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Abstract

There is a need to find alternatives to the extraction of non-renewable mineral resources for the
production of new binders. Some specific building materials such as plant-aggregate-based
concretes do not require high-strength binders. In this context, the lime-pozzolan technology,
inherited from Roman times, can help reduce the carbon footprint of finished materials by the use
of low amounts of lime. In this paper, three different marine dredged sediments were used as
natural alumino-silicate resources and blended with hydrated lime. Based on previous literature
dealing with the pozzolanic activity of cristallized minerals, the sediments were reduced to
micronized powders. The hydration of these systems was investigated through hardening and
reaction kinetics up to 365 days at 20°C and 50°C. The sediments used revealed two kinds of
mineral assemblages and the best pozzolanic reactivity was found with quartz-rich sediments. In
addition, the optimum lime content was found to be 20 wt% until 180 days.

Key-words: Marine sediments; micronized powders; mineralogy; lime content; low-carbon
binders
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1. Introduction

Reducing carbon emissions in buildings is a critical issue for which the use of bio-based materials
can make a real contribution. Based upon old building methods, hemp concrete has been the
subject of many research works since the beginning of the 1990s, especially in Northern Europe
[1]. To produce hemp concrete, plant-derived aggregates (hemp shives) are mixed with lime-
based binders (mix of hydrated lime with hydraulic binders). The carbon emissions due to the
production of these binders is reported to heavily contribute to the Global Warming Potential
(GWP) in many studies dealing with Life Cycle Assessment (LCA) of hemp concretes [2,3,4].

In Roman times, significant advances were made in lime technology by adding reactive alumino-
silicate materials such as volcanic ashes (i.e. natural pozzolans) or particles of crushed bricks,
thus providing hydraulic properties to the binders [5,6]. Since the development of Portland
cement in the beginning of the 19" century, lime-pozzolan binders have become marginal
whereas their use for specific applications (building refurbishment, low-carbon construction) is
still of interest. Realizing that carbon emissions are primarily due to the decarbonation of
limestone for the production of lime, the use of materials with pozzolanic properties definitely
appears to be a relevant opportunity to include only low amounts of lime into the binder [7],
thereby reducing the carbon footprint of bio-based materials like hemp concrete. According to
ASTM C125-07 standard, a pozzolan is defined as a siliceous or silico-aluminous material able to
combine lime at ordinary temperature in the presence of water to form compounds possessing
cementitious properties [8,9]. The reaction is made possible through the dissolution of available
and reactive species (especially silica and alumina) in the alkaline medium provided by calcium
hydroxide. Most mineralogical phases are insoluble in water and unreactive even in the presence
of dissolved calcium ions. However, their solubility is improved with increasing alkalinity,
providing higher aqueous silicate and aluminate concentrations and enhanced reaction rates [5].
The reactivity of natural pozzolans is often assigned to glassy alumino-silicates [5,10]. However,
due to alteration over time and natural hydration before extraction resulting in the formation of
secondary minerals like clays or zeolites, the reactivity of pyroclastics is variable [5,11,12].

Natural pozzolans are not locally available in Northern France. However, a high volume of
sediments is deposited on the seafloor of coastal ports and is dredged on a regular basis to avoid
silting. Due to the saturation of storage spaces, the management of these marine sediments on
land is increasingly difficult. Hence, there is a need to find new ways of reusing these materials in
the building industry. Since marine sediments are partly derived from terrigenous sources (i.e.
soil erosion) [13], a significant amount of quartz sand is commonly found in their mineralogical
composition, along with feldspars and clay minerals [14]. Marine sediments may also contain
calcium carbonate and organic matter. Literature is a bit controversial about the pozzolanic
activity of quartz. However, several studies [15,16,17] agree on the need to make a mechanical
activation of quartz powders to develop their reactivity. Strongly reducing the particle size
increases the specific surface area, thus contributing to increase the surface free energy of
particles due to the break of the chemical surface bonds [15]. According to Clerc [18], an ultra-
fine grinding of particles will lead to the activation of their surface layers, resulting in a better
dissolution of silica. Yao et al. [17] also found that prolonged grinding of quartz was beneficial to
the decrease in the relative crystallinity and increase in the percentage of dissolution in an
alkaline medium (provided by lime). In their paper, the grinding was done by means of a
planetary ball mill during 160 minutes to reach a median diameter of 1.4 um and a specific
surface area (BET) of 5.5 m2.g"'. Following 60 days of moist curing at 20°C, a compressive
strength of 14 MPa was reached for the paste sample designed with 80% of ground quartz and
20% of CaO. This strength performance appears to be high compared to the results of Wu et al.
[15] who have investigated the effect of grinding intensity and specific surface area of quartz
particles on the hydration activity at room temperature. The consumption of calcium hydroxide
(CH) was found to increase with the specific surface area of quartz particles but the authors have
reported a slow hardening kinetics for their blends (i.e. 80% of quartz mixed with 20% of CaO).
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A compressive strength of 1.6 MPa was reached after 140 days for the highest specific surface
area (730 m2.kg"', Blaine). This shows that ground quartz has the capacity to react with CH at
20°C but the reaction kinetics is very slow and C-S-H are detected only after a long curing period
[15]. Other authors [16] have defined a critical median diameter of 5 um below which quartz
particles possess strong pozzolanic reactivity at 100°C. Furthermore, some studies have revealed
the benefit of mechanical grinding on the pozzolanic activity of feldspars (albite, microcline) and
muscovite [19,20]. As regards the case of clay minerals, it is often reported that calcination is
necessary for pozzolanic activation [5]. However, this treatment is energy consuming and the
paper of Diamond et al. [21] showed that a mixture of lime and kaolinite (30 wt% of lime) had
undergone cementation with a moist curing at 60°C. As a matter of fact, some materials with a
high crystallinity can present an efficient pozzolanic behavior if the curing temperature is
elevated. This was the case in a previous study dealing with pyroclastic materials and a quartz-
rich sediment, both exhibiting a low amorphous content [22]. Hence, the ability of some minerals
to combine a sufficient amount of lime has been shown to be highly dependent on the specific
surface area of powders and the curing temperature of blends.

Some research is available about the reuse of calcined sediments as supplementary cementitious
materials (SCMs) [23,24]. Nonetheless, in the present study, marine sediments from the port of
Dunkirk (North of France) will be used without calcination but following micronization by air jet
milling. Then, the sediments will be mixed with hydrated lime to produce a binder based on lime-
pozzolan technology [25]. The first objective of the paper is to investigate the effect of the
mineralogical composition of marine sediments for which the particle size distribution after
micronization is the same (median diameter of about 2 pwm) but the initial mass fractions of sand
and fines are differently distributed. The question is to know if the results reported in a previous
paper [22] could be extended to other mineralogical typologies. The second objective is to discuss
the effect of the initial lime content introduced into the blend using three mix designs i.e. 10, 20
and 30 wt%. Based on literature on lime-pozzolan binders, the optimum lime content to achieve
the best strength performances seem to be in the range of 15 to 30 wt% [6,7,10,26] but this will
depend on the reaction kinetics and the nature of the alumino-silicate resource. Herein, the lime
content will be studied with the sediment containing the highest amount of quartz. To keep the
carbon footprint of the binder the lowest as possible, the lime content is limited to 30 wt.%.
Conventionnaly, some reactivity tests (Chapelle, Frattini and strength activity index) have been
used to differentiate reactive pozzolans from inert materials [27]. In more recent studies [27,28],
other methods working in SCM—CH systems in simulated cement pore solutions (R? tests) were
found to be more relevant to predict the compressive strength development of cement mortars
blended with SCMs. In the present study, lime (CH) is a reactant and part of the final binder.
Thus the experimental methodology is based on the work of Pichon [10] where the pozzolanic
reactivity is a function of lime combination (chemical term), newly-formed solid products and
induced mechanical strength. Hence, the reactivity will be studied through the amount of fixed
lime and bound water (reaction kinetics), the characterization of reaction products and the
hardening kinetics at room (20°C) and elevated temperature (50°C). The paper will also go over
the pore refinement at advanced curing ages (by MIP).

2. Materials and methods
2.1. Raw materials

Three different marine sediments (thereafter noted MS1, MS2 and MS3) were dredged in the port
of Dunkirk (North of France) in 2019 and dehydrated by an active lagooning process. They can be
all considered as non-hazardous and non-inert in compliance with the current regulation
(99/31/EC). The fines contents was determined by wet sieving at 63 um and was respectively
estimated at 20, 40 and 70 wt% for MS1, MS2 and MS3 as seen in Fig. 1 in which the particle
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size distribution of the sandy fraction (> 63 pm) performed by mechanical sieving is reported.
The lime employed was a commercial high purity hydrated lime (SuperCalco®97 from
Carmeuse). It was composed of 94 wt% of Ca(OH), and 1.2 wt% of CaCOs (quantified by TGA).
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Fig. 1. Particle size distribution over 63 um for the raw marine sediments

2.2. Experimental procedures

2.2.1. Micronization of sediments by air jet milling

After drying at 50°C, the sediments were ground to reach a maximum diameter of 500 um using a
Retsch rotor beater mill at a speed of 10,000 rpm. This input particle size was suitable before
proceeding with the micronization by air jet milling. The equipment was set up to micronize the
sediments to a median diameter (Dso) close to 2 um [29]. A picture of micronized sediments is
reported in Fig. 2.

2.2.2. Mix design and curing conditions

As a first step, the three micronized marine sediments were mixed with 20 wt% of hydrated lime
to investigate the effect of their mineralogical composition on reaction and hardening kinetics.
The mass ratio of lime to sediment was thereafter discussed working with MS2. The water-to-
powder mass ratio (W/P) of the different blends depending on the physico-chemical properties of
the sediments was determined by a flow spread test [30]. The mixtures were cast into cylindrical
molds (2.7 cm in diameter and 5.4 cm in height) under the effect of vibration to avoid too much
trapping of air bubbles. The molds were immediately introduced in airtight flasks to ensure
endogenous conditions (RH > 95%) and avoid carbonation of hydrated lime. The samples were
cured up to 365 days either at 20°C or 50°C.

2.2.3. Hardening and reaction kinetics

The compression tests were performed with a standard electromechanical press (Instron) equipped
with a load cell whose capacity was 10 kN. The loading rate was 1.5 kN.min™'. Compressive
strength was measured from 3 to 365 days. For each testing age, the surface of samples was
polished and the pastes were tested with the water saturation degree corresponding to the
endogenous conditions.
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For TGA, XRD and MIP after each curing age, a solvent exchange drying method with isopropyl
alcohol (IPA) was used to remove capillary water. A representative sample of the cylinders was
reduced to powder for TGA and XRD analyses and immersed in IPA for 7 days. The IPA was
renewed twice (each time after 48 hours) to facilitate the exchange process. The IPA was then
removed by vacuum drying and the samples were stored under vacuum in a desiccator with silica
gel and hydrated lime until analysis to avoid carbonation as much as possible. The same protocol
was followed to stop hydration on samples carefully cut out from the cylinders for MIP analysis.
Thermogravimetric analysis (TGA) was performed with a Mettler Toledo instrument. Following
hydration stoppage, the hardened samples were previously ground with a vibratory disc mill with
a speed of 700 rpm for 1 min. The analysis was carried out under nitrogen atmosphere from 25°C
to 950°C with a heating rate of 10°C.min"'. Chemically bound water in hydrates was estimated
from the mass loss in the range of 80°C to 400°C [31]. Free calcium hydroxide (CH) and calcium
carbonate (CC) were quantified in the range of 400 to 500°C and 500 to 800°C respectively. The
rate of CH combination depending on the kind of sediment used was calculated through the
amount of fixed CH as percent of the initially available CH as follows: (Eq. (1))

Fixed CH (%) = [(CH; (%) — Free CH (%) — Carbonated CH (%)) /CH; (%)] x 100 (1

Where CH; (%) is the amount of CH initially introduced and carbonated CH (%) is the free lime
that underwent carbonation, taking into account the initial content of CC in sediments.

For the reaction kinetics depending on the initial lime content, fixed CH was expressed in gram of
CH per 100 grams of sediment (anhydrous powder) with MS (%), the initial weight percentage of
marine sediment into the blend, following Eq. (2).

100
MS (%)

XRD measurements were performed with Cu Ka radiation, 26 from 10 to 80° and a step size of
0.02° (Bruker D2 phaser).

For porosity analysis, the samples were subjected to measurement after 90 and 180 days. The
equipment was an AutoPore V 9600 Mercury porosimeter (from Micromeritics). The paste
samples were inserted into a solids cell of volume 5 cm’. The measurement was performed with
pressure steps up to a maximum pressure of 200 MPa, corresponding to a minimum pore diameter
of 6 nm. The total porosity (total volume of connected pores in the whole sample) and the
differential intrusion distribution were provided. An examination of the pore size distribution was
done through the critical pore diameter as described by Berodier et al. [32].

Fixed CH (gCH/100g MS) = [CH; (%) — Free CH (%) — Carbonated CH (%)] x

2)

Fig. 2. Micronized powders of marine sediments
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3. Results and discussion
3.1. Characterization of materials

The chemical compositions of micronized sediments determined by XRF are presented in Table 1.
A variable amount of SiO; was highlighted i.e. 34, 58 and 73 wt% for MS3, MS1 and MS2
respectively. The high SiO; content of MS1 and MS2 is linked to the predominance of quartz
sand, mainly contained in the fraction over 63 pm before micronization. Poor amounts of
aluminum, iron and magnesium oxides were observed for these two sediments. Furthermore, from
XRD patterns in Fig. 3, the mineralogical composition of MS1 and MS2 appears to be very
similar with a strong presence of quartz and calcite. The presence of albite (feldspar, NaAlSizOg),
gypsum (CaSOs, 2H>0) and pyrite (FeS>) is also noted. However, MS3 stands out significantly
from the other two sediments with a low SiO» content consistently with the high fines content
before micronization (Fig. 1). This highlights the silty-clay nature of MS3 containing more
aluminum-bearing minerals. Indeed, the presence of kaolinite (clay mineral, Al»Si2Os(OH)4) is
clearly visible for MS3 whereas MS1 may contain a very low amount of this mineral (Fig. 3).
With kaolinite, the strong presence of muscovite (potassium-rich mica that could also contain Fe,
Mg and Mn) can be seen for MS3 along with the detection of microcline (feldspar, KAISi30s).
The presence of these minerals explains the higher contents of Al>O3, Fe2O3 and K»O of MS3
compared to MS1 and MS2. In addition, the X-ray diffraction peaks attributed to gypsum and
pyrite in MS3 show higher intensities in compliance with higher amounts of Fe>O3 and SOs.

Table 1. Chemical composition of marine sediments (previously calcined at 550°C) by XRF (in wt%)

Materials SiO, ALOs; Fe;O; CaO MgO Na,O KO TiO, P,Os MnO SO; LOI
MS1 579 35 2.0 89 0.6 1.2 1.0 0.1 0.1 — 1.2 229
MS2 734 3.0 1.9 83 05 1.0 09 01 0.1 - 1.1 93
MS3 344 97 77 196 24 1.3 1.9 04 04 02 38 177
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- Mu Me
é Qtz
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% I
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_|
1 Mc :
MS3} e
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Fig. 3. XRD patterns of marine sediments. G: Gypsum, K: Kaolinite, Mu: Muscovite, Qtz:
Quartz, A: Albite, Mc: Microcline, Cc: Calcite, P: Pyrite
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The amounts of calcium carbonate (calcite) of sediments were quantified by TGA (500 — 800°C
on DT—DTG curves reported in Fig. 4). This amount was found to be 38% for MS3 whereas it
was 19—20% for MS1 and MS2. These results are in good agreement with the CaO contents
reported in Table 1. Compared to MS1 and MS2, MS3 is relatively poor in quartz but calcite-rich.
Following the elimination of physisorbed water, the mass loss around 120 — 125°C in TGA (Fig.
4) is attributed to the dehydration of gypsum to form anhydrite [33,34] confirming XRD results.
According to Essaidi et al. [34], the slight mass loss around 480°C, especially visible on the DTG
signal of MS3, is due to the structural dehydroxylation of kaolinite.
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Fig. 4. TG-DTG curves of marine sediments

Following micronization, the particle size distribution of sediments is reported in Fig. 5 and
compared to that of hydrated lime. It can be noted a very similar size range for the different
sediment powders. Their median diameter is reported in Table 2 in which the physical properties
are presented. The latter was in the range of 1.8 pm to 2.5 pm. Moreover, the maximum diameter
was identical (about 7 um). However, the BET specific surface area of MS3 was significantly
higher than those reported for MS1 and MS2. This is explained by the different mineralogical
composition of MS3 and could be linked to the higher LOI at 550°C measured for this sediment
i.e. 16% versus 5 — 7% for the others (Table 2), partly reflecting the amount of organic matter.

The latter, together with clay minerals, will tend to provide a much larger specific surface area for
MS3.

Table 2. Physical properties of materials (micronized sediments and commercial hydrated lime)

Materials MS1 MS2 MS3 Lime
Median diameter Dso (pum) 2.48 2.32 1.84 2.36
BET-SSA (m*.g™) 6.90 4.54 18.91 17.66
True density (g.cm™) 2.64 2.65 247 2.33
LOI at 550°C (wt.%) 7.06 4.99 16.15 —
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Fig. 5. Particle size distribution of sediment powders after micronization and hydrated lime

In connection with the physico-chemical properties of the sediments, the water-to-powder (W/P)
mass ratio of lime-sediment pastes is reported in Table 3 (blends noted L20—MSn with n from 1
to 3 depending on the sediment used). The water demand was found to be higher for MS3 due to
its high specific surface area. The W/P of Li—MS2 (with i = 10, 20 or 30 wt.% of lime) was kept
constant (0.73).

Table 3. Water-to-powder ratios (W/P) of blends

Type of MS MS (wt.%) Lime (wt.%) W/P Designation
MS1 80 20 676 0.80 L20—MS1
MS2 90/80/70 10/20/30 0.73 L10/20/30—MS2
MS3 80 20 1.10 L20—MS3

3.2. Compressive strength development
3.2.1. Ambient-cured samples

Firstly, it should be noted that none of the ambient-cured samples (20°C) were able to show a
significant hardening before 90 days. At 365 days, the highest compressive strength was found to
be 1.7 MPa for L20—MS2. This value is comparable to that measured by Wu et al. [15] on moist-
cured pastes with 80 wt% of quartz and 20 wt% of lime at 140 days (1.6 MPa). The compressive
strength of pastes including the other sediments (L20—MS1 and L20—MS3) was below 0.4 MPa
even after a long curing time (one year). Furthermore, the effect of lime content was noticeable
with lower performances for the mixes L10—MS2 and L30—MS2 (1.3 MPa and 0.9 MPa
respectively after 365 days) compared to L20—MS2 (1.7 MPa).

3.2.2. Heat-cured samples

Fig. 6 presents the compressive strength development of blends cured at 50°C for 365 days and
including 20 wt.% of lime depending on the type of sediment used. Until 180 days, the most
significant strength development was found for L20—MS2. However, at 365 days, L20—MS1
finally reached a compressive strength of 12.3 MPa which was very close to that of L20—MS2 i.e.
13 MPa. The compressive strength of L20—MS3 was found to be significantly lower compared to
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the other ones. In the latter case, the hardening only began from 60 days and the compressive
strength at 365 days was 3.5 MPa. Even if the hardening kinetics was very slow, the elevated
curing temperature was shown to be effective in increasing the compressive strength after a long
curing period. At first sight, the different strength developments depending on the type of
sediment can be attributed to the effect of various water-to-powder mass ratios, especially in the
case of L20—MS3 for which an excess amount of water may lead to high porosity. However, it is
noteworthy that the most significant hardening occurred by using the sediment for which the
quartz content was the highest. According to literature dealing with quartz — CaO/CH — H,O
systems, intensive mechanical grinding and elevated curing temperature were found to increase
the pozzolanic activity of quartz powders [16,17,35].

As a comparison, the strength development of blends designed with lime and ground basic
pyroclastics (natural pozzolans) from a previous study [22] is also reported in Fig. 6 (grey area).
The higher early age strength of lime—pozzolan binders is mainly due the lower water demand of
pozzolans (W/P of mixes was about 0.4) compared to that of micronized sediments. However,
except for L20—MS3, the compressive strength of lime—sediment binders exceeded that of lime—
pozzolan binders (12—13 MPa versus 8 MPa at the most after 365 days) despite the higher W/P
(0.7—0.8). This highlights the positive effect of the micronized quartz-rich sediments on the
strength development in the long run.

14l L20-PYR*
13l © L20-MS1

'm L20-MS2
12[1¢  120-MS3
Mr

T

10|

©
T

Compressive strength (MPa)

SO =~ N W b 00O N O

:365d

“10 | o ‘1‘00
Curing time (days)

Fig. 6. Compressive strength development of L20—MSn at 50°C depending on the type of marine
sediment used. *L20—PYR = lime-pyroclastics binders from Kourtaa et al. [22]

The effect of lime content on the strength development of Li—MS?2 is reported in Fig. 7. The
compressive strength of L30—MS2 was found to be lower compared to that of L20—MS2 until
180 days. However, the compressive strength of L30—MS2 showed a significant increase from
180 to 365 days in such a way that the compressive at 365 days was the same (13 MPa). With
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regard to L10—MS2, the trend was to level off from 60 days and the increase in compressive
strength from 60 days to 365 days was very low (5 to 5.8 MPa). In their study about CaO-quartz
blends with 5 to 20 wt% of CaO, Yao et al. [17] measured the highest compressive strength at 28
days for the blend with 10 wt.% of CaO whereas the optimum compressive strength at 60 days
was reported for 20 wt.% of CaO (14 MPa). Even if the curing temperature was not the same, this
trend shows similarities with the present study where the compressive strength of L10—MS2 was
of the same order or even higher than that of L30—MS2 from early age to 60 days whereas the
compressive strength of L30—MS2 in the long term was significantly higher compared to that of
L10—MS2. The study of hydration kinetics will provide a better understanding of these results.
However, these results show that it is not necessary to include more than 20 wt.% of lime in the
mix to improve the strength during the first weeks. As a matter of fact, the heat curing process
will have to be time-limited for industrial application and energy efficiency.
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Fig. 7. Compressive strength development of Li—MS?2 at 50°C (i = 10, 20 or 30 wt.% of lime)
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3.3. Hydration kinetics

3.3.1. Fixed lime

The amount of fixed CH over time as percent of the initially available CH depending on the type
of sediment used is reported in Fig. 8. At 20 °C (Fig. 8a), CH was consumed quickly during the
first week, up to around 25—30%. At 50 °C (Fig. 8b), the amount of fixed CH after 7 days was not
much higher than that calculated at 20°C i.e. in the range of 35—40%. However, the rate of CH
combination beyond this date was very different depending on the curing temperature. At 20 °C,
the combination rate was slow from 7 to 60 days and the amount of fixed CH tended to level off
from 60 to 365 days. After 365 days, this amount was in the range of 45—55%. On the contrary, a
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significant increase in the rate of CH combination was observed from 7 to 60 days at 50°C.
Moreover, the whole combination of CH was achieved between 60 and 180 days depending on the
sediment used. This finding applies to all sediments and is explained by an increase in soluble
silica with temperature. According to some authors, the pozzolanic reaction occurs initially at
edge surfaces of quartz (or clay minerals) by CH attack [21,36]. At room temperature, the slow
rate of quartz dissolution is assumed to result in a progressive reduction in CH combination as
seen in Fig. 8a whereas elevated temperature provides higher amounts of reactive species
allowing the reaction to proceed until the full depletion of CH (Fig. 8b). At this stage, the poor
hardening of blends at 20°C even after several months (1.7 MPa at the most after 1 year) can be
attributed to an insufficient amount of combined lime together with the nature of C—S—H formed
at this temperature (Ca/Si, gel pores, etc.).

Furthermore, at 20°C, the combination of CH was found to be more significant in the case of
L20—MS3 with more than 50% of CH already reacted with MS3 at 60 days whereas this amount
was 30—35% with the other two sediments. This result is attributed to the huge specific surface
area of MS3 (~19 m2.g") increasing the rate of CH chemisorption [37]. At 50°C, this effect of
specific surface area was not perceivable. This shows that the rate of CH combination at 20°C
(and the short-term activity at 50°C) strongly depends on the specific surface area of powders
whereas the full depletion of CH is possible through elevated temperature (50°C) and rather
related to the mineralogical composition of the sediments. Therefore, an accelerated reaction
kinetics was found for the blends including the sediments containing higher quartz contents i.e.
MS1 and MS2 (Fig. 8b). The low amount of silica within MS3 (34%) did not prevent it to fix the
whole content of initially available lime after 180 days. Hence, the total silica content is not a
limiting factor for CH combination. Nevertheless, quartz is not the only mineral able to bind lime.
For MS3, some aluminum-bearing minerals such as kaolinite, feldspars and muscovite could
contribute to the consumption of CH.
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Fig. 8. Fixed lime depending on the type of marine sediment used (L20—MSn)

Fig. 9a presents the combination of CH by MS2 at 20°C depending on the initial content of lime
expressed in gram of CH per 100 grams of sediment from 3 to 365 days.
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The rate of CH combination was quite similar for L10—MS2 and L20—MS2 and somewhat higher
for L30—MS2. After 365 days, the absolute amount of fixed CH was in the range of 10.5 — 17
grams of CH per 100 grams of sediment depending on the initial amount of lime introduced. It is
interesting to note that the sediment was able to fix all the lime in the case of L10—MS2 and
around half of the initially available lime in the case of L20—MS2, corresponding to a close
absolute amount of fixed CH. This confirms a slowdown of the chemical reaction at 20°C. Even if
a little more CH was combined in the case of L30—MS?2, a levelling off was also clearly observed
over time.

The reaction kinetics at 50°C is reported in Fig. 9b. Up to 28 days, it can be seen that more CH
was consumed per gram of starting sediment per unit time when the initial amount of lime into the
blend was higher. However, the more was the initial amount of lime, the longer it took to reach
the full depletion of CH. The latter was achieved after 28 days for L10—MS2, 60 days for
L20—MS?2 and 180 days for L30—MS2. As regards L10—MS2, the stabilization of the
compressive strength beyond 60 days is consistent with the lack of lime in the reaction system.
Furthermore, it should be recalled that the compressive strength after 365 days at 50°C was 5.8
MPa whereas that at 20°C was only 1.3 MPa even though the amount of fixed CH was the same
(10.5 grams of CH per 100 grams of sediment). Based on the assumption that the amount of
soluble silica is higher at 50°C, this result is explained by a lower Ca/Si ratio of C—S—H at 50°C
compared to 20°C as suggested by Arabi et al. [38]. It is known that the strength contribution of
C—S—H increases with the decrease in the Ca/Si ratio [38,39,40]. This discussion done in the case
of L10—MS2 underlines the significant role of the C—S—H microstructure on the strength
development compared to the absolute amount of fixed CH. An increase in this amount is only of
interest at 50°C and allows for a greater strength in the long run (5.8 MPa for L30—MS?2
compared to 13 MPa for L20—MS?2 at 365 days).

By comparing L20—MS2 and L30—MS?2, the lower compressive strength of L30—MS2 up to 180
days is ascribed to the higher amount of unreacted lime. According to Jambor [41], uncombined
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CH in lime-pozzolan binders has the same unfavourable influence on strength as porosity.
However, this excess CH was beneficial for the further strength development at 365 days as also
observed by Yao et al. [17] with CaO-quartz blends. In a previous investigation [22], SEM
analysis had shown that the reaction at the microstructural scale proceeds as if lime was gradually

converted in hydration products in which some embedded lime nodules took a long time to be

combined.

3.3.2. Bound water and reaction products

TG—DTG data from the analysis of samples with 20 wt% of lime cured at 20°C or 50°C
depending on the sediment used are reported in Fig. 10.
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Fig. 10. TG-DTG curves of samples cured for 3 days or 180 days. (a) L20—MS1 at 20°C, (b)

It should be noted that signals recorded for L20—MS1 and L20—MS?2 were very close together
and, as a consequence, only that of L20—MS] is reported in Fig. 10. An advanced curing time

L20—MS1 at 50°C, (¢) L20—MS3 at 20°C, (d) L20—MS3 at 50°C

(180 days) is compared to the early age (3 days). At 20°C and for the early age at 50°C, the
amount of CC was found to be rather high considering the initial amount of CC within the
sediments. However, after CH depletion at 50°C, the amount of CC in hydrated samples became
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very close to the initial amount within the sediments following the normalization to anhydrous
powder since chemically bound water in hydration products increases with time. This shows that
the carbonation of CH (see Eq. (1)) likely occurred during the preparation of the samples before
analysis despite the precautions taken.

Studying the binders cured for 180 days at 50°C, the weight losses at 400°C by TGA are indicated
in Fig. 10b and d. These have to be corrected by removing physisorbed water before 80°C and
initial weight loss attributed to the dehydration of the anhydrous sediment powder (Fig. 4) to
estimate the bound water in hydrates. This amount was found to be in the range of 5.8 — 6.4% for
L20—MS1 and L20—MS2 whereas a somewhat lower amount was calculated for L20—MS3
(~5%). After 365 days, this amount of bound water was found to be the same irrespective of the
sediment used, in the range of 5.9 — 6.5%. However, the compressive strength of L20—MS3 was
significantly lower compared to the binders using the other two sediments, partially indicating a
different phase assemblage of hydrated binders.

XRD patterns of binders cured 180 days are presented in Fig. 11 and compared to those of the
micronized sediments. As in the case of TGA, L20—MS1 and L20—MS?2 are characterized by a
same pattern and only that of L20—MS?2 is reported.
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Fig. 11. XRD patterns at 180 days of (a) L20—MS2 at 20°C, (b) L20—MS2 at 50°C, (c¢)
L20—MS3 at 20°C, (d) L20—MS3 at 50°C. MS2 & MS3: XRD patterns of sediments.
G: Gypsum, AFt: Ettringite, CH: Calcium Hydroxide, A: Albite (feldspar), K: Kaolinite



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

For both curing temperatures, it can be seen that gypsum was fully consumed. In addition, it is
shown that feldspars (for L20—MS1 and L20—MS2) and kaolinite (for L20—MS3) were involved
in the pozzolanic reaction. However, no changes were observed regarding the diffraction peaks of
muscovite in L20—MS3. At the same time, the only hydration product clearly detected by XRD
was AFt (ettringite, CsAs3H32) and the latter was quickly formed. This is attributed to the
dissolution of aluminum-bearing minerals and releasing of [H3AlO4]*, which upon reaction with
Ca®*, SO4* and OH" from lime and gypsum will lead to the formation of AFt [19]. However, at
50°C, AFt was progressively destabilized from 3 to 28 days and was no longer detected for
L20—MS1 and L20—MS2 at advanced curing ages (Fig. 11b) whereas it was still present for
L20—MS3 even after 180 days (Fig. 11d). This is explained by the higher amounts of aqueous
aluminate and sulfate concentrations in the medium in the case of L20—MS3. Hence, gypsum and
kaolinite within MS3 are strongly involved in the significant formation of AFt. On the contrary,
the sulfate deficient medium for L20—MS1 and L20—MS?2 is likely to be responsible for the
destabilization of AFt initially present in lower amounts. The disappearance of AFt in Fig. 11b
was not accompanied by the visible presence of AFm by XRD analysis. However, according to
the work of Zhou and Glasser [42] about the thermal stability and the decomposition mechanisms
of AFt, a temperature exceeding 50°C may lead to a decrease in crystallinity, and consequently, to
the gradual disappearance of the diffraction peak [43].

Considering the derivative weight loss, the range between 80°C and 400°C includes weight losses
due to the dehydration of AFt and C—(A)-S—H phases but the latter could not be identified by
XRD due to the overlapping with calcite and their low crystallinity. Combining DTG data with
XRD results, it is assumed that the weight loss peak around 80 — 100°C at 20°C (Fig. 10a and c)
is mainly attributed to the decomposition of AFt. At 50°C, the more extended mass loss (broader
DTG peak up to 250 — 300°C) is considered as the dehydration of C—(A)—S—H. This is
especially the case for L20—MS]1 (Fig. 10b) thus highlighting the lower amount of C—(A)—S—H
for L20—MS3 compared to L20—MS1 and L.20—MS2. Hence, the similar amount of bound water
in hydrates calculated for the three blends after 365 days at 50°C (~6%) can be explained by the
larger amount of AFt in L20—MS3 since this is a water-rich phase [44] (576 g.mol ™ of H>O loss
compared to 27 — 36 g.mol™! for C—S—H according to Lothenbach et al. [33]). Either way, from
the overall results, the contribution of AFt to the strength appears to be minor in the systems
studied in this paper whereas it is known for efficiently filling the pores [45].

TGA and XRD patterns depending on the initial lime content (Li — MS2) have shown the same
trend. For these blends, Fig. 12 reports the evolution of bound water in hydrates over time (from 3
to 365 days) at 50°C and a comparison with the strength development. Firstly, it is observed that
the amount of bound water at a given hydration time increased with the initial lime content as also
found in the works of Yao et al. [17,20] mixing quartz or feldspars with increasing amounts of
CaO (5 — 30 wt.%). Furthermore, the compressive strength of L20—MS?2 rose faster than that of
L30—MS2 until 180 days whereas the bound water content of L30—MS2 was almost still higher
for the different curing times. This highlights the different degree of reaction at a given curing
time depending on the lime content. For instance, at 28 days, the degree of reaction of L20—MS2
was 0.7 whereas it was 0.5 for L30—MS2. Hence, the higher amount of uncombined lime, which
itself leads to the formation of high-Ca C—S—H, adversely affects the compressive strength of
L30—MS2. Over time, more reactive species dissolve into the pore solution even after CH
depletion, giving rise to low-Ca C—S—H [34,46]. This happened earlier for L20—MS2 and results
in a smaller increase in the bound water content between 60 and 365 days compared to
L30—MS?2. It should also be noted that the stabilization of compressive strength of L10—MS2
beyond 60 days is consistent with the bound water content that levels off as of 28 days.
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Fig. 12. Bound water in hydrates from 3 to 365 days of curing at 50 °C depending on the lime
content and comparison with the strength development

3.4. Porosity

Table 4 shows the total porosities of the different L—MS binders. Depending on the amount of
hydrated lime initially introduced, the total porosity after 180 days at 50°C ranged between 55 and
59 vol.% for L20—MS1 and L20—MS2 whereas it was around 68 vol.% for L20—MS3. As a
matter of fact, the total porosity of L20—MS3 was found to be significantly higher compared to
that of L20—MS1 and L20—MS?2 owing to the high W/P mass ratio used for this blend (1.10
versus 0.73 — 0.80 873 for the other ones). The total pore volume does not necessarily correlate
with compressive strength results since the latter is mainly dependent on the nature and the
packing of hydration products. For instance, the same total porosity after 180 days at 50°C for
L20—MS2 and L30—MS2 (~55 vol%) corresponds to different compressive strengths i.e. 12.1
MPa for L20—MS2 versus 8 MPa for L30—MS?2. For a better analysis of the pore network, the
pore size distribution needs to be discussed.

Table 4. Total porosities (expressed in vol%)

L — MS binders L20—MSn Li—MS2
Curing T°C  Curing time  L20—MS1 L20-MS2 L20-MS3 L10-MS2 L30-MS2
20°C 90d 61.7 57.8 66.7 60.6 60.8

180d 63.6 57.0 66.6 60.7 60.1
50°C 90d 60.6 58.4 67.5 58.4 574
180d 59.1 55.4 67.7 57.9 55.2

The effect of curing temperature on the pore size distribution of the different blends depending on
the sediment used is reported in Fig. 13a and b for 90 days and the critical pore diameter is
provided for 90 and 180 days in Fig. 13c.
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As a first observation, a significant pore size refinement was noted by comparing the blends at
20°C and 50°C after 90 days due to the partial filling of the pores by hydration products (Fig. 13a
and b). At 20°C, the critical pore diameter of the blends was over 0.2 pm corresponding to coarse
pores that are reported to be harmful for the strength [47]. Hence, AFt formation at 20°C that
should be responsible for filling the pores does not provide a significant strength since none of the
ambient-cured samples were able to show hardening before 90 days. It is also noted that no
changes were noted between 90 and 180 days regarding the critical pore diameter at 20°C (Fig.
13c) and this may be linked to lime combination that levels off as seen in Fig. 8a. The pore size
refinement at 50°C results in the reduction of the critical pore diameter as seen in Fig. 13c. The
critical pore diameters of the different blends were in good agreement with the compressive
strength at this date with increasing critical pore diameters (0.03 pm, 0.1 pm and 0.18 pm for
MS1, MS2 and MS3) corresponding to a decreasing strength (respectively 7.8 MPa, 4.9 MPa and
1.6 MPa). In addition, it should be noted that the pore size refinement between 20°C and 50°C for
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L20—MS3 at 90 days was lower compared to the other ones. However, after 180 days, the critical
pore diameter of L20—MS3 at 50°C has moved closer to that of L20—MS]1 with a critical pore
diameter of 0.08 um for L20—MS3 and 0.06 um for L20—MS1 (Fig. 13c). The pore size
refinement between 90 days and 180 days at 50°C is therefore clearly observed for both
L20—MS1 and L20—MS3. Despite this decrease in the critical pore diameter, the compressive
strength of L20—MS3 remains very low compared to L20—MS1 owing to the high total pore
volume as shown in Table 4. In the case of L20—MS2 for which the porosity already showed a
strong filling of pores by hydration products after 90 days at 50°C, the critical pore diameter after
180 days remained unchanged compared to 90 days (0.03 um). Yet, a significant strength
development was noted between 90 and 180 days. This is explained by the pore size distribution
of this blend for which the pore family around 0.08 — 0.1 pm observed at 90 days (Fig. 13b and
Fig. 14a) was no longer present at 180 days as shown in Fig. 14b. This is not reflected by the
critical pore diameter but through the median pore diameter as shown in a previous study [22].

Considering the effect of lime content, since the W/P was identical for all the mixes, it is possible
to compare the total porosities in Table 4 without considering the capillary pores due to excess
water. However, these total pore volumes were close together i.e. in the order of + 3 vol% for
each curing temperature. Here again, it is more relevant to discuss the differential pore size
distribution depending on the lime content (Li—MS2) as reported in Fig. 14a and b for heat-cured
samples after 90 and 180 days. At 90 days, the critical pore diameters of Li—MS?2 are consistent
with their compressive strength. The critical pore diameter of L10—MS2 was fairly close to that of
L30—MS?2 (in the range of 0.08 to 0.12 um) and the compressive strength of both blends was in
the range of 5 — 5.5 MPa. However, L20—MS2 stood out from the other ones with a critical pore
diameter of 0.03 um and a compressive strength of 7.8 MPa. After 180 days, a significant pore
size refinement of L30—MS2 was measured, identified by the dotted line in Fig. 14a and b. The
critical pore diameter has moved closer to that of L20—MS2 (0.04 pm versus 0.03 um). This is in
accordance with the strength development of L30—MS?2 after advanced curing ages and the
compressive strength achieved at 365 days which is finally the same as that of L20—MS?2 (13
MPa). Moreover, the overall results presented in Fig. 14c show that the best pore size refinement
after 90 and 180 days was always found for L20—MS2 whichever the curing temperature,
confirming the compressive strength results.
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4. Conclusion

The following conclusions can be made :

(1) The best hardening kinetics of heat-cured lime-sediment blends was found with the sediment
for which the quartz content was the highest (~70 wt% SiO). Thus, the full depletion of calcium

hydroxide was achieved after 180 days when the lime content was 30 wt% (corresponding to 40
grams of CH per 100 grams of sediment). Despite the effectiveness of micronization and heat

curing (50°C) to increase the dissolution of reactive species in such a way to reach high amounts

of fixed lime, the pozzolanic reaction was found to take a long time. However, the results are

quite in line with previous works dealing with quartz-lime-water systems.
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(2) At 20°C, none of the three sediments studied were able to combine more than about 15 grams
of CH per 100 grams of sediment (i.e. half of the initially available lime when the lime content
was 20 wt%), even with the sediment exhibiting the highest specific surface area (~19 m2.g™").
However, at 50°C and in the case of 20 wt% of lime into the blends, all the sediments were able to
reach the full depletion of CH from 60 to 180 days, whichever their SiO; content.

(3) One of the sediment (MS3) was poor in quartz (~34 wt% SiO») but contained higher amounts
of aluminum- and sulfate/sulfur- bearing minerals (i.e. kaolinite, muscovite, gypsum and pyrite).
This led to the more significant persistence of AFt at 50°C until at least 180 days. However, TGA
results suggest that the amount of C—(A)—S—H was lower using this sediment compared to the
other ones containing higher SiO; contents (58 — 73%). In addition, the lime—-MS3 binder was
affected by a higher total porosity due to high water content for the mixing. Furthermore, the
formation of AFt at 20°C is not enough to provide a measurable strength at 20°C and this may be
due to the insufficient filling of coarse pores whereas C—(A)—S—H can strongly contribute to the
cementation, especially at 50°C.

(4) Until 180 days, the optimum compressive strength was achieved for 20 wt% of lime for both
curing temperatures. At 50°C, blends with 10 wt% of lime suffered from a lack of lime as of 60
days. Those with 30 wt% of lime needed more time to reach a sufficient consumption of CH and
finally filled the gap with the blends containing 20 wt% of lime at 365 days (compressive strength
of 13 MPa).

(5) Studying the effect of lime content with a same water content, a strong correlation between the
critical pore diameter and the compressive strength was highlighted.
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Highlights

e Hydration of lime-marine sediment blends depending on the mineralogical composition
o Cristallized minerals in micronized sediments can efficiently combine hydrated lime

e Full depletion of CH with 20 wt% of lime regardless of the silica content

e Contribution of AFt to the strength is negligible beside total pore volume in samples

e For a same W/P, the critical pore diameter strongly correlates with the strength
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