, sieved to 4
mm and then homogenized.
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Figure 1. Illustration of raw materials (in left) and sediment (in right) RCA.

2.2. Recycled Concrete Aggregate (RCA)

The RCAs (Figure 1) were collected from a building deconstruction in the north of
France. They were recycled gravels with initial and final granulometries of 0/20 and
0/5 mm, respectively, after sifting. The fine content of RCAs was determined by: (1) wet
sieving on a 63 µm sieve and (2) analysis using laser granulometer Beckman Coulter
LS 13 320 analyzer based on EN ISO 13320 standard [34]. The particle size distribution
was obtained using various sieves between 63 µm and 8 mm, according to XP 94-041
standard [35].

The RCAs are classified as GD1 and composed mainly of concrete product. The choice
of using GD1 aggregates allows us to use them according to the GTR and to apply the same
identification parameters as for a natural soil for use in road subgrade.

2.3. Material Characterization
2.3.1. Physical Characterization

The physical characteristics of SEDs and RCAs are summarized in Table 1.

Table 1. SED and RCA physical characteristics.

Parameter Units SEDs RCAs Testing Standard

MBV (g/100 g) g/100 g 1.52 0.17 NF P94-068
Organic matter content % 7.35 3.49 XP P94-047
Absolute density g/cm3 2.54 2.55 NF EN 1097-7
Initial water content % 38.0 4.78 NF P 94-050
Particle size distribution EN ISO 13320
Sand fraction (% > 63µm) % 59.9 85.9
Silt fraction (2 µm < % < 63 µm) % 35.0 12.8
Clay fraction (% < 2 µm) % 5.07 1.37
Atterberg limit NF P94-051
Liquid limit % 37.0 -
Plastic limit % 17.0 -
Plasticity index % 20.0 -

The material organic matter contents were determined according to the XP P94-047 [36]
standard.

The methylene blue values were determined for each material in each mix according
to NF P94-068 standard.

The raw material Atterberg limits were determined according to the standard NF EN
ISO 17892-12 [37].
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The material particle densities were determined using a Micromeritics ACCUPYC
1330 helium pycnometer according to standard NF EN 1097-7 [38].

The initial water contents for SEDs and RCAs were equal to 38% and 4.78%, respectively.
The absolute densities for SEDs and RCAs were equal to 2.54 and 2.55 g/cm3, respectively.

The limits of liquidity and plasticity of SEDs were equal to 37% and 17%, respectively.
The plasticity index of SEDs was equal to 20%, which shows that SEDs are moderately
argillaceous. This finding was confirmed by a clay fraction value of 5.07% and a methylene
blue value (MBV) indicating higher plasticity and water sensitivity for SEDs. The RCAs
were sandy, exhibiting a sandy fraction of 85.86% and water insensitivity with an MBV
value of 0.17 g/100 g.

2.3.2. Mineralogical Characterization

Figure 2 shows XRD patterns for SEDs and RCAs. The peaks observed in the XRD
patterns for RCAs are an indication for a high content of quartz and calcite. The quartz and
calcite originate from recycled concrete silica sand and portlandite carbonation, respectively.
The results do not suggest the presence of portlandite, which is a strong indication of
RCA carbonation. The observed small peaks correspond to albite, which is a feldspar
family mineral present in natural aggregates. The sediments are mainly composed of
quartz and illite.
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2.3.3. Hydraulic Binder and Quicklime

The Eqiom hydraulic road binder VDS was composed of 50% clinker, 40% blast
furnace slag, and 10% secondary constituents. A commercial quicklime, which included
2% by weight calcium hydroxide (Ca(OH)2) and 1.5% by weight calcite (CaCO3), was
used in the study.

2.4. Methods
2.4.1. Mix Design

The mix optimization was performed using the Talbot–Fuller–Thompson spindle
semi-empirical method, which allowed us to determine the proportion of sediment (S) and
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RCAs (G) to create a granular skeleton with minimum voids and maximum compactness.
The spindle was obtained using Equation (1) [8]:

P =

[
d
D

]n
× 100 (1)

where D (mm) = aggregate maximum diameter, d = sieve size (mm), P (%) = particle percent
passing (%) based on sieve size d, and n = empirical constant (fitting coefficient) whose
value is between 0.25 and 0.45.

The RCAs are quite well scaled and fit perfectly in the spindle. On the other hand, the
sediments are quite far from the spindle with a rather fine grain size. The addition of RCAs
to the sediment improves the particle size distribution of the mixture.

Figure 3 shows that the more sediments were added, the further the mix grain size
distribution was away from the optimal spindle. The four mixes selected for the study
were: (1) 20% of sediment and 80% of RCA (20S80G), (2) 30% of sediment and 70% of RCA
(30S70G), (3) 50% of sediment and 50% of RCA (50S50G), and 100% of sediment (100S).
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Figure 3. Mix grain size distribution and optimal reference curves.

2.4.2. Geotechnical Classification

The GTR French technical guide [32] and the standard NF P 11-300 [39] were strictly
followed in determining the classification of soils used in backfill and subgrade. They
address mix grading, methylene blue value, organic matter content, and Atterberg limits.

2.4.3. Normal Proctor Test and Immediate Bearing Ratio

The normal proctor test and the immediate bearing ratio were determined based on
the standards NF EN 13286-47 [40], NF EN 13286-2 [41], and NF P94-093 [42] to evaluate if
the selected mixes can be used in subgrade construction. The tests were conducted using
a mold with a diameter of 15 cm and a height of 12 cm. The mixes were compacted in
three equal layers with 56 strokes for each layer with a drop height of 305 mm. Then, three
samples were taken from the compacted soils to determine the optimal water content and
dry density.
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2.4.4. Mechanical Behavior

The long-term mechanical properties (i.e., average value for three specimens) were
determined after 7, 28, 60, and 90 days of curing using an Instron 5500R electromechanical
press. They were determined at the optimal content, which was obtained using the proctor
test. The specimens used to determine the compressive and indirect tensile strengths were
set equal to 98.5% and 96% of the optimal dry density, respectively. The specimens were
prepared using a static compression test based on standard NF EN 13286-53 [43].

Unconfined Compression Strength (UCS)

The compressive strengths were determined using cylindrical specimens with a diam-
eter of 5 cm and a height of 10 cm. The load was applied continuously and uniformly to
failure according to NF EN 13286-41 [44].

Indirect Tensile Strength (ITS)

The indirect tensile strength was determined using specimens with a height and a
diameter of 5 cm with a uniform stress not exceeding 0.2 MPa per second according to the
standard NF EN 13286-42 [45].

Modulus of Elasticity

The elastic modulus was determined using cylindrical specimens with a diameter of
5 cm and a height of 10 cm according to the standards NF EN 13286-41 [44] and NF EN
13286-43 [46]. The elastic modulus was calculated using Equation (2):

E = 1.2 × Fr
π × D2 × E

(2)

with E = elastic modulus (MPa), Fr = maximum force (Newton), D = specimen diameter
(millimeter) and E = specimen elongation when F = 0.3 × Fr.

2.4.5. Treatment Suitability

According to the standards NF P 94-100 [47] and NF EN 13286-49 [48], the mix suit-
ability is determined by volumetric swelling (VS) and ITS by immersing specimens having
a diameter and a height of 5 cm, in water at 40 ◦C for 7 days. Before immersion, the
specimens were kept for 4 h at a temperature of 20 ◦C and a relative humidity of 90%. The
mixes were first treated with quicklime and then with cement. To validate their use in
subgrade construction, the mix vs. and ITS values were compared to the thresholds set by
the French guide of soil treatment (GTS) [49], which are summarized in Table 2.

Table 2. Treated material sustainability criteria.

After Conservation in Water at 40 ◦C for 7 Days

VS (%) ITS (Mpa)

Suitable VS < 5 ITS > 0.2
Doubtful 5 ≤ vs. ≤ 10 0.1 ≤ ITS ≤ 0.2
Unsuitable VS > 10 ITS < 0.1

2.4.6. Leaching Test

An environmental analysis was performed on raw materials with a water-to-solid ratio
of 10 and on various mixes using batch leaching according to the standard NF EN 12457-2 [50].
The concentrations of metallic trace elements (or heavy metals), chlorides, fluorides, and
sulfates were determined. The samples were stirred for 24 h in pure water (18.2 MΩ.cm).
Then, the solid and liquid fractions were separated using a 15 min decantation. The liquid
fraction was filtered through an acetate–cellulose membrane with a pore diameter of 45 µm.
The eluate was analyzed using ICP-OES and ion chromatography. In France, the SETRA
and CEREMA guides set the leaching thresholds on the use of alternative materials and



Buildings 2023, 13, 646 7 of 15

recycled concrete aggregates for use in road construction. These thresholds are summarized
in Table 3.

Table 3. Environmental acceptability criteria for road construction.

Units Sediment RCA

SETRA
Guidelines
for
Alternative
Materials

CEREMA
Guidelines
for
RCA

As mg/kg <0.1 <0.1 2 0.6
Ba mg/kg <0.008 0.19 100 36
Cd mg/kg 0.13 <0.009 1 0.05
Cr mg/kg 0.19 0.018 10 4
Cu mg/kg 0.59 0.067 50 10
Mo mg/kg <0.09 <0.09 10 5.6
Ni mg/kg 2.2 <0.05 10 0.5
Pb mg/kg <0.03 <0.03 10 0.6
Sb mg/kg <0.06 <0.06 0.7 0.6
Se mg/kg <0.08 <0.08 0.5 0.5
Zn mg/kg 25 <0.01 50 5
Fluoride mg/kg 3 6 150 60
Chloride mg/kg 5420 196 15,000 10,000
Sulfate mg/kg 18,180 3000 20,000 100,000
Soluble fraction mg/kg 34,670 6110 60,000

3. Results and Discussion
3.1. Leaching Tests

The eluates after leaching, presented in Table 3, were evaluated according to SE-
TRA [51] and CEREMA [52] guides for road construction materials. The concentrations of
trace metal elements, fluoride, chloride, and sulfate were all above the thresholds set for
the use of these materials in road construction. It is noted that the concentration of sulfates
in sediment leachates is close to the limit threshold for the use of alternative materials
in road materials (18,180 mg/kg). This is consistent with the results of previous studies
conducted on marine sediments. Maherzi et al. (2018) [13] have highlighted that the
presence of sulfates in marine sediments is mainly due to the presence of framboidal pyrite
(FeS2), which is found in natural sediments. The presence of chloride in a non-negligible
concentration is also noted. This presence of chlorides is due to the origin of the sediments,
which are marine sediments.

3.2. Physical and Geotechnical Characterization of Non-Treated and Treated Mixes

The physical characteristics of the mixes are presented in Table 4. The mixes had an
MBV lower than 1.5 g/100 g, a percent passing for 80 µm between 19.16% and 32.27%,
which classify them as a B5 soil. A similar classification has been found in the literature [8].
The sediments were classified as A1 soil, which corresponds to fine soils and is consistent
with the results of other research [3,53,54].

Table 4. Mix physical characteristics and geotechnical classification.

Characteristics Parameter Units 20S80G 30S70G 50S50G 100S

Physical

MBV g/100 g 0.57 0.84 0.98 1.53
Absolute density g/cm3 2.55 2.56 2.57 2.54
Particle size distribution
Grain < 80 µm % 19.16 23.53 32.37 37.08
Grain > 2 mm % 23.23 21.15 16.99 6.6

Geotechnical classification B5 B5 B5 A1
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Figure 4a shows the IBR indexes for non-treated mixes, which reach IPI indexes of
less than 20%, ranging between 4.91% and 9.45%. Their dry density optimal water content
values were between 1.37 and 1.60 g/cm3 and between 20.5% and 28.7%, respectively. Thus,
it does not allow them to be used as road subgrade.
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Figure 4. Mix IBR indexes: (a) non-treated and (b) treated.

There is also a significantly higher optimum moisture content and lower maximum
optimum dry density compared to literature works using natural sand [9]. However, the
results are similar to other work using RCAs [8].

To improve the geotechnical and mechanical properties of the various mixes, lime
and cement treatments were performed as recommended by the GTS for A1 and B5 soils.
Table 5 summarizes the results for the studied mixes. All the mixes were treated first with
1% (by mass) quicklime and then with 7% (by mass) cement. The physical characterization
showed that the sediments were rich in organic matter. Several studies reported that
organic matter can impact the initial lime action on soils (flocculation/agglomeration).
Thus, a lime pre-treatment is necessary to make it available for the reactions. The lime
fixation point test was performed to determine the percentage of quicklime needed to reach
a pH of 12.4 according to XP CEN/TS 17693-1 standard [55] In this study, the sediments
were pre-treated with a 3% quicklime prior to their use in the mixes.

Table 5. Designed materials for recycling sediments and granular addition.

Mixes

Sediment (%) RCA (%) Quicklime (%) Cement (%)

20S80G 20 80 1 7
30S70G 30 70 1 7
50S50G 50 50 1 7
100S 100 0 1 7

Figure 4b shows a significant increase in the IBR indexes of treated mixes. The
exothermic lime hydration reaction decreased the dry density and increased the optimal
water content due to the flocculation of the soil particles in all the mixes. The lime treatment
improved the short-term properties of the mixes by improving their IBR values. The
20S80G, 30S70G, 50S50G and 100G mixes move from an IPI of 16.5% to 25.22%, 12.31% to



Buildings 2023, 13, 646 9 of 15

18.65%, 12.64% to 16.53% and 10.3% to 12.62%, respectively. However, only the treated mix
20S80G had an IBR value of 20%, which is the recommended value for use in subgrade.
The more sediment there is, the more the compactness of the mixtures decreases, as shown
in Figure 3. Moreover, sediments are composed of a non-negligible part of organic matter,
which increases the optimal water content and decreases the maximum dry density but
also decreases the compaction characteristics [11].

3.3. Designed Material Sustainability

The treatment suitability test helps to ensure the sought dimensional stability and
mechanical behavior in special conditions and in a relatively short time. The objective is
to accelerate the hydraulic setting, which occurs in various mixes. Figure 5 shows the ITS
and swelling volume of the mixes after immersion in water. The results show that all the
mixes satisfied the indirect traction criterion except for mix 100S, which had an ITS value of
0.11 MPa. The swelling volume for all the mixes were below the threshold of 5%. Therefore,
all the mixes except 100S are suitable for treatment.
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Figure 5. ITS and swelling volume after immersion in water.

All the sample mixes experienced significant swelling volume reduction after treat-
ment. Moreover, the untreated mixes with low and high sediment contents had a low and
high swelling volume, respectively. This can be explained by: (1) the sediment organic
matter content that favors the swelling and (2) mix insensitivity to water increases with
RCA quantity because of the insensitivity of RCAs to water.

3.4. Mechanical Behavior

According to the GTS, the following three requirements have to be verified:

• The circulation on the treated layer is allowed when the UCS reaches a value of 1 MPa.
• The frost resistance is considered satisfactory if the ITS value is higher than 0.25 MPa.
• The resistance to immersion at early age is computed using the ratio between the UCS

value after 28 days of curing followed by an immersion during 32 days in water at
a temperature of 20 ◦C (USCI) and the UCS value after 60 days in normal curing at
20 ◦C (UCS60).

• The mix long-term mechanical behavior is satisfactory when its resistance reaches at
most a class of 5.

3.4.1. Trafficability Criteria of Road Sublayers and Frost Resistance

The UCS and ITS values of the various mixes after 7, 28, 60 and 90 days of curing,
shown in Figure 6, increase with the curing time for all the mixes. The UCS values show an
initial strong increase initially and a stabilization afterward. The mixes 20S80G, 30S70G,
and 50S50G reached the circulation age requirement after 7 days, while mix 100S reached it
after 28 days.
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Figure 6. Mix mechanical strength development.

On the other hand, the ITS values continued to increase after 60. The mixes 20S80G,
30S70G, 50S50G reached the criterion of 0.25 MPa after 7, 28, and 60 days, respectively.
However, mix 100S did not reach the value of 0.25 MPa.

Decreases in UCS and ITS was observed with sediment addition, which can be ex-
plained in the following ways:

• The organic matter absorbs a portion of the hydraulic binder hydration water, which
leads to a decrease in hydration products such as C-S-H, ettringite and portlandite.

• Because of their physical characteristics (low dry density and high fine fraction), the
sediments tend to decrease the compactness of the mix and consequently its strength.

• The presence of contaminants in the sediments interacts with the binders (lime and
cement), which leads to a delay or inhibition of hydration reactions.

The addition of a granular corrector such as RCAs has the potential to improve
mechanical strengths. Maherzi et al. [13] highlighted the beneficial effects of the granular
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addition in the mix composed of sediment, which leads to a reduction in the porosity of the
materials and reduces the effect of impurity elements such as organic matter and sulfates.

3.4.2. Early Age Immersion Resistance

The early age immersion resistance of the mixes was evaluated using the ratio between
UCSI and UCS60. Table 6 summarizes the results. This ratio must be higher than 0.6 for a
material with an MBV ≥0.5 g/100 g.

Table 6. Water immersion effect on UCS.

Mixes 20S80G 30S70G 50S50G 100S

UCSI 1.80 1.41 1.38 0.8
UCS60 2.7 2.23 2.03 1.26
UCSI/UCS60 0.67 0.63 0.68 0.63

The results show that immersion decreased the compression strength of all mixes.
However, it can be seen that all mixes have a UCSI to UCS60 ratio greater than 0.6. Therefore,
all mixes meet the criteria for use in subgrade. These results are in the same range of those
obtained in previous studies [9,10,13].

3.4.3. Long-Term Mechanical Behavior

The long-term mechanical properties (i.e., elastic modulus E and tensile strength TS)
of the mixes were determined to evaluate whether they can be used in road subgrade
construction. The tensile strength was determined using ITS. The mechanical properties
were measured after 90 days of curing. For a use in subgrade, the couple of elastic modulus
and strength must be at most of a resistance class 5 (zone 5). Figure 7 shows the classification
of each mix. The results show that mixes 20S80G, 30S70G and 50S50G had a resistance
class 3 while mix 100S had a resistance class 4. It can be concluded that mixes show
adequate long-term mechanical performance for use in subgrade.
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3.5. Environmental Assessment of Designed Materials

It is necessary to verify that the mix treatments did not have an impact on the en-
vironmental performance of the mixes, such as release of contaminants. Leaching tests
were performed herein on the various mixes after 90 days of curing. Table 7 shows that all
mixes comply with the thresholds of the SETRA guide, except mix 100S due to fluoride
and sulfate amounts exceeding the thresholds. However, the values of the soluble fraction
remain below the threshold. Thus, the mixes can be used in subgrade construction from an
environmental point of view.

Table 7. Results of leaching test of mix.

Units 20S80G 30S70G 50S50G 100S

SETRA
Guidelines
for
Alternative
Materials (2011)

As mg/kg <0.1 <0.1 0.13 0.19 2
Ba mg/kg 0.33 0.34 0.35 0.22 100
Cd mg/kg <0.009 <0.009 <0.009 <0.009 1
Cr mg/kg 0.29 0.27 0.21 0.24 10
Cu mg/kg 1,0 0.90 0.87 0.82 50
Mo mg/kg 0.41 0.42 0.54 0.47 10
Ni mg/kg 0.33 0.34 0.39 0.38 10
Pb mg/kg <0.03 <0.03 <0.03 <0.03 10
Sb mg/kg <0.06 <0.06 <0.06 <0.06 0.7
Se mg/kg <0.08 <0.08 <0.08 <0.08 0.5
Zn mg/kg <0.01 <0.01 <0.01 <0.01 50
Fluoride mg/kg 70 77 115.5 154 150
Chloride mg/kg 1238 1619 2687.5 3445 15,000
Sulfate mg/kg 4067 5371 9265 26,340 20,000
Soluble fraction mg/kg 6785 8018 14,085 36,347 60,000

4. Conclusions

The study investigated the feasibility of using dredged sediments and recycled con-
crete aggregates in road subgrade construction. Several mixes were prepared using dredged
sediments and recycled concrete aggregates. They were treated first with 1% (by mass)
quicklime and then with 7% (by mass) cement for efficient treatment. The physical, me-
chanical, and geotechnical properties were determined using French testing standards. A
detailed and thorough analysis of the results has confirmed the feasibility of using recycled
concrete aggregates and dredged sediments up to a certain percentage in road subgrade
construction. The study’s major findings can be summarized as follows.

• The lime treatment improved the IBR values for the mixes. However, only mix 20S80G
(i.e., 20% SED and 80%) is recommended for use in subgrade construction because its
IBR reached a value of 20%.

• The mixes showed significant swelling volume reduction after lime treatment. Moreover,
the mix swelling volumes were below the threshold of 5% for use in subgrade construction.

• The UCS and ITS values of the mixes increased with curing time. The mixes 20S80G,
30S70G, and 50S50G reached the circulation age requirement after 7 days, while mix
100S reached it after 28 days. On the other hand, mixes 20S80G, 30S70G, 50S50G reached
the criterion of 0.25 MPa for use in subgrades after 7, 28, and 60 days, respectively.

• The mixes met the early age immersion resistance criteria for use in subgrade con-
struction. The mix ratios between UCSI and UCS60 were higher than 0.6, which is the
criteria for use in subgrade for a soil with an MBV ≥ 0.5 g/100 g.

• The mixes showed adequate long-term mechanical performance for use in subgrade
construction, which corresponds to a resistance class of 5 or lower. Mixes 20S80G,
30S70G and 50S50G had a resistance class 3, while mix 100S had a resistance class 4.

• The mixes complied with the leaching thresholds of the SETRA guide, except mix 100S
due to fluoride and sulfate amounts exceeding the thresholds. Thus, the mixes can be
used in subgrade construction from an environmental point of view.
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Finally, the mix containing the lowest amount of sediment (i.e., 20% of sediments
and 80% of recycled aggregates) met all the characteristics suitable for a use in subgrade
construction, i.e., an immediate bearing capacity greater than 20, unconfined compression
strength greater than 1 MPa, indirect tensile strength greater than 0.25 MPa, UCSI/UCS60
ratio greater than 0.6, and a strength class of at most 5.

This study contributed a practical solution to address the disposal of the large quanti-
ties of dredged sediments and recycled concrete materials that are generated every year all
over the world. Moreover, it contributed a solution to the depletion of high-quality raw
materials for construction, which cannot be sustained. Dredged sediments and recycled
concrete materials represent a viable alternative construction material. Future work will be
focused on the feasibility of using dredged sediments and recycled concrete aggregates in
foundations and base layers.
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25. Topič, J.; Prošek, Z.; Plachý, T. Influence of increasing amount of recycled concrete powder on mechanical properties of cement
paste. IOP Conf. Ser. Mater. Sci. Eng. 2017, 236, 012094. [CrossRef]

26. Martínez-García, R.; Rojas MIS de Pozo, J.M.M.; Fraile-Fernández, F.J.; Juan-Valdés, A. Evaluation of mechanical characteristics of
cement mortar with fine recycled concrete aggregates (FRCA). Sustainability 2021, 13, 414. [CrossRef]

27. Gonçalves, T.; Silva, R.V.; De Brito, J.; Fernández, J.M.; Esquinas, A.R. Mechanical and durability performance of mortars with
fine recycled concrete aggregates and reactive magnesium oxide as partial cement replacement. Cem. Concr. Compos. 2020, 105,
103420. [CrossRef]

28. Kapoor, K.; Bohroo, A.U.R. Study on the influence of attached mortar content on the properties of recycled concrete aggregate. In
Sustainable Engineering; Springer: Singapore, 2019; pp. 337–347.

29. Silva, S.; Evangelista, L.; De Brito, J. Durability and shrinkage performance of concrete made with coarse multi-recycled concrete
aggregates. Constr. Build. Mater. 2021, 272, 121645. [CrossRef]

30. Tam, V.W.; Soomro, M.; Evangelista, A.C.J. Quality improvement of recycled concrete aggregate by removal of residual mortar: A
comprehensive review of approaches adopted. Constr. Build. Mater. 2021, 288, 123066. [CrossRef]

31. Cabalar, A.F.; Zardikawi, O.A.A.; Abdulnafaa, M.D. Utilisation of construction and demolition materials with clay for road
pavement subgrade. Road Mater. Pavement Des. 2019, 20, 702–714. [CrossRef]

32. Guide de Terrassement Routier (GTR); LCPC-SETRA: Paris, France, 1992.
33. Cardoso, R.; Silva, R.V.; de Brito, J.; Dhir, R. Use of recycled aggregates from construction and demolition waste in geotechnical

applications: A literature review. Waste Manag. 2016, 49, 131–145. [CrossRef]
34. ISO 13320:2020; Analyse Granulométrique—Méthodes par Diffraction Laser. ISO International Standards, 2020. Available online:

https://www.iso.org/fr/standard/69111.html (accessed on 6 February 2023).
35. XP P94-041; Sols: Reconnaissance et Essais—Identification Granulométrique—Méthode de Tamisage par Voie Humide. AFNOR:

Paris, France, 1995.
36. XP P94-047; Sols: Reconnaissance et Essais—Détermination de la Teneur Pondérale en Matières Organiques d’un Matériau—

Méthode par Calcination. AFNOR: Paris, France, 1998.
37. NF EN ISO 17892-12; Sols: Reconnaissance et Essais—Détermination des Limites D’Atterberg—Limite de Liquidité à la Coupelle—

Limite de Plasticité au Rouleau. AFNOR: Paris, France, 2018.
38. NF EN 1097-7; Essais pour Déterminer les Caractéristiques Mécaniques et Physiques des Granulats—Partie 7: Détermination de

la Masse Volumique Absolue du Filler—Méthode au Pycnomètre. AFNOR: Paris, France, 2022.
39. NF P11-300; Exécution des Terrassements—Classification des Matériaux Utilisables dans la Construction des Remblais et des

Couches de forme D’infrastructures Routières. AFNOR: Paris, France, 1992.
40. NF EN 13286-47; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 47: Méthode D’essai pour la

Détermination de L’indice Portant CALIFORNIEN (CBR), de L’indice de Portance Immédiate (IPI) et du Gonflement Linéaire.
AFNOR: Paris, France, 2021.

41. NF EN 13286-2; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 2: Méthodes D’essai de Détermination
en Laboratoire de la Masse Volumique de Référence et de la Teneur en Eau—Compactage Proctor. AFNOR: Paris, France, 2010.

42. NF P94-093; Sols: Reconnaissance et Essais—Détermination des Références de Compactage d’un Matériau—Essai Proctor
Normal—Essai Proctor Modifié. AFNOR: Paris, France, 2014.

http://doi.org/10.1016/j.scitotenv.2021.149892
http://doi.org/10.1016/j.jobe.2021.102196
http://doi.org/10.1016/j.jobe.2022.104452
http://doi.org/10.1016/j.matpr.2020.10.935
http://doi.org/10.1016/j.cemconcomp.2015.01.003
http://doi.org/10.1617/s11527-017-0996-8
http://doi.org/10.1016/j.conbuildmat.2020.118217
http://doi.org/10.1617/s11527-015-0716-1
http://doi.org/10.1016/j.jobe.2020.101863
http://doi.org/10.1088/1757-899X/236/1/012094
http://doi.org/10.3390/su13010414
http://doi.org/10.1016/j.cemconcomp.2019.103420
http://doi.org/10.1016/j.conbuildmat.2020.121645
http://doi.org/10.1016/j.conbuildmat.2021.123066
http://doi.org/10.1080/14680629.2017.1407817
http://doi.org/10.1016/j.wasman.2015.12.021
https://www.iso.org/fr/standard/69111.html


Buildings 2023, 13, 646 15 of 15

43. NF EN 13286-53; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 53: Méthode de Confection par
Compression Axiale des Eprouvettes de Matériaux Traités aux Liants Hydrauliques. AFNOR: Paris, France, 2005.

44. NF EN 13286-41; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 41: Méthode D’essai pour la
Détermination de la Résistance à la Compression des Mélanges Traités aux Liants Hydrauliques. AFNOR: Paris, France, 2021.

45. NF EN 13286-42; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 42: Méthode D’essai pour la
Détermination de la Résistance à Traction Indirecte des Mélanges Traités aux Liants Hydrauliques. AFNOR: Paris, France, 2003.

46. NF EN 13286-43; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 43: Méthode D’essai pour la
Détermination du Module D’élasticité des Mélanges Traités aux Liants Hydrauliques. AFNOR: Paris, France, 2003.

47. NF P94-100; Sols: Reconnaissance et Essais—Matériaux Traités à la Chaux et/ou Aux Liants Hydrauliques—Essais D’évaluation
de L’aptitude d’un sol au Traitement. AFNOR: Paris, France, 2022.

48. NF EN 13286-49; Mélanges Traités et Mélanges Non Traités aux Liants Hydrauliques—Partie 49: Essai de Gonflement Accéléré
pour sol Traité à la Chaux et/ou Avec un Liant Hydraulique. AFNOR: Paris, France, 2004.

49. Guide de Traitement des Sols (GTS); LCPC-SETRA: Paris, France, 2000.
50. NF EN 12457-2; Caractérisation des Déchets—Lixiviation—Essai de Conformité pour Lixiviation des Déchets Fragmentés et des

Boues—Partie 2: Essai en Bâchée Unique Avec un Rapport Liquide-Solide de 10 L/kg et une Granularité Inférieure à 4 mm (Sans
ou Avec Réduction de la Granularité). AFNOR: Paris, France, 1995.

51. Acceptabilité de Matériaux Alternatifs en Technique Routière-Évaluation Environnementale; SETRA: Vénissieux, France, 2011; Available
online: https://www.cerema.fr/fr/centre-ressources/boutique/acceptabilite-materiaux-alternatifs-technique-routiere (accessed
on 6 February 2023).

52. Acceptabilité Environnementale de Matériaux Alternatifs en Technique Routière—Les Matériaux de Déconstruction Issus du BTP; CEREMA:
Bron, France, 2016; Available online: https://www.cerema.fr/fr/centre-ressources/boutique/acceptabilite-environnementale-
materiaux-alternatifs-1 (accessed on 27 February 2023).

53. Djeran-Maigre, I.; Razakamanantsoa, A.; Levacher, D.; Hussain, M.; Delfosse, E. A Relevant Characterization of Usumacinta
River Sediments for a Reuse in Earthen Construction and Agriculture. Available online: https://ssrn.com/abstract=4341668
(accessed on 27 February 2023).

54. Pu, H.; Mastoi, A.K.; Chen, X.; Song, D.; Qiu, J.; Yang, P. An integrated method for the rapid dewatering and solidifica-
tion/stabilization of dredged contaminated sediment with a high water content. Front. Environ. Sci. Eng. 2021, 15, 67. [CrossRef]

55. XP CEN/TS 17693-1; Terrassements—Essais de Traitement de sol—Partie 1: Essai pH pour la Détermination du Besoin en Chaux
pour la Stabilisation des sols (Point de Fixation de la Chaux LFP, Optimum de Modification de la Chaux LMO). AFNOR: Paris,
France, 1995.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.cerema.fr/fr/centre-ressources/boutique/acceptabilite-materiaux-alternatifs-technique-routiere
https://www.cerema.fr/fr/centre-ressources/boutique/acceptabilite-environnementale-materiaux-alternatifs-1
https://www.cerema.fr/fr/centre-ressources/boutique/acceptabilite-environnementale-materiaux-alternatifs-1
https://ssrn.com/abstract=4341668
http://doi.org/10.1007/s11783-020-1359-1

	Introduction 
	Materials and Methods 
	Marine Dredged Sediments (SED) 
	Recycled Concrete Aggregate (RCA) 
	Material Characterization 
	Physical Characterization 
	Mineralogical Characterization 
	Hydraulic Binder and Quicklime 

	Methods 
	Mix Design 
	Geotechnical Classification 
	Normal Proctor Test and Immediate Bearing Ratio 
	Mechanical Behavior 
	Treatment Suitability 
	Leaching Test 


	Results and Discussion 
	Leaching Tests 
	Physical and Geotechnical Characterization of Non-Treated and Treated Mixes 
	Designed Material Sustainability 
	Mechanical Behavior 
	Trafficability Criteria of Road Sublayers and Frost Resistance 
	Early Age Immersion Resistance 
	Long-Term Mechanical Behavior 

	Environmental Assessment of Designed Materials 

	Conclusions 
	References

