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Abstract: Sediment dredging is necessary and vital to preserve maritime activities and prevent
floods. The management of these sediments represent an environmental challenge for many countries
all over the world. This study focuses on evaluating the feasibility of using dredged sediments
for the manufacturing of compressed earth blocks (CEB). The alternative construction material
has the potential of reducing the need for dredged sediment onshore storage or ocean dumping.
Several experimental tests have been conducted on two geopolymer types, which were obtained by
mixing sediments from the northern region of France, fly ash (FA), and grounded blast furnace slag
(GBFS). The geopolymers, which were activated using an eight-molar concentrated sodium hydroxide
solution (NH), were cured at a temperature of 50 ◦C. The results have shown that a geopolymer
content of 36% of FA and 10% of GBFS along with (NH) alkaline solution has significantly improved
the mechanical properties of CEBs, which have outperformed those of Portland Cement-stabilized
traditional blocks. The use of NH has resulted in the formation of crystalline calcium silicate hydrate
(C-S-H) amorphous gel. Adding GBFS to the mix has enhanced the geopolymer paste compressive
strength and microstructure because of the formation of additional C-S-H. The valorization of dredged
sediments in CEB based on geopolymer stabilization can contribute to the reduction of the CO2

footprint of the construction industry.

Keywords: valorization; byproduct; compressed sediment blocks; sediment; fly ash; grounded
furnace blast slag; geopolymers; circular economy; waste management

1. Introduction

Today, saving natural resources and combating climate change are two major chal-
lenges faced by our planet to ensure good living conditions for mankind in the future.
Natural resources, such as fossil fuels, are not renewable. The reuse and recycling of
waste could save raw materials and energy and reduce greenhouse gas emissions. Indeed,
Pierrehumbert et al. [1] have reported that the carbon dioxide emissions in the atmosphere
through activities, such as fossil fuel burning, cement production, and deforestation, need
to be reduced to zero. The lack of progress towards the reduction of carbon dioxide
emissions has created justifiable panic about the world climate. The use of sediments in
building materials can save natural resources and promote a disposal solution that does
not disturb the ecosystem. Dredging is often necessary to restore the natural environment
and the navigation required depth. In France, approximately 50 million m3 of sediments
are dredged, stored, treated, or transported abroad each year, compared to 300 million m3

in Europe [2] and nearly 300 million m3 in the United States.
Due to limited storage capacity, many countries have recently adopted reuse strategies

for dredged materials. In the last few decades, many solutions and methodologies have
been developed worldwide for the beneficial reuse of dredged materials.
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Due to natural resource shortage and increased environmental regulations, the use
of alternative materials in the construction industry [3], such as sediments, represents
appropriate solutions for sustainable development. For several years, the main topic of
global environmental policies (Kyoto Protocol (1995); COP 21 (2015)) has focused on the
optimized and efficient use of by-products such as sediments.

Moreover, the reuse of alternative materials has become a solution to reduce high levels
of CO2 emissions into the atmosphere, which represent considerable financial burdens and
environmental challenges. Indeed, the construction industry consumes large amounts of
raw materials (about 1 million tons/day) [4,5]. Therefore, the building sector is one of the
areas where an action is imperative. The sediments can potentially be used as alternative
aggregates in the sector, especially in concrete, bricks etc. Dredged sediment can also be
incorporated as sand in compressed earth blocks (CEB) [6], whose production consumes
less energy than that of clay blocks [5].

The use of traditional binders such as Portland cement or lime for the manufacture of
CEBs yield modest mechanical and physical properties (for example, compressive strength
ranging between 2 and 4 MPa), including thermal. In addition, the use of cement and lime
has an environmental impact because it generates significant greenhouse gas emissions [4,5].
The negative impacts of traditional block production (mechanical, physical, and economic)
make finding alternative construction materials appropriate, even essential. Today, the
possibility of stabilizing the earth with a geopolymer binder has become a reality to limit
the production of greenhouse gases related to the manufacture of cement and to respond to
habitat problems.

Geopolymer materials are mineral polymers containing activated silica (SiO2) and
alumina (Al2O3), such as fly ash (FA), MK750 Metakaolin, and granulated blast furnace slag
(GBFS), which come into contact with alkaline solutions (activator) [7,8]. Several solutions
have already been tested for sodium hydroxide and calcium hydroxide sodium silicate. Fly
ash is a by-product of thermal power plants [7,9]. There are two types of fly ash, namely,
high calcium and SiO2 contents. Both types of fly ash are rich in Al2O3 alumina [10,11].
Silicates and alumina are two chemical elements that make fly ash a good precursor to
the formulation of geopolymers. Moreover, the calcium contained in the fly ash [12,13]
improves the development of the geopolymer resistance due to the additional formation of
hydrated calcium silicate (CSH) [14] that coexists with the geopolymer products [15,16].

Blast furnace slag is generally used as an additive in concrete because of its high content
of CaO, SiO2, and Al2O3 in the amorphous state [17,18], which confers the pozzolanic
properties in alkaline solutions. Several studies have examined the incorporation of GBFS
into the geopolymer matrix [7,18,19]. GBFS has increased the calcium in the system and has
improved mechanical properties and microstructure of geopolymers through the alkaline
activation of GBFS that generates CSH and/or CASH gels [20]. On the other hand, the
main alkaline activation product of FA is NASH gel. The objective of this paper is to study
the physical and mechanical behavior of compressed earth blocks using the sediment in
the raw state as sand and to analyze its microstructure. The results obtained are expected
to be beneficial for the understanding and future applications of FA-GBFS geopolymers.

2. Materials and Methods
2.1. Materials
2.1.1. Dredged Sediments

The sediment (S) was sieved at 5 mm to obtain a granular class material of 0/5 mm
while respecting the normative recommendations ARS 674 [21].

2.1.2. Binders

Fly Ash (FA) was supplied by the company SURSCHIST in Hornaing, France. On the
other hand, the granulated blast furnace slag crushed (GBFS) was supplied by the company
ECOCEM in Fos-sur-Mer, France. The FA and GBFS were used as precursors to produce
the geopolymerisation reactions. A solution of sodium hydroxide (NH) with a molarity
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of 8 M, which was obtained by dissolving the crystals of NaOH with a purity of 99% in
distilled water, was used as the activation solution the aluminosilicate constituting the FA
and the GGBS.

2.2. Mixtrues Design

To obtain a CEB optimal packing density, the optimal density method has been adopted
using the Proctor test of the sediments (S), fly ash (FA), and ground blast furnace slag (GBFS)
by increasing the content of water added to the mixes [22] as illustrated in Figure 1a. The
homogenization of the materials mix was carried out to ensure a good distribution of the
fly ash particles in the sediment. Five water content has been considered in this test to
determine the optimal water content by sweeping all possible densities (Figure 2). This
allows adjustment of the quantity of the alkaline solution, which must be put for the
geo-polymerization.
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Figure 1. Compressed Block Materials. (a) Fly Ash class F. (b) Sediment 0/5 mm. (c) Ground Blast
Furnace Slag. (d) Sodium Hydroxide pellet.
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Figure 2. Mix optimum water contents (sediment fly Ash).

2.3. CEB Preparation and Hardening Conditions

The homogenization has been carried out using a Controlab mixer to sufficiently
achieve a perfect mix. The test specimens chosen in this study are cylindrical-shaped
plugs with 50 mm in diameter and 100 mm in height (Figure 3a). After homogenization
of the dry mixtures (sediment and fly ash) for 10 min, the mixtures were moistened by
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adding the prepared alkaline activation solution with the corresponding water content to
the optimum Proctor and the sodium hydroxide. After that, the mixtures were compacted
with static compaction method at a maximal pressure of 40 bars. The static compression
was performed in 3 steps. This method makes it possible to gradually obtain the final
dimension of the sample according to the standard NF P 94-100 [23]. After compressing
the sample, the load was kept for 10 s, and then the specimens were removed from molds
using a piston, as shown in Figure 3. The formulations and compositions of the compressed
blocks are shown in Table 5.
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The obtained specimens were covered with a plastic film to maintain humidity and
prevent water evaporation. Furthermore, they were placed for 7 days in an oven at a
temperature of 50 ± 5 ◦C to accelerate the geopolymer reaction. The specimens were
then placed in a climatic chamber at a room temperature for 14 and 28 days before their
characterization.

2.4. Analysis Methods

The sediment and the precursors (FA and GBFS) were analyzed by XRD using
BRUCKER AXS D8 ADVANCE, by X-rays using energy dispersal, and SEM using JEOL
electron microscope to determine their mineralogical composition and their morphology.
The particle size distribution, plasticity, absolute density, specific surface, and Proctor
compaction were carried out according to the standards listed in Table 1.

Table 1. Physical characterization methods.

Particle size distribution (sediment) Grain size (X11-667 [24])

Clay fraction quantity Methylene Blue Value—MBV (NF P94-068 [25])

Density Helium pycnometer (NF EN 1097-7 [26])

2.5. Physical and Mechanical Characterization of CEBs
2.5.1. Water Resistance

It is essential to investigate the behavior of the compressed blocks under humid
conditions, in particular rainwater [27]. The cylindrical specimens were immersed in a
water container containing about 1000 mL of distilled water at room temperature for 92 h.
The investigation of the behavior of the blocks in water was carried out visually through
the changes in the initial color of the water. A no-color water change means a block with
very good cohesion. On other hand, a yellowed water means a non-stability of the block,
which may lead to a collapse later.
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2.5.2. Compressive Strength

The mechanical strengths of the dry blocks were achieved using a hydraulic press
(ARISTON) with a capacity of 300 KN at a loading rate of 11.78 KN/min according to NF
EN 196-1 [28]. However, three samples were tested for each formulation to ensure the
repeatability of the results.

2.5.3. Capillary Water Test

The capillary water absorption test, which simulates the saturation of the blocks with
water in a case of severe thunderstorms, was measured according to standard XP P 13-
901 [29]. The test consists of immersing the sample surface in a 5-mm thin water layer for
10 min and to visualize the mass gain of the brick during this test (Figure 4). The water
absorption coefficient is derived from this test is given by the following formula:

Cb =
100 ∗ (P1− P0)

S
√

t

(
g/cm2 min

1
2

)
Cb: coefficient of resistance to capillary rise
P1: weight of the block after immersion in water (g)
P0: weight of the block before immersion in water (g)
S: submerged surface (cm2)
t: water immersion time (min)
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3. Results and Discussion
3.1. Basic Material Characterization

The materials used herein were the fluvial sediment dredged at Aire-sur-la-Lys in
northern France, Fly ash (FA) from the SURSCHISTE plant, and granulated blast furnace
slag (GBFS) from ECOCEM France in Fos-sur-Mer. The diffractometer shows that sediment
is mainly composed of quartz, calcite, and some traces of muscovite, montmorillonite, and
rutile (Figure 5A).

The DRX results of FA and GBFS are shown in Figure 5B. They indicate that FA
has a predominantly amorphous mineralogical structure consisting of a bump around
18–28 _2theta with some crystalline phases such as mullite (Al6Si2O13), quartz (SiO2), mag-
nesium ferrite (Fe2MgO4). On the other hand, the results show that GBFS is predominantly
made up of amorphous phase, consisting of a bump around 25–35 _2-theta [19] with a
small amount of magnetite.
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Figure 5. (A) Raw sediment XRD; (B) Precursor powders (FA and GBFS) XRD.

The results of the X-ray fluorescence test allow to quantify the percentage of the
material main oxides. According to the results summarized in Table 2, the sediment
predominant oxides are silica (59.26%), alumina (10.39%), and calcite (10.42%), which gives
it a sandy loam character according to the geotechnical classification. Finally, GBFS has
silica, calcium, and alumina oxide percentages of 38%, 42.9%, and 10.8%, respectively. The
physical properties of the sediment, FA, and GBFS are summarized in Table 2. The specific
gravity of FA and GBFS were 2.20 and 2.91 g/cm3, respectively, and Blaine Fineness was
3100 and 4450 cm2/g, respectively.

Table 2. Raw material chemical and mineralogical compositions.

Materials LOI CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O

S 5.95 10.42 59.26 10.39 3.34 1.33 0.5 0.67 1.93
FA 4.19 2.66 50.49 25.32 7.58 1.33 0.75 0.54 3.73

GBFS <1.5 42.9 38.0 10.8 0.7 6.6 0.1 0.28 0.35

The alkaline solution of sodium hydroxide (NaOH) is the most used activating element
in the formulation of geopolymers. It reacts perfectly with fly ash and GBFS precursors.
Its low cost and low viscosity make it the best known and sold on the market. In addition,
the leaching of Al3+ and Si4+ ions are practically high with NaOH solution compared to
potassium hydroxide (KOH) solution [30]. Dissolving NaOH in water releases hydroxide
anions (OH−) that act as a catalyst for the dissolution of aluminosilicate contains the
precursor (FA and GBFS) in the first step and the sodium cation (Na+), which participates
as a structuring element and balances the charge of the geopolymers in order to insure the
stability of the matrix [31]. NaOH has significantly affected the compressive strength and
the structure of geopolymers [31]. In this study, an 8M sodium hydroxide solution was
adopted for all mixtures.

The particle size distribution graph is presented in Figure 6 and Tables 3 and 4. The
sample of raw sediments contains sand (62.39%), silt (33.91%), and clay (3.69%), which
gave it the silty sand character. The grain size curve was not entirely within the grain size
zone, which is recommended by the CRATerre-EAG standard [21]. However, the clay part
is generally accepted even though it falls outside the recommended areas since it can still
give acceptable results in practice. On the other hand, soils which do conform will, in most
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cases, give good results. The shaded areas are guidelines for the user and not specifications
to be rigidly applied [21]. However, in the manufacture of traditional compressed earth
stabilized by lime or clinker cement, the clayey part must be respected because of its main
role in the reaction for the hardening of the product. Moreover, in the case of compressed
earth blocks based on geopolymers binder, the precursor powders are responsible for the
hardening and the mechanical resistance of the blocks.
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Figure 6. Raw sediments particle size distribution.

Table 3. Sediment physical properties.

Element Size Distribution of Sediment (%)

Sand 62.39
Silt 33.91

Clay 3.91

Table 4. Raw material physical properties.

Materials Specific Gravity (g/cm3) Methylene Blue Value (g/100 g)

S 2.59 2
FA 2.20 /

GBFS 2.90 /

The compressed sediment block mixes are summarized in Table 5. The first four
mixes (F1 to F4) contain only sediment and fly ash. The percentage of fly ash increases by
about 10% while the percentage of sediment decreases by about 10%. On the other hand,
a percentage of 10% of GBFS are added to the last four formulations (F1′ to F4′) while
adjusting the percentage of sediment and fly ash.
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Table 5. Percentage of basic materials for each type of CEB.

Mix Source Materials S (%) FA (%) GBFS (%) NH (%)

F1 S + FA 90 10 0 18.24
F2 S + FA 80 20 0 18.64
F3 S + FA 70 30 0 19.30
F4 S + FA 60 40 0 20.77
F1′ S + FA + GBFS 81 9 10 20.24
F2′ S + FA + GBFS 72 18 10 20.64
F3′ S + FA + GBFS 63 27 10 21.30
F4′ S + FA + GBFS 54 36 10 22.77

3.2. CEB Physical and Mechanical Properties
3.2.1. Compressive Strength

The results of the 14- and 28-day compression strengths of the CEB samples are shown
in Figure 7. The sample compressive strengths have obviously increased with the increase
in the percentage of FA. For the first four mixes, the 14th day compressive strengths for the
mixes F1, F2, F3, and F4 were equal to 4.56, 5.07, 7.16, and 9.07 MPa, respectively. However,
the 28th day compressive strengths slightly decreased. This decrease may be caused by
micro-cracks, which may be created during the block maturation. The mixes using FA and
GBFS exhibited very high 28th day strengths. The 28th day compressive strength of mix F4′,
which reached the value of 16.53 MPa, has exceeded the value of 4 MPa recommended by
the standard XP P13- 901 for compressed earth blocks. However, the compressive strengths
of all mixes were very satisfactory. The compressive strengths of few mixes were almost
four times those needed to withstand higher loads. Furthermore, the obtained compressive
strengths are more competitive with other previous studies, such as S. Larbi and J. Rivera
with 6.64 MPa [32] and 12 MPa [5], respectively.
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However, the compression strengths of mixes with FA and GBFS are almost double
those of FA mixes. The available free calcium ions (Ca++), which reacted with silica
and alumina, formed more hydrated calcium alumina silicate gel (CASH) that coexisted
with geopolymers gels [20,33]. Moreover, a portlandite formation occurs when the lime
containing GBFS gets in contact with the water present in the mix. On the other hand, the
GBFS reacts with alkaline solutions in an exothermic process that generates more heat for a
good geo-polymerization reaction. The reaction between the sodium hydroxide solution
and aluminosilicate containing fly ash and blast furnace slag leads to the release of a large
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quantity of [SiO(OH)3] and [Al(OH)4]. This in turn allows the formation of geopolymer
gels consisting of a large three-dimensional array of aluminosilicate responsible for the
hardening of the mix.

3.2.2. Dynamic Young’s Modulus

The 28th day dynamic Young’s modulus values of CEBs, which are summarized in
Figure 8, had a similar trend as compressive strengths. The maximum values of dynamic
young modulus were obtained for F4′ based FA + GBFS (10.3 GPa); this value confirms the
optimum recorded mechanical resistance of 16.53 MPa
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3.2.3. Water Sensitivity of Compressed Sediment Block Samples

Figure 9 shows the water sensitivity of compressed sediment block samples. However,
all the mixes based on fly ash (F1, F2, F3, and F4) have dark watercolor and some disaggre-
gation in the bottom of the glass container. This is explained by the material dissolution in
the presence of water and probably due to the release of very fine sediment particles and
insufficiency of alkaline activator for producing more gels. Otherwise, mixes that are based
FA and GBFS have less dark color. Moreover, the mix F4′ with (54% S 34% FA 10% GBFS),
whose watercolor is relatively clear, is the only one thart is admissible. In fact, the test is
essential for simulating the water damage that is generally caused by rainwater attacks.

3.2.4. Capillarity of Compressed Block’s

Figure 10 shows the water absorption by capillarity of CEBs after 28 days. This
characteristic has not been considered for the block intended for use in dry medium.
However, the sample F1′ (81S 09FA 10GBFS) had the highest capillarity absorption value.
The remaining mixes with or without GBFS do not violate the capillarity limit threshold
(Cb), which is lower than 20 g/cm2·min0.5 (dotted line in Figure 10). Furthermore, the best
value is the one recorded for the mix F4′ (54S 36FA 10GBFS), for which the Cb was around
6 units. Therefore, the absorption results were in accordance with the mechanical ones.
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Figure 11 shows the correlations between the compressive strengths, the Young’s mod-
ulus, and the water absorption of the various formulations. It appears that the compressive
strength is proportional to the Young’s modulus. On the other hand, the compressive
strengths are inversely proportional to the absorption of water. These results can be related
to the compactness of the mixtures, which is also proportional to the mechanical strength
and the porosity.
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3.2.5. Microstructure Observations

The results of scanning electron microscope of the fractured surface of geopolymer
mixes F4 and F4′ (54S 36FA 10GBFS) are shown in Figure 12. Overall, the mix F4′ shows a
dense form of gels, more than that of F4. This dense mass can be practically associated with
NASH and some of Hydrosodalite (Figure 12f). The mixes based on FA also had more gels
than CASH and CSH. This has been confirmed by the high compression strength results
(up to 16.18 MPa in Figure 7). However, the micrograph showed the spherical particles of
fly ash with their initial spherical shape (Figure 12e), which indicates the non-reaction with
alkaline solution while the shell form (Figure 12d) presents the particles of fly ash that are
not completely consumed by sodium hydroxide solution.
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Figure 12. Scanning Electron Microscopy observations of CEB ((a,c,e) for F4 and (b,d,f) for F4′).

3.2.6. Infrared Red Spectroscopy Analysis

The samples were analyzed using the KBr tablet method: putting both compressed
block powder with a transparent alkali halide KBr, using for this an agate mortar for
grinding, adding the product in the sample holder, and compressing hard to perfectly
obtain the sample.

Figure 13 shows the transmission mode of FTIR spectra for F4′ mix using the conven-
tional wave numbers for molecular vibration of different bonds. The spectral range that
was used to characterize this type of material was between 600 and 4000 cm−1. The small
bands are located between 600 and 800 cm−1, which are attributed to the bonds present
in the fly ash source (quartz and mullite) [34]. The band was 1030 cm−1 with asymmetric
Al–O/Si–O stretching [35]. The appearance of a band at 1430 cm−1 may be due to C=O
vibrations, confirming the presence of carbonate groups [36]. Two more bands were located.
The first band was between 1600 and 1650 cm−1 while the second was around 3450 cm−1.
However, since these bands are generated by water molecules, they are indicators of the
hydration of the geopolymer material [15].
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4. Conclusions

The purpose of the study was to valorize dredged sediments from northern France
as a sand for the manufacture of new compressed blocks that are cheaper and more
environmentally friendly than the traditional ones prepared with clinker cement. The
study highlights the possibility of manufacturing compressed blocks using an ecological
geopolymer binder that emits less CO2. It would be important to focus a future study on a
life cycle assessment (LCA) and the hydrothermal behavior of these new solutions.

The specific objectives of the study were to evaluate the physical, mechanical, and
microstructure properties of this new product. The following conclusions can be drawn
from the study:

1. All mixes had higher mechanical strengths than recommended by the standard.
2. The obtained highest compressive strength of more than 16.18 MPa represents an

optimal value for the compressed earth blocks.
3. Water sensitivity is a major parameter because blocks are frequently exposed to

rainwater. The sample F1′ had the highest capillarity absorption value. The remaining
mixes with or without GBFS did not violate the capillarity limit threshold, which is
lower than 40.

4. The combination of fly ash and slag with well-studied percentages can give impressive
results around 16.18 MPa against 8.94 MPa without GBFS

5. The gels molecules produced by geopolymer binders have more efficiency than that
of traditional CEB communicated by the obtained mechanical strengths of previous
work found in the literature.
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