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Abstract: This research study evaluated the effects of adding Scottish canal sediment after calcination
at 750 ◦C in combination with GGBS on hydration, strength and microstructural properties in ternary
cement mixtures in order to reduce their carbon footprint (CO2) and cost. A series of physico-
chemical, hydration heat, mechanic performance, mercury porosity and microstructure tests or
observations was performed in order to evaluate the fresh and hardened properties. The physical and
chemical characterisation of the calcined sediments revealed good pozzolanic properties that could
be valorised as a potential co-product in the cement industry. The results obtained for mortars with
various percentages of calcined sediment confirmed that this represents a previously unrecognised
potential source of high reactivity pozzolanic materials. The evolution of the compressive strength
for the different types of mortars based on the partial substitution of cement by slag and calcined
sediments showed a linear increase in compressive strength for 90 days. The best compressive
strengths and porosity were observed in mortars composed of 50% cement, 40% slag and 10%
calcined sediment (CSS10%) after 90 days. In conclusion, the addition of calcined canal sediments as
an artificial pozzolanic material could improve strength and save significant amounts of energy or
greenhouse gas emissions, while potentially contributing to Scotland’s ambitious 2045 net zero target
and reducing greenhouse gas emissions by 2050 in the UK and Europe.

Keywords: calcined canal sediment; slag; characterisation; ternary cement; circular economy; green-
house gas emissions; eco-friendly binders

1. Introduction

In recent years, the utilisation of supplementary cementitious materials in the building
sector [1] as an alternative material has been considered as a suitable solution for improving
sustainability [2]. The consumption of cement in Great Britain increased considerably
between 2014 and 2019 from around 12.4 million metric tons to approximately 15.2 million
metric tons in 2019, which represents a significant environmental impact and cost [3].
Indeed, cement factories are considered extremely polluting (emitting roughly 1 t CO2 for
every 1 t clinker) [4], with consumption of natural resources and energy (8000 J for every
1 t clinker) that are relatively costly (200€ for every 1 t clinker). To this end, several current
studies are aimed at finding new solutions in order to reduce the impact of construction, in
general, on the environment and the ecosystem.

Blast furnace slag and dredged sediments can be used as partial replacements of
cement [5,6]. The valorisation of treated sediments in the building sector is a credible
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alternative opportunity that has been examined by many authors [7–9]. The blast furnace
slag is also widely used as an alternative material in cement manufacturing for reducing
greenhouse gas emissions [10]. It is considered as a by-product and has been used to
reduce the environmental impact and economic cost. In addition, the heating effects of the
hydration of cement are reduced with partial replacement by slag and the durability of
concrete increased while the workability improved [11,12]. At early maturation ages, the
slag addition decreases the strength due to the slower chemical hydration heat reactions,
with the high rate of substitution [13]. Recently, Deboucha et al. [14] studied the combined
effect of limestone filler and slag on the hydration heat. The results of this study have
confirmed that the hydration heat and compressive strength depends on the content and
water/binder (w/b ratio) of limestone filler and slag in proportion to the degree of reaction.

Dredged sediments are one of the largest potential waste streams in the EU, with
an annual production of about 50 million in France and 300 million tons in Europe [15],
which could potentially contribute to the UK and Europe’s ambitious 2050 net zero target.
Nowadays, the removal of dredged sediment has become a significant environmental and
economic issue because of their common excessive content of potentially toxic elements
such as As, Cd, Pb, Cr, Cu, Ni, Hg and Zn; organic matter (humic and fulvic acids); and
likely salinity [16]. The use of dredged sediments as a substitution of granular compounds
or the mineral addition of cement was recommended [7,17,18]. Their utilisation can posi-
tively affect the properties of fresh [18,19] and hardened concrete [20,21]. Several studies
have shown that the calcination of sediments between 650 ◦C and 850 ◦C can provide
many advantages when employed in mortar and concrete formulation. Dang et al. [7]
have analysed the impact of calcined sediment in concrete. They have indicated that the
incorporation of calcined sediment in cementitious matrices improves the compressive
strength compared to a classical calcareous filler. This was explained by the fact that the
clay minerals present in the sediment are activated at 650 ◦C [22].

Furthermore, numerous parameters such as fineness, heat treatment temperature and
setting time affect the performance and pozzolanic activity [23,24]. As per Dodson [25],
when a pozzolan is available in a cement matrix, this allows consumption of residual
calcium hydroxide. This creates new hydration phases, such as calcium-silica-hydrate
(CSH), that improve the mechanical strength of the cementitious matrices. Moreover,
sediments are heterogeneous materials that are characterised by a high water demand,
which is caused by the presence of organic matter and clay phases. These latter components
are especially common in canal sediments, such as those in Scotland, and can affect the
cementitious material matrix when utilized as a mineral admixture. A few investigations
and research studies have demonstrated the viability of utilizing dredged sediment in the
building sector as a partial replacement for fine aggregate or cement [6,26,27] with the
objective of improved environmental performance. Moreover, the level of hydration in
cementitious material increased in the presence of finely crushed admixture due to the
improved hydration of cement [28,29]. Thus, the valorisation of treated sediments in the
building sector is a credible opportunity that is examined by many authors [7–9].

Over the last few years, numerous studies have explored the reuse of sediment and
blast furnace slag as secondary raw materials for different applications: as lightweight
aggregate [30], as brick and tiles [31], as a backfilling for road construction [32] or as mineral
additions for cement and geopolymer. In this paper, we study the potential reuse of calcined
freshwater canal sediment and GGBS on ternary cement mixture properties. Moreover, the
mechanical strength performance and microstructure of binders were investigated.

2. Materials and Methods

Formulations of sand and cement with additions of either slag or slag/sediment
mixtures at up to 20 wt% of treated sediment were tested, with each of them evaluated
regarding the properties of the fresh pastes and hardened states of mortar mixtures. The
crystalline phases were identified by using X-ray diffraction (XRD). Thermogravimetric
analysis (TGA) of the hardened pastes was used to determine the continent of Ca(OH)2.
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The microstructural proprieties of hardened mortar were also investigated by using electron
microscopy (SEM).

2.1. Materials

• Sediments

The sediment used in this study was supplied by the Scottish Canal, which is the or-
ganisation that manages Scotland’s waterways and is responsible for dredging to maintain
a statutory navigational draught. The sediment treated by calcination (CS) was collected
from Laggan on the Caledonian Canal as part of the SURICATES Interreg NWE Project
462 [33]. The sediments at Laggan are slightly clayey silty sands or sandy silts, which are
becoming gravelly close to the input point of an upland feeder stream. Loss upon ignition
at 550 ◦C ranges from 10–18% reflect their moderate organic matter content compared to
other Scottish canal sediments. The untreated sediment (RS) was homogenized, and all
residual plant materials were removed by sieving samples at 5 mm. It was next dried at
40 ◦C then grounded to <120 µm. After that the sediment was calcined by using direct
calcination at 750 ◦C [34,35]. The chemical and mineralogical characteristics for these
materials are shown in Tables 1 and 2, respectively.

Table 1. Oxide composition of cement, slag, raw and calcined sediment using XRF (weight %).

Oxides Composition CEM I 42.5 R Slag Raw Sediment Calcined Sediment

SiO2 17.33 32.30 58.19 57.33
Al2O3 4.72 11.34 17.19 19.46
Fe2O3 2.72 0.43 6.05 6.43
CaO 60.73 39.74 1.26 1.12

Na2O 0.27 0.27 2.29 2.43
K2O 0.96 0.48 3.73 4.10
P2O5 0.23 0 0.46 0.46
SO3 4.25 1.75 0.5 0.25
TiO2 0.33 0.67 1 1

Table 2. Physical characterisation of materials.

Parameters Cement Slag Calcined Sediment

Density (g/cm3) 3.15 2.92 2.78
BET (cm2/g) 9194 16,102 59,930

Fineness (cm2/g) 3485.65 4233.53 6194.90
Water demand (%) 30.5 34 40

pH 12.76 10.07 8.10

• Cement

The proposed mortars were formulated with Portland cement (CEM I 42.5R) in com-
pliance with European standard EN 197-1 (2012) [36]. The characteristics for this cement
are presented in Table 1. Particle size distributions for the materials used are illustrated
in Figure 1. This cement was composed of over 95% clinker and less than 5% secondary
components. It had an initial setting time of more than 45 min. After 28 days, the simple
compression strength, according to EN 196-1 [37], was greater than 42.5 MPa.
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Figure 1. Particle size distribution of calcined sediment (CS), blast furnace slag (S) and cement (C).

Table 2 illustrates the physical characterization of the materials used. The cement
possessing the highest density is at 3.15 g/cm3, followed by the blast furnace slag of 2.92,
and the calcined sediment at 2.78. Calcined sediments were found to have the highest
specific surface area (6194.90 cm2/g) and water demand (40%) [38].

Table 3 summarises the results of the major and trace element analysis of the materials
used by X-ray Fluorescence (XRF). It has shown that the calcined sediments are enriched
in silicon (26.8%), aluminium (10.3), iron (4.5%), potassium (3.4%) and sodium (1.8%)
compared to the other ingredients, but contain less calcium (0.8%) and sulphur (0.1%).

Table 3. Chemical composition of materials used.

Element Al Ca Fe K Mg Mn Na O P S Si Ti

Cement 2.5 43.4 2.8 0.8 0.4 - 0.2 40.5 0.1 1.7 8.1 0.2
Slag 6.0 28.4 0.3 0.4 3.8 0.1 0.2 44.4 0.18 0.7 15.1 0.4

Raw sediment 9.1 0.9 4.7 3.1 1.1 - 1.7 50.7 0.2 0.2 27.2 0.6
Calcined sediment 10.3 0.8 4.5 3.4 1.1 - 1.8 50.0 0.2 0.1 26.8 0.6

The results obtained by the granulometry test performed by using a BEKMAN-
COULTER LS13320 on these materials are presented in Figure 1 and Table 4. The laser
granulometry analysis determines the granular particle distribution under 2 mm. The
samples were also set to dry analysis. The particle size distribution of slag indicated a more
significant percentage of fine particles compared to the calcined sediment (CS) and cement
(C). For example, 90% of the slag particles were less than 31.3 µm compared to 59.70 µm
for calcined sediment and 44.46 µm for cement.
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Table 4. Cumulative volume of particle size.

Particle Diameter < (µm) Cement Slag Calcined Sediment

D 10 1.11 0.99 1.17
D 25 4.71 3.63 3.98
D 50 12.37 9.58 11.58
D 75 27.65 20.61 32.82
D 90 44.46 31.31 59.70

Table 3 summarises the results of the major and trace element analysis of the materials
used by X-ray Fluorescence (XRF). It was observed that the calcined sediments are enriched
in silicon (26.8%), aluminium (10.3), iron (4.5%), potassium (3.4%) and sodium (1.8%)
compared to the other ingredients but contain less calcium (0.8%) and sulphur (0.1%).

Figure 2 shows scanning electron microscope (SEM) observations images of slag and
calcined sediments at the same magnification. Calcined sediment is made up of irregular
particles with highly variable particles size from 1.17 µm to 59.70 µm. Slag is composed of
fine particles size from 0.99 µm to 31.31 µm.

Figure 2. Particle morphology: (a) slag (S); (b) calcined sediment (CS).

Figure 3 shows XRD diffractograms of the sediment before and after calcination. It has
been used to determine the qualitative mineral composition and some crystalline minerals
and amorphous phases of the tested samples. It indicates that the samples are rich in quartz,
albite, illite and muscovite, which is consistent with the range of igneous, metamorphic
and sandstone-dominant sedimentary rocks in the sediment source area. Both samples
are broadly similar, with the exception of the appearance of traces of metakaoline in the
sediment after calcination at 750 ◦C.
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Figure 3. XRD mineralogical analysis of raw sediment and calcined sediment.

2.2. Preparation of Mortar Mixtures

Several mortar formulations were prepared using Portland cement CEM I, slag and
calcined sediments, as illustrated in Table 5. The main variables considered in this for-
mulation were slag and calcined sediment. According to the standard (EN 196-1) [37], a
reference mortar was made up of one-part cement (450 kg/m3), three parts sand and a half
a part water, producing a water/binder ratio of 1/2 (W/B = 0.5). A second mortar with
addition was obtained by volume replacement of a cement fraction of around 50% by blast
furnace slag. Three other mortars were made by replacing a 50% fraction of cement with
slag and calcined sediments, and the slag was also substituted with a rate of 10%, 15% and
20% by calcined sediments.

Table 5. Composition of the different mortars formulations.

Kg/M3 C CS CSS 10 CSS 15 CSS 20

Sand 1350 1350 1350 1350 1350
CEM I 42.5 R 450 225 225 225 225

Slag 0 208.63 166.90 146.04 125.18
Calcined sediment 0 0 39.81 59.71 79.61

Effective Water (w/b) 225 216.81 215.85 215.37 214.89
Added Water (w/s = 0.4) 0 0 15.92 23.88 31.84

W/B 0.5 0.5 0.5 0.5 0.5

2.3. Testing Methods

Several testing methods were performed to study the impact of ternary cement substi-
tution by slag and calcined sediment.
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2.3.1. Thermogravimetry (TG/DTG) and Paste Mixing

The thermogravimetric and differential thermal analysis (TG/DTA) were performed
on the raw sediment and at a heating rate of 3 ◦C/min in temperatures that varied from
105 to 1000 ◦C; this thermal method can determine a relationship between mass loss of raw
sediment and the mineralogical effect of the temperature treatment.

All pastes were mixed in the required proportions, homogenised and mixed by hand
for 1 min. The binder ratio was kept at 0.5 with curing for 28 days in water at 20 ◦C. The
hydration of pastes was stopped by washing with acetone, then crushed by hand and dried
in a desiccator. Thermogravimetric tests were carried out by using a NETZSCH apparatus.
Powdered dry pastes were assessed with a heating rate of 3 ◦C/min up to 1000 ◦C.

2.3.2. Hydration Heat Test

The heat of hydration test of mortars with the calcined sediments was measured
by a semi-adiabatic calorimeter (Langavant method), according to the standard NF EN
196-9 [39]. The test aims to progressively measure the hydration heat of the different
mortars studied during the first 7 days. The expression of hydration heat is deduced from
the following expression (1):

Q =
C
Mc

θt (1)

where

C = total heat capacity (J/k);
Q = heat of hydration (J/g);
θt = temperature difference between the reference cell and measuring cell (k);
Mc = mass of cement (g).

2.3.3. Mechanical Performance

For compressive and flexural strength determination, several prismatic samples mea-
suring 4 × 4 × 16 cm (NF EN 196-1) [37] were tested at each of 7, 28 and 90 days’ maturation,
and all mortars were kept at a temperature of 20 ◦C ± 2 ◦C with a load rise of 2400 N/s ±
200 N/s and 50 N/s ± 10 N/s for compressive and flexural strength, respectively.

2.3.4. Dynamic Young’s Modulus

The dynamic Young’s modulus of mortar was performed according to the standard
NF EN 1097-7 [40] by using a Grindo Sonic apparatus. The tests were carried out on mortar
prismatic specimens at 1, 7, 14, 28, 60 and 90 days. It consists of exciting vibrations by
striking the mortar prism with tapping apparatus. Data acquisition was conducted by
recording the resonant frequency of the system during excitation. The dynamic modulus
of elasticity is measured according to density and resonant frequency at each number of
curing days.

2.3.5. Mercury Porosity

Porosity measurements were performed by mercury porosimetry on mortar fragments
(NF p 94-410-3) [41]. The fragments of mortars are cut into 1 cm cubes [42–44]. This method
provides quick access to pore dispersion, with good precision in the range of 3 nm to
360 µm for mercury pressures up to 30,000 psi (206 MPa).

2.3.6. Scanning Electron Microscopy (SEM) Analysis

In order to understand the microstructure of reference mortar and mortar containing
calcined sediment and slag at 90 days, scanning electron microscopy (SEM) was per-
formed by using a JEOL scanning electron microscope (SEM) operating with a 15 Kv
acceleration voltage.
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2.3.7. Leaching Analysis

Leaching tests were performed on mortar fragments containing slag and calcined
sediment in order to analyse the trace elements mobility according to the BS EN 12457-2 [45]
by using an inductively coupled plasma atomic emission spectrometer (ICP-AES) with an
Agilent Technologies SPS4 Autosampler. The single-stage leaching tests are carried out by
using a liquid-to-solid ratio of 10:1 mL/g.

3. Results and Analyses
3.1. Thermogravimetric Analysis (TGA) of Raw Sediments

Thermogravimetric and differential thermal analyses (TG/DTA) were performed on
the raw sediment. Figure 4 presents the results of the raw sediment and it demonstrated
the following.

Figure 4. DTA/TG analysis of raw dredged sediment.

Dehydration phase (105–220 ◦C): At low temperatures, the free water and some of the
interlayer water evaporates from the raw material. This is followed by limited loss of mass
for raw sediment due to the swelling clay capacities (the sediment is rich in muscovite and
low-crystallinity illite) [46–49].

Dehydroxylation phase (450–709 ◦C): Further mass loss was observed from 450 ◦C to
709 ◦C. The loss of H2O relates to the water content of clay minerals from the OH groups
contained in the clay [47,50]. The exothermic decomposition of organic matter would also
be expected to occur between 450 ◦C and 550 ◦C. At this temperature range numerous
other chemical reactions may also occur: As kaolinite changed to metakaolinite, structural
transformation and loss of crystallinity occurred [51], along with the transition of a-quartz,
to b-quartz [52]. Similarly, illite changes into dehydrated illite [53,54].

Decarbonisation phase (758–930 ◦C): Att this level, limestone (CaCO3) is decomposed
into calcium oxide CaO with emissions of carbon dioxide (CO2). The decarbonisation of
calcite is related to a significant loss of mass [47] beginning at 750 ◦C with of up to 44%
mass loss in CO2 for pure calcite [55]. The residual CaO created as the calcite may impact
the reactivity of this calcined sediment [53,56]. However, the carbonate content of this
sediment is naturally limited by the geology of the source area in which carbonate-rich
lithologies are scare.
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Recrystallisation phase: This is associated with an exothermic change without a loss of
mass at temperatures over 900 ◦C, which can also result in a loss of pozzolanic reactivity [46,48].
Thus, the optimum temperature for calcination acquiring pozzolanic material should be
between the end of dehydroxylation and the beginning of recrystallisation [57], which
denotes the range between 700 and 900 ◦C when utilising sediment. This evaluation
affirms that the optimum calcination temperature for achieving material activation is
around 750 ◦C so as to achieve full dehydroxylation while minimising any additional
decomposition of carbonates and CO2 emissions.

3.2. Thermogravimetry Analysis (TG/DTG) of Different Mixtures

Figure 5 shows the amounts of portlandite produced at 28 days of curing in water.
The results show three major phases associated with the decomposition of hydrates of AFm
phases and C-S-H, with high loss of water between 150 ◦C and 430 ◦C. Furthermore, the
dehydroxylation of Ca(OH)2 corresponds to the endothermic peak between 440 ◦C and
690 ◦C. The last phase between 700 ◦C and 860 ◦C corresponds to the decarbonation of
calcium carbonates (CC). For the paste mixtures, CS, CSS10% and CSS15% pastes revealed
significantly stronger hydrates compared to control paste, with increased formation of
C-S-H and AFm content in these pastes. Notably, the ettringite content is comparable
in all mixtures pastes [58]. The second peak of portlandite (for Ca(OH)2) around 480 ◦C
for the control paste (C) is much stronger than in the other mixture pastes (pastes made
with slag and calcined sediment), indicating a larger quantity of Ca(OH)2 compared to
the other mixtures pastes. The presence of portlandite in hydrated mixtures can play a
major role in pouzzolanic reaction [59,60]. Finally, the decarbonation is observed with a
small peak for the different pastes above 900 ◦C. The cement paste (C) has a much weaker
decarbonation peak compared to the other mixtures due to the lower content of calcite
CaCO3. A significant quantity of calcite has been observed in the slag paste compared to
the different pastes based on slag and calcined sediment at a rate of 10%, 15% and 20% [61]
in which the sediment replaces roughly one-third of the slag.

Figure 5. TGA/DTG of different pastes at 28 days of curing. (Et): Ettringite; (AFm): monosulphate; hemicarbonate and
monocarbonate; (C-S-H): C-S-H phase; (CH): Portlandite; and (Cc): calcium carbonate.
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3.3. Hydration Heat Test

Figure 6 shows the hydration rate and cumulative heat of hydration of the different
mortars containing slag and calcined sediment (C, CS, CSS10%, CSS15% and CSS20%)
at 20 ◦C for up to 150 h. The reference mortar (C) has a lower induction period with a
faster hydration rate. It has a significant peak at around 13.28 h with 28.69 J/g heat, which
corresponded to the rapid formation of C-S-H, CH and ettringite. It can be observed that
the CSS15% mortar generated 23.21 J/g of heat at around 15 h, and the CSS20% mortar
generated 18.64 J/g of heat at around16 h, while the CS and CSS10% mortars generated
12.25 J/g and 12.51 J/g of heat at around 18 h, respectively. It should also be noted that the
sharpness of the thermal peak can be attributed to the high stiffness of calcined sediment
and slag [59].

Figure 6. The heat flow and total heat of hydration of the different mortars containing slag and calcined sediment (C, CS,
CSS10%, CSS15% and CSS20%).

The highest cumulative heat of hydration is obtained for the CS and CSS10% mortars
with 329.45 J/g of heat and 306.66 J/g of heat, while 274.60 J/g of heat is reported for
reference mortar (C). By contrast, the much less cumulative heat of hydration is obtained for
the CSS15% and CSS20% mortars with 219.45 J/g of heat and 218.14 J/g of heat, respectively.
The highest cumulative heat of hydration for the CS and CSS10% mortar is attributed to
the combination effect of slag and calcined sediment up to 10% of substitution [62]. The
hydration heat generated with slag and calcined sediment in combination with cement
CEM I 42.5 R is likely due to the pozzolanic reaction into calcium-silicate –hydrates (C-
S-H) [47]. It also could be that a higher substitution level of calcined sediment by slag
generated less cumulative heat of hydration [62]. Hence, the optimum substitution rate of
calcined sediment that can be used is 10%. The outcomes agree with previous studies on
the heat of hydration with calcined sediment and calcined clay [62–64].
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3.4. Mechanical Performance
3.4.1. Compressive Strength of Mortars

The results of the evolution of the compressive strength of mortars formulated with
slag and calcined sediment are shown in Figure 7. From these figures, the results of the
compressive strengths of mortars based on 50% cement and 50% of blast furnace slags
(CS) show a decrease in compressive strengths to 27.43 MPa and 49.77 MPa after 7 days
and 28 days compared to the control mortar (C), which presents resistances at the order
of 46.06 MPa and 54.56 MPa, respectively, after 7 and 28 days. The impacts of slag contri-
bution on strength during the early period are not visible. However, at a later period, it
appears to be more significant [65,66]. Mortars based on 50% cement and a substitution
dosage of slag by calcined sediments of the order of 10, 15 or 20% show only a slight
deterioration in compressive strength to around 46.09 MPa, 42.86 MPa or 42.71 MPa at
28 days. A linear increase in compressive strength of each mixture was maintained for
90 days for the different types of mortars irrespective of the partial substitution of cement
by slag and calcined sediments. Smaller reductions in the compressive strengths of mortars
composed of 50% cement, 40% slag and 10% calcined sediment were observed after 90 days
compared to the control. This affirms previous results announced by Bougara [12,13,67],
which exhibits that the early strength is essentially dictated by the fineness of the ordinary
Portland cement OPC fraction and later by the slag fraction. These reductions in com-
pressive strength were reduced to 92.73% at 90 days. These same results are consistent
with what has been described in the literature regarding the substitution of cement by
slag [12,68] and calcined sediments [69,70].

Figure 7. Compressive strength of mortars with slag and calcined sediment.

3.4.2. Flexural Strength of Mortars

The effects of the flexural strength development of mortar specimens formulated with
slag and calcined sediment are clearly shown in Figure 8. It is easily observed that the
flexural strength of all mortars increments consistently with age and shows no decrease in
strength. From our investigation, it was generally expressed that the incorporation of slag
and calcined sediment has limited effects on the flexural strengths after more than 7 days
at all substitution rates.
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Figure 8. Flexural strength of mortars with slag and calcined sediment.

3.5. Dynamic Young’s of Mortar of the Different Mortars

Dynamic Young’s moduli of the different mortars from 1 to 90 days are shown in
Figure 9. The results show an increase in dynamic Young’s modulus with age from 1 to
90 days. At an early age, the reference mortar (C) had a Dynamic young’s of 36.47 GPa
compared to 29.98 GPa, 29.33 GPa, 29.64 GPa and 29.93 GPa for the CS, CSS10%, CSS15%
and CSS20% mortars at 7 days, respectively. After 28 days, all mortar with slag and calcined
sediment seems to show the same values of dynamic Young’s modulus with very small
increases in 33.84 GPa, 33.16 GPa, 33.89 GPa and 34.15 GPa for the CS, CSS10%, CSS15%
and CSS20% mortars at 28 days, respectively. From 60 and 90 days, all mortars show
the same trend with a low increase at 90 days. Hence, the evolution of dynamic Young’s
modulus of the different mortars followed the ongoing trend of increasing compressive
strength with age. It indicated the good quality of mortar containing slag and calcined
sediment due to the ongoing pozzolanic reaction.

Figure 9. Dynamic young’s modulus of the different mortars from 1 to 90 days.
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3.6. Mercury Porosity

Table 6 shows a linear decrease in porosity with age for all mortars studied. However, a
higher porosity can be observed at 7 days and 28 days for mortars based on 50% cement, 30%
slag and 20% calcined sediment with 18.02%. This variation is typical. It is the consequence of the
latent hydration of the slag and calcined sediment. This is widely confirmed in the literature [71].
The mortar based on 50% cement and 50% slag (CS) is also coarser than the control mortar (C)
(Table 6). However, after 90 days of curing; the pore size distribution of cement-based mortars
substituted by slag and calcined sediments of the order of 10% is even smaller and finer than
the control mortar (C), which is consistent with an evolving reduction in pore size. These results
can be explained by the hydration of the slag and calcined sediments after the consumption of
lime (CH), resulting in the formation of additional “CSH” gels that contribute to the densification
of the porous structure of the matrix [72,73]. In contrast, the mortar with slag and slightly more
calcined sediment (CSS20%) has an increased pore volume compared to the reference mortar (C).
It could be due to higher porosity of calcined sediment and the new C-S-H gel produced [73].

Table 6. Total porosity of the cementitious matrix studied.

Total Porosity of the Cementitious Matrix (%) 7 Days 28 Days 90 Days

C 11.69 10.33 9.95
CS 15.33 11.71 9.22

CSS 10% 14.35 12.29 9.60
CSS 15% 15.55 12.43 10.76
CSS 20% 18.02 13.30 12.49

Figure 10 shows the results of the distribution of cumulative and differential pore size for
different mortars between 7, 28 and 90 days (Figure 10a–c). At 7 days the pore size and cumula-
tive volume of different mortars with slag and calcined sediment are higher than the reference
mortar (C). At 28 days, the pore size distribution of mortar with slag and calcined sediment
replacement with 10%, 15% and 20% seems to show the same cumulative pattern, with a de-
creasing modal pore size from 0.062 µm of reference mortar (C) to 0.032 µm, 0.017 µm, 0.021 µm
and 0.026 µm for the CS, CSS10%, CSS15% and CSS20% mortars, respectively (Figure 10b). At
90 days, the pore size distributions of mortar with slag (CS) and mortar with slag and calcined
sediment (CSS15%) were significantly reduced to finer and denser micro-pores with less total
porosity [63,73] (Figure 10c). However, when the substitution rate of cement with slag and
calcined sediment exceeds 15%, an increase in porosity is shown due to the higher fineness of
calcined sediment and lower pozzolanic reaction (due to a lower content of metakaolinite in
calcined sediment) [64]. Table 5 shows the total volume porosity (p) values.

Figure 10. Cont.
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Figure 10. (a). Distribution of cumulative and differential pore size for different mortars at 7 days.
(b). Distribution of cumulative and differential pore size for different mortars at 28 days. (c). Distri-
bution of cumulative and differential pore size for different mortars at 90 days.

3.7. Microscopic Observation

The microstructures of different mortars with slag and calcined sediment and reference
mortar after 90 days of cure are shown in Figure 11. The reference mortar (C) shows a
structure of hydration products (C-S-H) and significant amounts of portlandite combined
to ettringite. However, the mortar with slag (CS) and the mortar with slag and calcined
sediment with a substitution rate of 10% (CSS10%) are denser with a decrease in porous
structure, which can significantly reduce porosity. The contents of portlandite (CH) and
ettringite are lower than the reference mortar (C) due to the pozzolanic reaction between
slag and calcined sediment, with the formation of amorphous gels (C-S-H, C-A-H and
C-A-S-H) [64]. The microscopic observation results agree well with the lower mercury
porosity results for the mortar based on slag and the mortar based on slag and calcined
sediment (CSS10%) [73]. On the other hand, the mortars incorporating 15% and 20% of
calcined sediment (SCC15% and SCC20%) appears to be more porous; this may be due to
the agglomeration of calcined sediment relative to the incomplete pozzolanic reaction that
consumed portlandite (CH) [53].
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Figure 11. The microstructures of different mortars with slag and calcined sediment compared to the
reference mortar.
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3.8. Leaching Analysis

The results of the leaching analysis are presented in Table 7. The limits for classification
of inert solid waste are only exceeded by the leachable chromium and the sulfates in the
cement and the selenium and sulphate in the calcined sediment. By contrast, the leachable
trace elements concentration in the different mortar formulations were reduced by dilution
and, thus, fell below the limits for inert solid waste. The barium (Ba) content in the reference
mortar (C) also exceeded the limits, but it was diluted by the addition of 50% slag and or
sediment. In general, the substitution of calcined sediment and slag in mortar can also
significantly reduced the leachability of any contaminants they contain. These results are
close to those found in previous studies [74,75] conducted on the valorisation of marine
sediments. It is noted, however, that the chemical composition values of the materials used
were lower than the threshold values, while the sediments studied were obtained from a
pristine site and would be classified as non-hazardous waste according to French or UK law.

Table 7. Leaching analysis results (mg/Kg) of raw materials and the different mortars.

Elements
Raw Materials Mortar Based on Slag and Calcined Sediment Limit

C S R_SD C_SD C CS CSS
10%

CSS
15%

CSS
20% Inert

As <0.1 <0.1 <0.1 0.39 <0.1 <0.1 <0.1 <0.1 <0.1 0.50
Ba 10 <0.02 1.2 0.61 22.5 11 13 13 13 20.0
Cd <0.01 <0.01 <0.01 <0.01 <0.009 <0.009 <0.009 <0.009 <0.009 0.04
Cr 1.5 <0.03 <0.03 0.049 <0.004 <0.004 <0.004 <0.004 <0.004 0.50
Cu <0.03 <0.03 0.12 <0.03 <0.02 <0.02 <0.02 <0.02 <0.02 2.00
Mo 0.29 <0.05 <0.05 1.0 <0.09 <0.09 <0.09 <0.09 <0.09 0.50
Ni <0.05 <0.05 0.093 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.40
Pb 0.054 <0.02 <0.02 0.068 0.045 <0.03 <0.03 <0.03 <0.03 0.50
Sb <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.06
Se <0.08 <0.08 <0.08 0.12 <0.08 <0.08 <0.08 <0.08 <0.08 0.10
Zn <0.05 <0.05 0.47 <0.05 0.014 <0.01 <0.01 <0.01 <0.01 4.00

Fluorides <1.0 5.8 21 1.0 3.0 4.0 3.0 3.0 3.0 10.0
Chlorides 217 60 23 <10 22 15 29 29 29 800
Sulfates 2320 31 120 1670 23 24 22 38 30 1000

3.9. Energy and Greenhouse Gas Emission Considerations

The results presented above suggest that low temperature calcined canal sediments
could successfully substitute for GGBS when it is used to partially replace Portland cement
in mortars while simultaneously producing enhanced mechanical performance. This could
create a use for waste sediment and reduce the material costs and emissions associated
with GGBS production and transportation [76]. Conversely, the calcination of sediment
requires thermal energy for drying and processing the sediment and produces additional
CO2 emissions from any organic matter content or partial decomposition of any carbonates
it contains. Analyses of these Scottish canal sediments provide average total organic
carbon and carbonate equivalent contents of 6.3 and 2.9%, respectively. From stoichiometry,
these would generate emissions of 2.4 t and 0.013 t CO2, respectively, assuming complete
oxidation of organic carbon and decomposition of an equivalent amount of pure CaCO3.

Thus, the net emissions reductions are most sensitive to the organic matter content
of the canal sediment. Elsewhere in the Scottish Lowland canal network, organic carbon
contents can be up to 18%, which is equivalent to loss on ignition levels exceeding 30%.
Once organic C content reaches 21.5%, it will generate 1 t of additional CO2 per t of
burnt sediment, thereby effectively cancelling out any benefit in terms of greenhouse
gas emissions from their substitution for cement. By comparison, direct substitution of
Portland cement by GGBS alone will reduce CO2 equivalent emissions from 0.95 t to 0.07 t
per tonne of material used [33].
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Furthermore, the canal sediment samples collected from Laggan contained only
22–33% dry matter as received, typifying the high water content when dredged. Else-
where during the Suricates project, passive dewatering experiments have so far achieved
water contents of 60–65% by natural drying in the temperate and oceanic Scottish climate.
Assuming a worst case of 35% dry matter content, the latent heat of evaporation required
alone indicates a minimum energy use of 420 MJ per dry tonne of sediment. Following this
the expected energy consumption of the subsequent calcination step, 2 GJ/t of sediment is
expected, which still compares favourably overall with the 8 GJ/t typically required for
pure cement clinker. However, the estimated energy imputs required for dried calcined
sediment are still higher than the 1.3 GJ/t claimed for GGBS [33].

4. Conclusions

Sedimentation represents a considerable challenge for maintaining ports, canals and
reservoirs. The sediment deposits will reduce the storage capacity or decrease the energy
efficiency of navigation. Sedimentation control is always possible by hydraulic or mechani-
cal dredging operations but produces potential waste. The best option would be to valorise
this sediment. This study aimed to use slag and calcined sediment from Scotland as a
partial replacement in Portland cement. This could generate binders with comparable or
greater characteristics than Portland cement without additions.

From the results of our experimental investigation, it is evident that this study has
shown the following:

� These results could reduce the environmental impact of dredging by reusing sediment
from ports and canals. Sediments can be useful in the circular economy, while simul-
taneously reducing greenhouse emissions and the consumption of natural resource
consumption by partial substitution of cement for slags and calcined sediments. In
North–West Europe, these products could help to combat flooding or to mitigate the
impacts of climate change.

� On the other hand, these same results can reduce the financial costs of dredging
through the valorisation of calcined sediments and slag as co-products in the manu-
facturing of cement.

� The physical and chemical characterisation of the calcined sediments revealed a good
pozzolanic character that can be valorised as a co-product in the cement industry.

� Mineralogical analysis (XRD) of dredged sediments has shown that sediments from
the Caledonian Canal in the Scottish Highlands are rich in muscovite, illite, quartz
and albite.

� The thermogravimetric analysis (TGA/DTG) allowed the determination of the op-
timum calcination temperature for producing an artificial pozzolanic material; the
temperature range for the amorphisation of Scottish sediments is between 600 ◦C
and 900 ◦C, with an optimum of 750 ◦C for increased pozzolanic activity without
additional CO2 emissions.

� The evolution of the compressive strength of mortars has shown a linear increase
in compressive strength for 90 days for the different types of mortars based on
partial substitution of cement by slag and calcined sediments. The best compressive
strengths were observed in mortars composed of 50% cement, 40% slag and 10%
calcined sediment (CSS10%) and this occurs after 90 days.

� The porosity of mortars based on partial substitution by slag and calcined sediments
is greater than that of a mortar without addition at an early age. However, in the long
term these substituted mortars developed a more refined pore size distribution, par-
ticularly for mortars composed of 50% cement, 40% slag and 10% calcined sediment
(CSS10%) and this occurs after 90 days.

� The substitution of calcined sediment and slag in mortar can significantly reduce
leachability of elements and can help material to meet the thresholds of the solid
waste classification (FR) or waste acceptance criteria (UK), while calcination itself will



Sustainability 2021, 13, 9057 18 of 21

valorise most the organic contaminants found in sediments such as fuel residues or
PAHs.

� The microscopic observation of the mortar with slag (CS) and mortar with slag
and calcined sediment with a substitution rate of 10% (CSS10%) demonstrated the
development of a denser structure, which can significantly reduce porosity.

� Finally, it can be concluded that the addition of calcined sediments from Scotland
can produce an artificial pozzolan character. If they are used to replace Portland
cement, the replacement can save significant amounts of energy and can reduce
greenhouse gas emissions. However, these trade-offs may be warranted by improved
technical performance and the wider societal benefits of waste avoidance in the
circular economy.
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