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ARTICLE INFO ABSTRACT
Keywords: This study has focused on the dam sediments and marble waste reuse as subgrade materials for
Sediment road construction, with the overarching goals of reducing greenhouse gas emissions and

Marble waste
Granular corrector
Road construction
Circular economy
Greenhouse emission

conserving natural resources. Different mixtures were prepared based on sediments and marble
waste, and treated with hydraulic binders. The first mixture consisted solely of raw sediment,
while the second mixture combined 50 % dredged sediments with 50 % marble waste. Addi-
tionally, this mixture was treated with 1 % aerial hydrated lime and hydraulic road binder to
enhance its properties. The experimental study focused on assessing both the short-term and long-
term mechanical properties of the prepared mixtures. Results highlighted that the mixtures
containing dam sediments and marble waste were highly suitable for road subgrade construction.
These mixtures satisfied the criteria for trafficability (UCS), wetting resistance (UCSI), freezing
resistance (ITS), and overall mechanical strength. Furthermore, a comprehensive analysis of the
mixtures’ microstructure and their environmental impact was conducted. A significant relation-
ship was observed between CaO/SiO, ratio and the mechanical properties of the treated mix. The
research contributes to the growing body of knowledge regarding sustainable construction
practices by highlighting the viability of utilizing dredged sediments and marble waste as valu-
able resources in road subgrade construction. The study showed that recovering 20 % of sediment
and marble waste to replace natural materials would reduce energy consumption and greenhouse
gas emissions by at least 40 % and 28 % respectively.

1. Introduction

The construction industry is a significant consumer of raw materials and energy worldwide, accounting for half of the world’s
energy consumption [1,2]. In Algeria, it consumes a third of the country’s total energy [3]. Furthermore, this industry is a major
contributor to carbon emissions [2,4], responsible for 31 % of Algeria’s greenhouse gas emissions [3]. Additionally, the construction
sector heavily relies on natural aggregates, with a global consumption of 48.3 billion metric tons in 2015 [5]. The depletion and
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overconsumption of these natural resources raises serious concerns for the industry’s future. Thus, the development of cost-effective
alternatives to natural raw materials becomes critical for the success of construction projects.

Currently, North African dams are grappling with high sedimentation levels, with over 20 million m® of sediments being deposited
annually in Algerian dams [6]. On a global scale, hundreds of million tons of sediments are dredged each year [7]. Researchers have
explored various sediment valorization approaches for civil engineering applications, including road pavements [8-12], bricks [13,
14], sand substitutions [15,16], Supplementary Cementitious Materials (SCMs) [17,18], Self-Consolidating Concrete (SCC) [19,20],
geopolymer binders [21,22], asphalt applications [23], and even agricultural uses [24]. These valorized sediments have found
application in several large-scale construction projects worldwide, such as the French Waterways, Rotterdam Port, London National
Theatre, Great Belt Link between Denmark and Sweden, and Dubai Palm Island [25]. To effectively utilize these sediments in specific
civil engineering applications, it is crucial to understand their physical, geotechnical, and mechanical properties, as well as conduct
environmental assessments to ensure their safety and compatibility with the environment. Several sediment management laws and
regulations have already been established to address their environmental impact. By promoting the use of dredged sediments and
waste as alternative solutions, the sustainable management of construction raw materials can be achieved, offering economic and
ecological advantages while preserving non-renewable natural resources and reducing carbon footprints.

Notably, Algeria stands out as a leading producer and manufacturer of high-quality marble in Africa [26]. Marble, a metamorphic
rock formed from limestone under heat and metamorphic pressure [24], consists mainly of mineral calcite (CaCO3) and other sec-
ondary minerals, including clay minerals, micas, quartz, pyrite, iron oxides, and graphite [27]. Throughout history, marble has been
used for building sculptures and statues by ancient Greeks and Romans. However, the current excessive production of marble generates
substantial amounts of powder and sand waste during the production process.

Algeria has historically exhibited a significant production capacity for marble and granite, reaching up to 30,000 tons in the past.
However, the current production has declined to 14,000 tons [28]. About 70 % of this mineral is wasted in the processes of mining,
processing, and polishing [29]. The ongoing excessive production of marble has resulted in a significant accumulation of powder and
sand waste, posing environmental challenges during manufacturing, extraction, and processing operations [27]. In response to this
issue, researchers have recognized the potential of utilizing marble waste as an alternative construction material, presenting economic
and environmental advantages [30-34]. This article investigates the viability of incorporating marble waste and dredged sediments in
the construction of road subgrades. To achieve this, two key approaches were employed: (1) introducing marble waste with a
maximum particle size of 2 mm into the sediment granular structure, optimizing mix packing densities using the
Talbot-Fuller-Thompson method; (2) conducting sediment mix designs, comparing the presence and absence of marble waste as
granular correction, applying the Talbot-Fuller-Thomson optimization method. The determination of lime and hydraulic road binder
percentages followed the Lime Fixing Point (LFP) test recommendations and the subgrade and road construction French guide (GTS)
standards. Extensive testing was carried out to assess the road subgrade construction suitability of the prepared mixes, with additional
leaching tests to evaluate their environmental safety.

2. Research significance

Over the last few years, the significant number papers on the subject of using wastes in road construction were published. The aim
of previous study was to replace only a fraction of the natural materials [8;45;47;51;53]. The main aim of our study was to investigate
of the feasibility of use mixes based on dam sediments and marble waste, and treated with hydraulic road binders comprised on
calcined sediment dam and blast furnace slag, as subgrade materials for road construction. Experimental analyses such as mechanical
properties (UCS and ITS), resistance to water immersion, mercury intrusion porosimeter (MIP), and microstructure analyses (SEM
observation) were used to investigate the impact of marble waste and hydraulic binders’ treatment on road materials. The obtained
results in this study that enhanced understanding of the use only mineral wastes in the road materials mixtures. Indeed, the impact of
the Ca0/SiO; ratio of the hydraulic binders, and the packing density of the mixtures on the mechanical performances was defined.
Furthermore, the impact of the use of mineral waste on greenhouse gas emissions and fossil energy consumption was highlighted.

Table 1
Binder physical, chemical, and mechanical properties.

Physical requirements NF EN 196-6. 3

Residue by mass at 90 pm (%) Initial setting time (min) Expansion (mm)

HRB-1 HRB-2 Limit HRB-1 HRB-2 Limit HRB-1 HRB-2 Limit

0.28 0.18 <15 230 250 > 150 1.28 0.74 <30
Chemical requirements NF EN 196-2 Compressive strength at 56 days (MPa) NF EN 13282-2

SO; content (%) HRB-1 HRB-2

HRB-1 HRB-2 Limit 50.06 54.18

1.28 0.74 4.00 Strength class N4

SiO, Al,03 FeOg3 Cao MgO SO3 K,O Nay0 TiO2 MnO BaO SrO OFy
HRB-1

24.26 6.86 3.40 57.89 1.38 3.76 1.28 0.32 0.41 0.16 0.17 0.03 0.09
HRB-2

30.38 8.44 2.98 49.39 2.34 2.82 1.38 0.31 0.42 0.55 0.58 0.09 0.31
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3. Materials and methods
3.1. Materials

3.1.1. Hydraulic road binders (HRB)

The hydraulic road binders were composed of three main constituents: cement CEM I 42.5 N, blast furnace slag, and calcined
sediments, combined in varying proportions. The initial binder, denoted as HRB-1, comprised 80 % cement, 10 % blast furnace slag,
and 10 % calcined sediments. In contrast, the second binder, labeled HRB-2, contained 50 % cement, 35 % blast furnace slag, and 15 %
calcined sediments. Detailed information regarding the physical, chemical, and mechanical properties of these binders, along with the
standard requirements (EN 13282-2) for normally hardened hydraulic road binders, can be found in Table 1 [9]. Additionally, Fig. 1
presents the binder grain size distributions.

3.1.2. Hydrated lime (HL)

For the mix treatment, a hydrated lime powder (CL 90-S) was employed, possessing an absolute density of 2.31 g/cm>. The lime
powder adhered to strict standards, as outlined in EN 459-1 and NF P98-101, ensuring a minimum of 90 % free lime (CaO) content and
a maximum of 5 % magnesium oxide (MgO) content. Fig. 1 illustrates the particle size distribution of the lime, revealing that the
maximum particle size was less than 80 um.

3.1.3. Raw sediments

The sediments were sourced from Zardezas dam in northeastern Algeria, a location facing a significant risk of short-term total
siltation, evident by its current storage, which is now less than a quarter of its initial capacity [35]. Multiple samples were manually
collected from depths ranging between 0 and 70 cm. These samples were then subjected to a series of preparation steps, including
air-drying, oven drying at 50 °C for 48 h, crushing, homogenization, and storage in sealed plastic bags.

To comprehensively assess the sediment properties, various physical, chemical, geotechnical, mechanical, and environmental
analyses were conducted following French and European standards. A summary of the obtained results is presented in Table 2. Based
on the SETRA-LCPC technical guide [36], the sediments were categorized as belonging to class A3 and sub-class F11, exhibiting an
organic matter content ranging from 3 % to 10 %. Remarkably, Fergoug’s and Bakhadda’s dam sediments also fall into the same class
[37,38], indicating similarities in their characteristics.

The X-ray diffraction (XRD) patterns further unveiled the composition of the dam sediments, revealing three primary crystalline
phases: clay minerals (Kaolinite, Illite, Chlorite, and Albite), silicates (Quartz), and carbonate (dolomite and calcite) (Fig. 2). Remini
[39] has also reported similar crystalline phases for these sediments in his research, reinforcing the consistency of the findings.

The scanning electron microscope (SEM) images were captured using a Hitachi S-4300SE/N Electron Microscope, which was
equipped with a Thermo-Scientific Ultradry EDX detector. Fig. 3(a) exhibits the morphology of the fine porous particles and the
layered structure of the clays found in the raw sediments. In Fig. 3(b), framboidal pyrite is observed in the mineralogical composition
of the raw sediments. These noteworthy findings align with previous studies conducted on marine and river sediments [8,40-42],
wherein hydraulic treatment in the presence of calcium aluminate and calcium silicate hydrates was applied. Notably, the presence of
pyrite can induce the formation of expansive products, such as ettringite and thaumasite. The layered clay mineral structure is dis-
played in Fig. 3(c).

Table 3 summarizes the raw sediment chemical composition, which consists of Silicate (Si), Aluminum (Al), Calcium (Ca), and Iron

(Fe).
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Fig. 1. Hydrated lime and hydraulic road binder particle size distribution.
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Table 2

Zardezas dam sediment characteristics.
Properties Standards Sediments
Initial water content (%) NF P94-050 47-57
Laser granulometric analysis (Wet method): ISO 13320-1
Fine particles (% < 80 um) 90
Clayey fraction Dmax < 2 pm (%) 34.25
Silty fraction 2 pm < Dmax < 63 um (%) 54
Sandy fraction 63 pm < D < 2 mm (%) 11.75
Absolute density (g/cm®) NF EN 1097-7 2.63
Organic matter content at 450 °C XP P 94-047 3.67
Loss on ignition at 550 °C NF EN 15169 6.29
Blue methylene value (g/100 g) NF P 94-068 4.41
Liquid limit (%) NF P94-051 52.1
Plastic limit (%) NF P94-051 22.2
Plasticity index (%) 29.9
CaCOj3 content NF P 94-048 15.55
pH value NF ISO 10390 8.4
Proctor test NF P94-093
Maximal dry density (t/m®) 1.58
Optimum water content (%) 23
Immediate bearing index (%) NF P94-078 7.11
Leaching test EN 12457-2 Inert

(French Directive of
14 December 2014)

Class SETRA-LCPC AsFqq

Q- Quartz
C- Calcite
K- Kaolinite
A- Albite

1- [lite

D- Dolomite
Ch- Chlorite

Intensity [Counts a.u]

10 20 30 40 50 60 70 80
2Thetha [°]

Fig. 2. Zardezas dam sediment XRD patterns.

3.1.4. Marble waste

The granular corrector employed in this study was derived from the marble sandy waste extracted from Skikda’s CHATT/Fil-Fila
quarry in northeastern Algeria (https://www.enamarbre.dz). The particle sizes of this waste material ranged from 0 to 2 mm, sur-
passing the raw sediments in coarseness. Fig. 4 illustrates the morphology and particle size distribution of the marble waste, as ob-
tained through SEM analysis in BSE and SE modes, utilizing an accelerating voltage of 15.0 and 5.0 KV, along with a working distance
of 10.0 mm.

3.2. Methods
3.2.1. Dam sediment granular skeleton binder dosage optimization

3.2.1.1. Granular correction. Even when compacted, dredged sediments lack sufficient strength and stiffness for road applications.
Consequently, the addition of chemical admixtures is undertaken to enhance their properties [43]. With an IBI of 7.11 < 10, required
for use as a subgrade for A3 classes, the Zardezas sediments are not suitable for direct utilization and necessitate a combined treatment
with lime and hydraulic binders. The prescribed treatment involves 1 % lime and 7 % hydraulic binders, adhering to the specifications
of the French technical guide GTS.
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Fig. 3. (a) Sediment grain SE mode morphology, (b) framboidal pyrite, (c) layered clay mineral structure.

Table 3

Zardezas dam sediments X-ray fluorescence results.
Major oxide SiO, Al,O3 FeO3 CaO MgO SO3 K20 Na,O TiO,
Percentage (%) 48.27 17.73 6.26 9.35 2.11 Traces 2.25 0.36 0.81

Previous literature suggests that sediments treated solely with binders can achieve a porosity of approximately 50 %, resulting in
diminished mechanical properties [44]. However, it has been demonstrated that incorporating a granular corrector alongside hy-
draulic binders enhances both the physical and mechanical characteristics of the sediments [45,46]. To achieve this improvement, a
granular skeleton for the mixtures was developed using the semi-empirical Talbot-Fuller-Thompson (T-F-T) method. The objective was
twofold: firstly, to reduce the porosity of Zardezas dam sediments, and secondly, to optimize their packing density while attaining
suitable mechanical properties for road subgrade application, thereby minimizing binder content [47]. The application of Fuller’s
reference curves typically ensures an optimum packing density gradation. By employing granulometric curves, bounded by two
theoretical T-F-T curves obtained through Eq. (1), the most favorable grain arrangement with minimal porosity can be achieved.
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Fig. 4. Sandy marble waste SEM micrographs (a) BSE mode (b) SE mode.

P {ﬂ} @

Where: P = passing in sieve d (%), d = sieving diameter (mm), D = maximal grain diameter (mm), and n = grading or adjustment
coefficient with a value between 0.25 and 0.45.

3.2.1.2. Lime fixation point (LFP). The lime content required to achieve a pH of 12.4 was determined through the lime fixation point
test, following the methods of Eades and Grim [48], and the French standard NF ISO 10390. It is important to highlight that a pH of
12.4 promotes both pozzolanic activity and hydrate precipitation [49]. For the assessment of the pH in the sediments and the 50 % SED
and 50 % MW mix, a solid to water ratio of 1/5 was utilized. The pH of the mix was examined after incorporating various lime doses, as
well as in the pre-humidified (D-1) state, with a 23 % water content (OWC).

The reaction of the mix lasted for one hour, during which water was added to achieve a solid to liquid ratio of 1/5, followed by one
hour of agitation. To measure the pH, a calibrated meter was employed, and the assessments were conducted at a room temperature of
20 °C. The pH value recorded was stable within a variation of only 0.02 over one minute.

3.2.2. Mechanical properties

Table 4 summarizes all the mechanical tests carried out. Mixtures were pre-humidified, mixed with a mixer until homogenization
and kept sealed in plastic bags for at least 24 h. The following day, mixture was placed in the mixer tank, mixed with lime for about
3 min then left to react for an hour. The road hydraulic binder was then incorporated, mixed for 5 min then poured into the Proctor
mould and compacted in three layers with Normal Proctor energy (top of each layer was slightly scarified) following the French
standards NF P94-093, to determine the Optimum Water Content and the maximum dry density. Inmediate Bearing Index tests were
conducted and NF P94-078, respectively, using an automatic loading machine with a capacity of 150 kN. The application of force on
the plenetration piston, characterized by a cross-sectional area of 1932 mm?, occurred at a penetration rate of approximately 1.27 mm
min™.

To evaluate the suitability of the mixes as alternative materials for road sublayer use, the French GTS guide [50] was employed. The
assessment involved various tests, including treatment ability (NF P94-100), unconfined compressive strength (UCS) (NF EN
13286-41), wetting resistance (UCSy), freezing resistance (Rt) (NF EN 13286-42), as well as elastic modulus and tensile strength
measurements. For each test, three cylindrical specimens were prepared from each mix. The mixes were pre-humidified and kept in
sealed plastic bags. After 24 h, lime was added to the mixes, followed by 3 min of mixing. The mixes were then allowed to react for 1 h
while conserved in sealed bags. Subsequently, a hydraulic road binder was added, and the mixes were mixed for another 5 min.

Cylindrical specimens with a diameter (D) of 50 mm and a depth (H) of 50 mm were prepared with OWC and a relative compaction
degree of p = 0.96xpd. These specimens were compacted according to the standards NF EN 13286-53 and NF P 98-114-3. To facilitate

Table 4
Mechanical testing program.
Testing Cure condition Dimension Number of replicates Curing
(Wet/Normal cure) D x h (mm) (days)
Normal proctor and IBI 152x116 Immediate
treatment ability (VS, ITS) W at 40 °C 50x50 3,3 7
ucs N (endogenous) at 20 °C 50x100 3 14, 28, 56 and 90
UCS; N (endogenous) at 20 °C, 50x100 3 28
then, W at 20 °C 32
ITS N (endogenous) at 20 °C 50 * 50 3 14, 28, 56 and 90
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the volumetric swelling testing, the specimens were laterally covered with permeable textile bands and fixed with elastic bracelets.
Conversely, for indirect tensile strength testing, impermeable film was used for lateral coverage. For each mix and each test, three
replicates were prepared.

Before testing, the specimens were subjected to specific environmental conditions, first being placed in the air at a temperature of
20 °C and humidity of 90 %, and then immersed in water for 7 days at a temperature of 40 °C. Table 5 provides a summary of the
treatment suitability criteria. A soil mix is deemed suitable if it meets the following requirements: 1) the volumetric swelling (VS) is
below 5 % and 2) the indirect tensile strength (ITS) is greater than 0.2 MPa.

3.2.2.1. Short term mechanical properties

3.2.2.1.1. Unconfined compressive strength (UCS). The trafficability criterion is determined by the circulation allowance age on a
treated subgrade layer. To assess this criterion, unconfined compressive tests were conducted. Cylindrical specimens with a diameter
(D) of 50 mm and a depth (H) of 100 mm were prepared using OWC and p = 0.985pgopn. These specimens were then hermetically
sealed in plastic molds to avoid moisture loss from the sample [51] and cured for 14, 28, 56, and 90 days at a temperature of 20 °C.

It is worth noting that the trafficability criterion, as defined by the French guide GTS [50], is met when the unconfined compressive
strength exceeds 1 MPa.

3.2.2.1.2. Resistance to wetting (UCSp. The specimens underwent an initial curing process in a climate-controlled room at a
temperature of 20 °C, during which they were covered with impermeable film. This phase is referred to as the "normal cure." After 28
days, the plastic films were removed from the specimens. Subsequently, they were submerged in a container filled with water at the
same temperature (20 °C) for an additional 32 days.

To evaluate the water sensitivity of the mix, the ratio UCSIgy / UCSgo was employed as a key metric.

3.2.2.1.3. Resistance to freezing (ITS). The investigation into the resistance to freezing involved the use of indirect tensile tests.
Cylindrical specimens, measuring 50 mm in diameter (D) and 50 mm in depth (H), were meticulously prepared using OWC and
p = 0.96py, in accordance with NF EN 13286-53 standards. Subsequently, the specimens were hermetically sealed in plastic molds and
stored in a climate-controlled room at a constant temperature of 20 °C for varying durations of 14, 28, 56, and 90 days.

The tensile strengths of the specimens were calculated using the following equation:

TS = 0-8 x ITS @
Where TS represents the estimated tensile strength derived from the ITS (MPa), and ITS denotes the Indirect Tensile Strength
(MPa).

3.2.2.2. Long term properties. The indirect tensile strengths and elastic moduli were determined after 90 curing days. The estimated
parameters (TS, E) after 360 curing days were then determined using empirical coefficients, which can be obtained using Eqgs. (2) and
(3) (NF P98-114-2).

R

=0.70 (2)
Rieo
E
——=0.75 3)
Egeo

The obtained tensile strengths and elastic moduli were then evaluated according to the Table 4 strength classes and defined in the
standard NF P94-102-1 and the French technical guide GTR. The materials with a strength class lower than T4 cannot be used in road
subgrade construction according to the specifications of the French standard NF P94-102-1.

3.2.3. Environnemental assessment

The environmental impacts of the raw sediments were assessed through leaching tests, following the French standard NF EN
12457-2. The analysis was conducted on samples with a particle size of 4 mm and a liquid-solid ratio (L/S) of 10. Ion chromatography
(IC) was employed to measure the concentrations of chloride, fluoride, and sulphate anions, while inductively coupled plasma-optical
emission spectrometry (ICP) was used to measure the concentration of trace metals. The results presented in Table 7 indicate that the
sediment concentrations of trace elements and anions are lower than those reported in the French SETRA guide [52]. Consequently, it
can be inferred that the sediments are environmentally suitable for road subgrade construction.

Table 5
Treated soil suitability evaluation criteria.
Soil treatment suitability assessment criteria Parameters
VS (%) ITS (MPa)
Suitable soil <5 >0,2
Doubtful soil 5<VS<10 0,1 <ITS< 0,2
Unsuitable soil >10 <0,1
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Table 6
Soil Long-term mechanical performance classification.
Position in the chart Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Mechanical performance class Class1 Class2 Class3 Class4 Class 5
Table 7
Sediment road construction uses environmental acceptability criteria.
Elements Raw Sediment Inert Waste Reference Thresholds SETRA for
(mg/kg of Dry Matter) (mg/kg of Dry Matter) Alternative Materials
As <0.11 0.50 2.00
Ba 0.57 20.00 100.00
Cd < 0.009 0.04 1.00
Cr < 0.004 0.50 10.00
Cu 0.064 2.00 50.00
Mo < 0.088 0.50 10.00
Ni < 0.047 0.40 10.00
Pb < 0.023 0.50 10.00
Sb < 0.057 0.06 0.70
Se < 0.083 0.10 0.50
Zn 0.02 4.00 50.00
Chloride 39.5 800.00 15,000.00
Fluoride 7.15 10.00 150.00
Sulfate 515 1000.00 20,000.00
Soluble fraction 1000 4000.00 60,000.00

4. Results and discussion

4.1. Dam sediment granular skeleton and binder dosage optimization

4.1.1. Granular correction

As shown in Fig. 5, the mixes consisting of 60 % (or 70 %) of sandy marble waste (MW) and 40 % (or 30 %) of sediments (SED)
belong to the optimal Fuller spindle. However, the mix composed of 50 % MW and 50 % SED, which is partially inside the T-F-T
spindle, was selected to be treated herein by ternary binders to allow a maximum waste valorization.

Table 8 presents a concise summary of the physical properties pertaining to the 50 % SED + 50 % MW mixtures. The findings
indicate that the introduction of marble waste has led to slight modifications in the geotechnical properties of the mixes. The treated
sediments are categorized under class A3 F11 according to the GTR classification and the French standard NF P 11-300. Additionally,
the inclusion of marble waste brings about changes in the granular skeleton of the mix, which in turn induces a dilution effect by
altering the physical and geotechnical properties of the sediments [53].

4.1.1.1. Lime fixation point (LFP) and binder dosage. Fig. 6 provides a comprehensive overview of the mix suspension pH evolution

100%

T-F-T curves
MW

90% Sed

90% MW 10%sed
80% MW 20%sed
70% MW 30%sed
60% MW 40%sed
50% MW 50%sed
40% MW 60%sed
30% MW 70%sed
20% MW 80%sed
10% MW 90%sed

80%

70%

60%

50%

Passing [%]

40%

30%

20%

10%

0% T
0,001

T
0,01
Diameter [mm]

0,1

Fig. 5. Particle grain size distribution of the different Mix.
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Properties

Test standards

50 % SED + 50 % MW

Laser granulometric analysis

(Wet method):

Fine particles (% < 80 um)
Clayey fraction Dmax < 2 pm (%)
Silty fraction 2 pm < Dmax < 63 pm (%)
Sandy fraction 63 ym < D < 2 mm (%)

Absolute density (g/cm®)
Organic matter content at 450 °C
Loss on ignition at 550 °C
Blue methylene value (g/100 g)

Liquid limit (%)
Plastic limit (%)
Plasticity index (%)

Leaching test

Class

1SO 13320-1

NF EN 1097-7
XP P 94-047
NF EN 15169
NF P 94-068
NF P94-051
NF P94-051

EN 12457-2

SETRA-LCPC

49
19.5
28.5
52
2.67
2.72
4.07
3.92
40.47
13.75
27.22
Inert

(French Directive of
14 December 2014)

AsF11

13
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Fig. 6. pH variation as function of incorporated lime percentage.

concerning varying lime content. Notably, the mix suspension pH reached a critical value that marks the initiation of a pozzolanic
reaction [54] when the sediment lime content reached 1 %. This observation suggests that the sediments exhibited a satisfactory
affinity for lime and displayed an absorbed calcium saturation [10].

Over the long term, the hydration of lime leads to the production of calcium hydroxides, which subsequently react with alumi-
nosilicate clay minerals, resulting in the formation of new hydration products. The rise in pH due to lime saturation significantly
contributes to this reaction [55]. For this study, the lime content was consistently set at 1 % of the treated material’s dry mass.

To effectively treat the Zardezas dam sediments, which belong to class A3, a mixed treatment involving hydraulic binders and aerial
lime is recommended, following the guidelines outlined in the French GTS guide. For the experimental investigation, two hydraulic

Table 9

Mix design mixes.
Mix S7-1 S7-2 $10-1 S$10-2 S$S7-1 S$S7-2 S$S10-1 S$S10-2
Sediments 100 % 100 % 100 % 100 % 50 % 50 % 50 % 50 %
Sandy marble waste 0% 0% 0% 0% 50 % 50 % 50 % 50 %
Lime 1% 1% 1% 1% 1% 1% 1% 1%
HRB-1 7 % 0% 10 % 0% 7 % 0% 10 % 0%
HRB-2 0 % 7 % 0% 10 % 0 % 7 % 0% 10 %
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road binder rates of 7 % and 10 % were selected based on the dry sediment weight. Detailed information regarding the composition of
the investigated mixes can be found in Table 6.

4.2. Mechanical properties

4.2.1. Proctor test and IBI

Table 9 summarizes for each mix the optimum water content (Wop), the maximum dry density (pq) for each treatment, and the
Immediate Bearing Index (IBI). The optimum moisture content W, has decreased from 19 % to 16.7 % for treated sediments and from
12.6 % to 14.7 % for 50 % MW mixes. On the other hand, the dry density pq has increased especially for 50 % MW mixes. The dry
densities ranged between 1.62 and 1.65 Mg/m?® for treated sediments and between 1.93 and 1.96 Mg/m® for 50 % MW mixes. This may
be due to the influence of binders and to the addition of the granulometric corrector, which has reduced the voids and improved the
mix packing densities [56-58]. Fleureau et al. [59] has reported that the soil optimum Proctor depends on the liquid limit, which is
confirmed by the fact that the raw sediment liquidity limit (52.10 %) was larger than that of the 50 % Sed+ 50 % MW mix (40.47 %).

The obtained mix IBI values ranged from 10.04 to 25.09, which satisfied the GTS guide requirements for use in road subgrades [50].
These results are in agreement with those reported in previous studies on treated sediments [8,60]. ( Table 10).

4.2.2. Treatment ability

Fig. 7 presents a summary of the volume swelling and indirect tensile strength characteristics. The results indicate that an increase
in cement substitution rate with calcined sediments and LHF has led to a reduction in volumetric swelling. This observation could be
attributed to the higher cement sulfate (SO3) content (approximately 4.09 %) compared to that in LHF (about 1.56 %) and calcined
sediments (traces). This higher sulfate content might be responsible for the formation of ettringite.

Moreover, the mixes comprising 50 % marble sand and 50 % sediment experienced lower volumetric swelling in comparison to
those consisting solely of treated raw sediments. This difference can be attributed to the higher liquid limit of the sediments
(approximately 52.1 %) compared to that of the 50 %— 50 % mixes (about 40.47 %). The presence of water creates a film on the
particle surface, leading to volumetric swelling due to the high fine content in the 50-50 % mix [61]. Fleureau et al. [59] have reported
that the volumetric swelling of mixes is directly proportional to their liquid limit and intragranular porosity.

However, the HRB Treatment alone does not achieve acceptable volumetric swelling thresholds for road subgrade layers [61].
Additionally, pyrite oxidation alters the mineralogical composition of the sediment and releases sulphate ions [62], particularly in an
alkaline environment influenced by various factors such as pH, curing conditions, and physical characteristics of the sample [63]. In
fact, the combination of sulphates with primary ettringite already present or C-A-H (produced by the binder hydration) enables the
formation of additional ettringite [62] (as illustrated in Fig. 8). This phenomenon causes the appearance of cracks and deterioration of
the sample [8].

Fig. 9 displays the correlation between VS and ITS for assessing treatment suitability criteria. The mixes SS7-1, SS7-2, and SS10-2,
with volumetric swelling below the 5 % threshold, meet the criteria for indirect traction. Therefore, these mixes are the only ones
considered suitable for treatment. The remaining mixes raise doubts regarding the effectiveness of lime and hydraulic road binder
treatment.

4.2.2.1. Short term mechanical properties

4.2.2.1.1. Unconfined compressive strength (UCS). Fig. 9 presents the compressive strength histograms of the different mixes after
14, 28, 56, and 90 days of curing. The reported compressive strength values are the averages of two specimen measurements. Notably,
the strengths of most mixes showed an increase after 14 and 28 days, except for S10-2. Specifically, the treated sediments and 50 % Sed
+ 50 % MW mixes exhibited strength improvements from 1.11 to 2.12 MPa and from 1.95 to 3.95 MPa, respectively. These en-
hancements can be attributed to the production of C-A-S-H hydrates resulting from binder hydration and chemical reactions between
the sediments and binders [64]. Additionally, intragranular void filling contributed to the observed strength increase.

It is worth noting that a slight strength decrease was observed between 28 and 56 days, except for the mixes SS7-2 and SS10-1. This
decrease can be attributed to the influence of chemical compounds and sediment organic matter on the binder setting kinetics [8,15].
However, between 28 and 90 days, the compressive strengths of all treated mixes demonstrated growth resumption and further
improvement. This ongoing strength enhancement is linked to continued new hydrate formations through pozzolanic reactions (slower
than cement reaction), leading to a dense matrix with low porosity. This is clearly seen in the total porosity measurements at 28 and 90

Table 10

Mix densification and bearing capacity parameters.
Mix Pd (Mg/mS) Wopn (%) IBI index
S$7-1 1.64 18.50 18.73
S§7-2 1.62 18.70 14.23
S10-1 1.63 19.00 16.46
S$10-2 1.65 16.70 10.04
§87-1 1.95 14.70 18.73
S§S7-2 1.96 14.20 15.73
SS10-1 1.93 12.60 25.09
§510-2 1.94 13.00 22.47
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Fig. 7. (a) volumetric swelling and (b) indirect tensile strength measured after 7 days of water immersion in special conditions.
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Fig. 8. Mix SEM observations (a) S7-1 and (b) S10-1 (SE mode).

days, which are reduced by around 20 % in formulations containing marble waste and sediment, compared with formulations con-
taining only dam sediments (Table 11). The reaction of portlandite (Ca(OH)>), released during cement hydration, with the reactive
aluminosilicates phases of GGBS and calcined sediments (derived from the composition of HRB), forms additional C-S-H and
strengthening. In addition, the increase in strength can ba also attributed to the formation of these C-S-H and C-A-H from the reaction
between the Zardezas clayely sediments and hydrated lime. Upon introducing hydrated lime to the sediments, it dissociates into
calcium ions (Ca®*) and hydroxide ions (OH"). The release of hydroxide ions increases the soil pH, the pH is raised to 12.4. The high pH
led to the dissolution of silica (SiO2) and alumina (Al;O3) from clay minerals present in the sediments. The dissolved silica and alumina
react with calcium ions in the soil solution to form calcium- silicate-hydrates (C-S-H) and calcium-aluminate-hydrates (C-A-H). This
corresponds to research conducted on stabilized soils [12,51,55,65].

Furthermore, the compressive strengths of the 50 % Sed + 50 % MW mixes consistently outperformed those of the treated sediment
mixes, irrespective of the curing duration and binder content. For example, the SS10-1 mix exhibited twice the compressive strength of
the S10-1 mix. Similar results were reported by Boutouil et al. [45] and Maherzi et al. [8] when improving the sediment particle sizes
by adding sand as a granular corrector at various proportions (Table 11).

After only 14 curing days, all mixes surpassed the minimum trafficability criteria of 1 MPa required for road sublayer use. Notably,
according to the specifications of the GTS guide [50], all mixes met the circulation age requirement after 14 days of curing. Addi-
tionally, it is possible to estimate the minimum age required to achieve subgrade layer trafficability criteria using the 7-day
compressive strengths. (Fig. 10).
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Fig. 9. ITS and VS correlation of the different mixtures.
Table 11
Evolution of the total porosity of the different mixtures.
Mix 28 days 90 days
S7-1 32.50 % 32.55 %
S7-2 32.44 % 32.00 %
$10-1 31.92 % 32.29 %
$10-2 32.11 % 33.75 %
SS7-1 25.51 % 25.27 %
SS7-2 26.48 % 26.49 %
S$S10-1 26.30 % 22.64 %
S$S10-2 26.46 % 22.67 %
5
I s7-1
o | I 572
2 iw [ s10-1
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= S§S87-2
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O
=]
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Fig. 10. Evolution of unconfined compressive strength over time based on treatment type.

Fig. 11-a illustrates the influence of granular corrector and packing density on the mechanical properties of the investigated
mixtures. [t was observed that granular mixes with higher compactness exhibited the most favorable mechanical performance across
various curing periods. This finding aligns with previously reported results [8,9,40,46,60].

Furthermore, Fig. 11-b reveals that the strength gains of HRB-2 mixes were more important compared with those of HRB-1 batches.
These results could be attributed to the distinct chemical composition of the hydraulic road binders used. Specifically, the CaO/SiO,
ratio was found to be 2.38 for HRB-1 and 1.62 for HRB-2, respectively. Notably, these results are consistent with earlier studies, which
have indicated that the optimal binder performance typically corresponds to a ratio of around 1.7 [8].
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Fig. 11. Physical and chemical treatment impacts on mix strength gains.

4.2.2.1.2. Resistance to wetting (UCSI). Table 12 shows early age immersion test results after 28 normal curing days and 32 water
immersion days. The table values represent the average of two specimen measurements. The results show that the strength of the
specimens after water immersion are lower than those of the specimens after normal curing. This decrease may be caused by water
penetration in the pores. The early age immersion of all mixes exceeds the lower threshold limit of 0.6 (MBV > 0.5 g/100 g), which is
specified by the GTS guide [50]. The resistance to wetting criteria was therefore satisfied and all the mixes did not show any water
sensitivity. These findings are similar to those reported in prior studies [60].

4.2.2.1.3. Resistance to freezing (indirect tensile test (ITS)). The results represent the average of two specimen measurements.
Fig. 12 shows the mix indirect tensile strength results. On the 14th and 28th days, the indirect tensile strengths decreased for all mixes
especially those with sediments and binder treated. After the 28th day, the indirect tensile strength increased for all mixes, except for
the sediment-only ones which remained more or less stable at the 90th day.

It is worth noting that 50 %Sed + 50 % MW mixes have developed a frost resistance between 0.35 and 0.42 MPa, which meets GTS
[50] requirements (Rit > 0.25 MPa). This finding is in accordance with that reported by Boutouil et al. [45] and Kasmi et al. [56] on
granular corrector impacts on mix mechanical properties. For treated sediment mixes, the S10-1, S7-1, and S10-2 mixes reached the
threshold value of 0.25 MPa after 90, 28, and 56 curing days, respectively. However, the S7-2 mix did not reach the threshold value for
all ages.

4.2.2.2. Long term mechanical properties. A suitable subgrade material must be classified at least a resistance class 4 according to the
standard NF P94-102-1.

The classification diagram according to the couple (Rt, E) shows that all the formulations are classified beyond Zone 5, except the
$10-1 formulation, which is in zone 5. (Fig.13).

The two formulations SS10-2 and SS7-1 are in zone 2 corresponding to the mechanical class 2 followed by S7-1, S7-2 and SS10-1
in zone 3 (mechanical class 3), S10-2 and SS7-2 in zone 4 (mechanical strength class 4). All the formulations meet the requirements of
the standard NF P94-102-1 for use in subgrade according to the long-term mechanical class, determined according to of the couple (Rt,
E).

Table 12

UCSI and UCS after 28 normal curing days and 32 immersion days.
Mixtures UCSI (MPa) Standard deviation UCS (MPa) UCSI/UCS
S7-1 1.41 0.23 1.94 0.73
S7-2 1.19 0.11 1.51 0.79
S10-1 1.63 0.02 1.92 0.85
S10-2 0.76 213 1.22 0.62
SS7-1 213 0.24 2.86 0.75
SS7-2 2.51 0.03 2.75 0.91
SS10-1 2.27 0.09 3.83 0.70
S$S10-2 2.51 0.23 3.65 0.60
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Fig. 13. Mix mechanical strength classes according to long-term criteria (E, Ry).

4.3. Mix environmental assessments

The environmental impacts of the mixes were assessed after 28 curing days using batch leaching according to the standard NF EN
12457-2. The obtained concentration results did not exceed the threshold limits specified by the SETRA guide [52]. All of the mixes
complied with the environmental requirements for use on road subgrades.

4.4. Greenhouse gas effect and energy consumption

The construction industry faces a critical challenge in curbing its environmental impact through the reduction of energy con-
sumption and the sustainable extraction of natural resources. Notably, the production of aggregates plays a significant role in this
impact, as it accounts for approximately 32 kg COy eq/t [66]. Additionally, it is essential to underscore that the transportation of
aggregates from the quarry to the construction site is responsible for about 5 % of the overall Global Warming Potential (GWP) (see
Table 12).

A life cycle analysis was undertaken to evaluate the environmental advantages, global warming potential, and energy consumption
associated with both natural and recycled sand derived from a blend of sediments and marble waste. The methodology employed for
this assessment is illustrated in Fig. 14. The study focused on a sand production quarry located in Skikda, which the annual production
is estimated at around 96,000 tons per year.

In the first scenario, the study focused on the environmental impact of the production of approximately 19,200 tons per year of
crushed sand (20 % of the total sand production). In contrast, the second scenario explored the utilization of 20 % recycled sand as a
replacement for the crushed sand. Specifically, this alternative scenario yielded an output of approximately 19,200 tons of natural
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Fig. 14. Marble waste and dredged sediment mix production scenarios (the light gray boxes represent the stages considered in the LCA).

sand, achieved through the incorporation of the recycled sand.

It is essential to highlight the significance of these findings as they shed light on the potential environmental benefits of incor-
porating recycled sand into the production process, thereby reducing the demand for natural sand extraction and its associated
environmental impacts.

The materials are anticipated to undergo mixing at a plant situated in close proximity to both the natural sand quarry (45 km away)
and the recycled sand quarry (47 km away). Transportation of the natural and recycled sands between different production and
processing units is envisaged to occur via trucks with a storage capacity of 40 tons per trip. Notably, the study focuses solely on the
transportation and loading processes of marble waste and raw sediment, as they fall under the category of solid waste.

The global warming potential and energy consumption were assessed based on data from previously published studies [71-73]. For
the determination of transportation energy, we relied on the average fuel consumption of a 40-ton truck carrying a standard load [74].
The detailed calculations can be found in Table 13 and Table 14.(, Tables 15 and 16).

Fig. 15 clearly illustrates the substantial impact of integrating 20 % recycled sand in place of natural sand, resulting in a significant
reduction of approximately 28 % in annual CO, emissions. This reduction can be attributed to the more efficient handling and
transportation process associated with the use of recycled sands, limited only to the phases of stock handling and transport from waste
storage areas to the mix production plant. Moreover, the adoption of recycled sand leads to a noteworthy decrease of approximately 44

Table 13

Leaching test results of studied mixes.
Elements Raw Sed S7- S7- S10- S10- SS7- SS7- S§10-1 SS10-2 SETRA

1 2 1 2 1 2 thresholds

As <0.11 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 < 0.10 1.500
Ba 0.57 0.691 0.690 1.403 1.305 1.982 3.121 4.957 5.030 60.000
cd < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 0.120
Cr < 0.004 0.669 0.540 1.173 0.684 0.586 0.496 0.329 0.449 1.500
Cu 0.064 1.292 1.133 0.838 1.232 0.773 0.741 0.575 0.629 6.000
Mo < 0.088 0.238 0.227 0.223 0.247 0.126 0.161 < 0.090 0.154 1.500
Ni < 0.047 0.277 0.196 0.263 0.246 0.256 0.196 0.222 0.170 1.200
Pb < 0.023 < 0.030 < 0.030 < 0.030 < 0.030 < 0.030 < 0.030 < 0.030 < 0.030 1.500
Sb < 0.057 < 0.060 < 0.060 < 0.060 < 0.060 < 0.060 < 0.060 < 0.060 < 0.060 0.180
Se < 0.083 < 0.080 < 0.080 < 0.080 < 0.080 < 0.080 < 0.080 < 0.080 < 0.080 0.300
Zn 0.02 < 0.010 0.016 0.026 0.014 < 0.010 0.017 0,015 0.012 12.000
Fluoride 39.5 11 13 11 12 7 7 7 9 30
Chloride 7.15 65 59 74 66 28 27 33 37 2400
Sulfate 515 760 810 330 870 260 260 670 120 3000
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Table 14
Public sand production GWP and energy consumption values.
GWP [kg CO, eq/t] Energie, fossil fuels [MJ/t] Reference
Natural sand production 2.51-11.4 [67-71]
61.89-110 [69,71]
Transportation 0.14 (truck transport 35 t) 2.04 [71]
Front end loader 0.7 10.41

Table 15
Natural and recycled sand global warming potential determination.
Production Process Activities Sand quantity production Climate change
Natural sand production Recycled Sand
Production [kg eq. CO»/t] Extraction/Loading (5 km)/crushing/washing/ screening) Front end loader
1 ton 2.6 0.7
19,200 tons 49,920 13,440
Transportation [kg eq. CO»/t] 1 ton 3.51 (45 km) 3.66 (47 km)
19,200 tons 67,392 70,272
Total [kg eq. CO,/t] 1 ton 6.11 4.36
19,200 tons 117,312 83,712
Total CO, prevented [kg eq. CO,/year] 19,200 tons 33,600
Table 16
Natural and recycled sand energy consumption.
Production Process Activities Sand quantity Energy consumption
ducti
production Natural sand production Recycled Sand
Production [MJ/t] Extraction/Loading (5 km)/crushing/washing/ Front end loader
screening)
1 ton 33.80 10.41
19,200 tons 648,960 199,872
Transportation [MJ/t] 1 ton 17.55 (45 km) 18.33 (47 km)
19,200 tons 336,960 351,936
Total energy consumption [MJ/year] 1 ton 51.35 28.74
19,200 tons 985,920 551,808
Total energy consumption prevented [MJ/ 19,200 tons 434,112
year]
120 1000
Transport
100 L Production I
800 -
e | 28.64%
600
sor 44.03%

400

200
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Fig. 15. Sand production scenario greenhouse gas effect and energy consumption.
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% in energy consumption when compared to the production of natural sand. Indeed, replacing 20 % of natural sand, allows us to avoid
extracting 19,200 t of natural sand per year, and consequently extends the quarry’s lifespan by about 25 years.

5. Conclusions

The present study aimed to assess the feasibility of using Zardezas dam sediments in road subgrade construction after undergoing
various treatments. The composition of the 50 % sediment + 50 % marble waste mixture was optimized using the optimal spindle
defined by the Talbot-Fuller-Thompson reference curves. Subsequently, eight different mixes, with and without granular corrector,
were treated with lime and hydraulic road binders, in accordance with the recommendations of the French GTS guide. The following
conclusions can be highlighted:

— The addition of marble waste has enhanced the granular structure of the sediments. The evaluation of treatment effects was based
on an analysis of short and long-term mechanical properties and microstructural changes. After treatment with hydraulic binders
and lime, only the SS7-1, SS7-2 and SS10-2 mixes achieved the desired performance for road sub-base applications. This result was
attributed to the beneficial contribution of marble waste, which improved packing density and porosity.

— All the mixes showed satisfactory compressive strengths after 14 days. In addition, their wetting resistance proved satisfactory in
relation to the criteria specified in the French guide for road construction. In particular, mixes composed of 50 % sediment and 50 %
marble sand showed satisfactory frost resistance after only 14 days curing. This is demonstrated by SEM images showing a less
porous structure and lower sulfate expansion products.

— The results of this study highlighted the importance of the choice of hydraulic binder for the treatment of mixes. In fact, a hydraulic
road binder with a CaO/SiO5 ratio of around 1.70 is highly recommended to achieve the desired performance.

— Based on an assessment of mechanical strength classes (Rt, E) and environmental factors, it is apparent that only mixes SS7-1, SS7-
2, and SS10-2 are deemed suitable for application in road subgrade construction.

— Lastly, with regards to the Algerian region of Skikda, adopting a yearly utilization of 20 % natural and recycled sand could
potentially lead to a substantial reduction of greenhouse gas emissions by approximately 30 % and fossil fuel consumption by over
40 %. This highlights the environmental benefits associated with incorporating sustainable practices in road construction.

In conclusion, the comprehensive evaluation conducted in this study provides valuable insights into the use of Zardezas dam
sediments in road subgrade construction, identifying the most suitable mixes and emphasizing the significance of sustainable materials
in reducing environmental impacts.
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