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ARTICLE INFO ABSTRACT

Keywords: Environmental impacts of building materials can be achieved by reducing the amount of cement in cementitious
Ferronickel slag composites, specifically when incorporating wastes as partial replacement of Portland cement. In this work we
Crepidula shells

substitute cement by shell by-products and Ferronickel Slags (FNS) while keeping interesting specific properties.
FNS associated to Crepidula fornicata shells (CR) are good candidates to replace part of the Portland cement as
they have appropriate physicochemical properties, and are available at high abundance.

The effect of the association of FNS and CR on the mechanical properties of mortar is investigated. Micro-
structural characterization of these additives are carried out using Scanning Electron Microscopy, X-Ray
diffraction and Raman spectroscopy. Formulated mortars contain different mixes of FNS-CR and Portland
cement. Specific surface area, workability and setting times of fresh mortars are studied. The mechanical
properties are investigated using 3-point bending and compressive tests for curing periods ranging from 2 to 28
days. In the fresh state, the replacement of cement by up to 20 wt.% of FNS-CR does not significantly affect
mortar properties. However, at the hardened state, the setting time is increased using FNS-CR. With up to 20%
wt.% of FNS-CR incorporation, the mechanical properties are similar or even slightly larger than that of the

microstructural Characterization
Mechanical properties
Waste valorization

control mortar.

1. Introduction

Cement manufacturing contributes significantly to CO, emissions
[1], as it is the most widely used substance in the world [2]. About 4.65
billion tons are necessary each year worldwide for the construction
material sector, generating around 4 billion tons of CO5 [3]. This con-
tributes as much as 7% to the total anthropogenic footprint [4]. The
enhanced use of additives in the cement manufacturing will significantly
reduce the CO; footprint. Therefore, the search for new supplementary
cementitious materials (SCM) has become a greater concern for the
manufacture of cements. The use of waste including industrial
by-products as cement substitution presents a promising solution [5].
One of these products is slag, a waste available from ferro-nickel pro-
duction through pyrometallurgical processing [6-10].

The Société Le Nickel (SLN, New Caledonia) has been continuously
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producing nickel from laterites over 145 years [11,12]. SLN produces
annually about 3 million tons of FNS with an existing stockpile of 25
million tons [13]. At present, only 8% of the annual FNS production is
used [8]. The rest of the FNS is stockpiled on site at high storage costs to
prevent environmental impact [14,15]. These slags provide a valuable
resource for being recycled.

The FNS from SLN are free of harmful substances and present
excellent properties such as high density, sufficient hardness and
toughness, good compaction potential, high water permeability and
high fire resistance with low thermal expansion [13]. Therefore this
material can be used as construction materials [13]. The recycling of
slags in the building industry has an additional value to the cement
properties [16]. SLN therefore transforms FNS into an economic
resource. The commercial product “SLAND” is exported to Australia
being used as SCM [13], or FNS is used as base filler for road
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construction [19]. However, the FNS can be used also as cement addi-
tives, if their physicochemical characteristics are appropriate [17,18].

Another potential waste material abundant in nature which can play
the role of SCM are mollusc shells, among which farmed seashells
represent the largest available volumes. For example, in France, among
the biggest consumer of shellfish in Europe, oyster and mussel farming
generates large amounts of shell wastes, available for reusability.
Included in such wastes are also present shells from inedible invasive
species like Crepidula fornicata. All in all, annually, nearly 200000 tons
of shells end up for their major part in landfills for amendments in Ca,
incinerators or as litter in the environment in France [21]. This is cost
intensive and contains some environmental drawbacks.

Historically, seashells have been used in concrete for specific type of
building material called ‘Tabby’ during the late 1700s. Tabby is a type of
concrete made by burning oyster shells to create lime before mixing with
sand, ash, broken oyster shells as aggregate and water. Tabby was used
by early Spanish explorers in North Carolina and Florida in the 16th
century, then by British colonists primarily in South Carolina and
Georgia around 1700 [22]. The studies on the use of seashell as SCM
have been going on for 50 years [23,24], showing that ground seashells
can be applied in mortars. Mortars with partial replacement of cement
by seashells can present an adequate strength and lower thermal con-
ductivity compared to usual mortars. The seashells are composed of at
least 95 wt.% of calcium carbonate (CaCO3), a bit less than the calcium
carbonate contents of limestone powders used for Portland cement
production [25].

The main composition of Crepidula shells is calcium carbonate
(CaCO3), which can be used as supplementary cementitious material.
According to the European standard EN 197-1 [26], calcium carbonate
(CaCO3) or limestone can be added up to 35% in Portland cement.
CaCOg acts mainly as an inert filler when the replacement level is larger
than 5% due to its low solubility. The inert property and less reactivity of
carbonate limits its use in cement industry [27]. The use of slag in
blended cement can improve the later age strength but results in lower
early age strength due to the need of activation and its slow hydration.
Efforts have been made to use carbonate in ternary blended cements to
improve the strength at the early age. Different studies show that the
combination of calcium carbonate (as limestone) and slag in concrete or
mortar is complementary. Indeed, the calcium carbonate filler will
improve the early strength of concrete while slags will improve later
strengths and thus achieve an optimal strength development [28,29].

In this study, we focus on the use of Crepidula fornicata shells (CR)
and FNS as a structural component with a partial replacement in mortar.
For that purpose, an experimental study of the soundness and
compressive strength of specimens made with this mixture is carried out.
Different mortar mixtures using different percentages of slags and CR
shells are cast and tested up to failure.

2. Materials and methods
2.1. Materials and samples preparation

2.1.1. Cement

The cement used in this study is a CEM I 52.5 N made by the French
company Calcia according to the EN 197-1 standard [26]. The Blaine
fineness is 4100 cm? g~ *, and the density is 3.2 g cm 2. The clinker ratio
is 95% and the cement mineralogical composition is: C3S = 74%, C2S =
12%, C3A = 11%, SO3 = 2.7%, S~ < 0.02% and NayO = 0.06%. The
chemical composition is given in Table 1.
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2.1.2. Sand

The sand used here is a French normalized sand made by Société
Nouvelle du Littoral in accordance with the EN 196-1 standard [30]. It is
composed of natural quartz sand (silica content 99%). The sand grains
are uncrushed and of rounded shape.

2.1.3. Ferronickel slag

The ferronickel slags were provided by Société Le Nickel- ERAMET
(SLN) in New Caledonia). The average particle size of the granulated
slag is about 4 mm. The raw FNS grains are ground to powders (<63 pm)
using high energy ball milling for 30 min. The specific gravity of the slag
is 2.92 g cm 2 and the Blaine fineness is 6700 cm? g~*.

2.1.4. Crepidula fornicata shells

The Crepidula fornicata shells were collected from a fish company in
Normandy (France) first ground and screened on site. The raw Crepidula
fornicata shell grains are secondly ground at ESITC laboratory to powder
(<63 pm) using high energy ball milling for 30 min. The obtained
powder is dried in an oven at 120 °C for 24 h in order to remove
remaining organic traces. The specific gravity of the Crepidula fornicata
shells is 2.73 g cm ™ and the Blaine fineness is 8140 cm? g1

2.1.5. Mortars mix design

All studied mortars are elaborated with a water on cement ratio (W/
C) fixed to 0.5 and a sand to cement ratio at 3, according to EN 196-1
[30]. After mixing, the mortars were filled into square prism molds (40
x 40 x 160 mm). The molds were subjected to 60 hits on a vibrating
table after pouring of each layer to expel the air. The molds were then
placed in a special confined room temperature (20 + 1 °C and relative
humidity of 90%). The mortar specimens were demolded 24 h after
manufacturing and then conserved at controlled at room conditions
until the time of testing. Nine mortar mixtures were elaborated in this
study (Table 2). The cement has been replaced by FNS at 0%, 10%, 15%
and 30 wt.%. In addition, the cement has also been replaced by a
mixture with equal proportions of FNS and CR in the range of 10%, 20%,
30%, 40% and 60 wt.%.

2.2. Characterization techniques

Elemental analyses by Energy Dispersive X-Ray spectroscopy (EDS)
were performed using a SUPRA™ 55 (SAPPHIRE; Carl Zeiss, Jena,

Table 2
Composition of the different mortar mixes.

Sample Mass substitution of cement by Mass substitution of cement by
FNS (wt.%) Crepidula (wt.%)
CM 0 0
FNS10 10 0
FNS15 15 0
FNS30 30 0
FNS5-CR5 5 5
FNS10- 10 10
CR10
FNS15- 15 15
CR15
FNS20- 20 20
CR20
FNS30- 30 30
CR30

Table 1

Chemical composition of CEM I 52.5 N cement in wt.%. a) obtained by Energy Dispersive X-Ray spectroscopy and b) obtained by X-ray fluorescence (XRF).
Component SiO4y Ca0 Al,03 Fe 03 MgO SO3 K0 Na,O TiO4 P503 Loss on Ignition
a) 19.5 63.2 4.8 3.5 1.5 2.7 0.6 0.1 - - 4.1
b) 19.1 65.1 4.9 2.9 1.1 3.0 0.5 0.2 0.1 0.1 2.5
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Germany). The samples were carbon coated and images were recorded
using an acceleration voltage of 20 kV.

The analyses of FNS composition were performed by SARM/CRPG
laboratory, Nancy (France). Major elements were analyzed by ICP-OES,
while trace elements (As—Zr) were analyzed by ICP-MS. Sulphur and CO,
by infrared absorptiometry, and FeO by volumetry (see SARM-CRPG
website for further information about detailed methods, detection
limits and precision).

X-ray fluorescence analyses were acquired using an Inel Equinox
3500 spectrometer, equipped with a Cu microfocus source, parabolic
multilayer mirror on the primary beam, and an Amptek X-123SDD Sil-
icon Drift Detector placed vertically 10 mm over the sample to ensure
high sensitivity even with low-atomic number elements.

X-ray powder diffraction data were performed at room temperature
using a Panalytical X’pert Pro diffractometer (two-circle diffractometer,
0-20 Bragg-Brentano mode) using the monochromatized Cu-K, average
radiation (Ay; = 1.7890 1°\, A2 = 1.7929 A). Data are collected for 20
varying from 15° to 100° for 2 sec per 0.01° step (2 h/scan). The NIST
SRM-660b LaBg standard powder was used to calibrate the instrumental
contribution [31]. Phase identification and quantification were per-
formed using the Crystallography Open Database and the Full-Pattern
Search-Match procedure [32]. The Rietveld refinement was performed
using the MAUD software [33].

All Raman spectra were recorded at room temperature using a
Thermo Fisher Scientific DXR Raman microscope (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) with a 532 nm laser as an excitation
source. The Raman spectrometer is equipped with a 900 lines/mm
diffraction grating. A 50X long-distance objective was selected to focus
the laser beam onto the surface and collect the scattered light in a
backscattering geometry. Data was collected over a range of 50-2200
cm L. The spectral regions from 3200 to 4000 cm ™' were investigated
for the C-S-H species and ettringite, in order to reveal the OH™ and the
H,0 stretching mode region. The spot diameter of the laser was esti-
mated to 0.8 pm and the spectral resolution to 3 cm™'. Raman spectra
were systematically recorded twice at low laser power (2 mW) and with
an integration time of 120 s. We used the Origin software and Gaussian
curves as elementary fitting functions. The mineral compositions were
determined by comparing the collected Raman spectra to those reported
in the Raman Open Database ROD [34].

2.3. Test methods

2.3.1. Specific surface area

The specific surface area of each cement mixture used in this study
was determined with the Blaine air permeability apparatus according to
the ASTM C-204 test method [35].

2.3.2. Fresh properties of mortars

Workability tests were carried out on fresh mortar according to the
NF P18-452 standard [36]. The testing device consists of a compartment
divided in two unequal volumes by a removable wall. The test measures
the time taken for the mortar to flow from the large compartment to the
smaller one under the influence of the imposed vibration.

The initial and final setting times were also measured for all mortar
mixtures. These tests consist in measuring the time necessary for a
plunger assembly with total weight of 1000 g to penetrate into the
material. The initial setting time is effective when the distance between
the end of plunger and the base-plate is 2.5 mm according to the NF P
15-431 standard [37].

2.3.3. Mechanical properties of hardened mortars

Mechanical properties of the mortars were measured using
compressive and three-point bending tests in accordance with the EN
196-1 standard [30], on all samples from 2 days to 28 days of curing. The
compression tests were performed at a loading rate of 40 N min~! while
3-points bending tests were displacement-controlled at a rate of 0.07
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mm min .

3. Results and discussion
3.1. Microstructural characterization of FNS

The mineralogical and chemical properties of the FNS are important
parameters, which influence their recycling. Table 3 shows the bulk
chemical analyses of FNS powder.

The slag sample is mainly composed of about 52 wt% of SiO,, 32 wt.
% of MgO and 12.6 wt.% of total iron reported as Fe;Os. The majority is
divalent iron (FeO: 11.3 wt.%). Minor compounds are, 2.3 wt.% Al,Os3,
about 0.5 wt.% of Na;O and MnO, 0.3 wt.% of CaO and 0.4 wt.% total
H0. CO3 is low (0.16 wt.%). Other minor compounds (KO and TiO3)
are below 0.04 wt.%.

Among the trace elements, of about 7900 ppm of Cr, 670 ppm of Ni,
260 ppm of Zn, 65 ppm of V, 61 ppm of Co, and 20 ppm of Sc are the
highest values. Very low values of As, Cd, U and Th are reported
(Table 3).

A XRD pattern of the FNS sample can reasonably be refined using 4
main phases (Fig. 1 and Table 4). Quantitative phase analysis using
Rietveld refinement indicates quartz and forsterite as the two major
phases.

With agreement factors of Ryp, = 3.9% and Rp = 2.5%, and a
Goodness of Fit below 2 (GoF = 1.76), the fit ensures quantitative es-
timates of the phases and their structural-microstructural characteristic.
The analysis of the FNS diffraction diagram indicates that quartz is the
dominant phase (50.9%), followed in a decreasing order by Ni-bearing
forsterite (Ni,Mg)2SiO4 (29.4%), silica (13.5%) and enstatite (3.2%).
These phases were identified in each slag powder batch independently of
their particle sizes.

Raman analyses confirm that FNS is a mainly crystalline heteroge-
neous material whose main components are forsterite (Mg,Ni)2SiO4,
quartz, silica and enstatite (Mg,Fe);SiO3 with traces of chromite
(FeCry04), calcite (CaCOs) and akaganeite (B-FeOj.ox (OH)p.xCly)
(Figs. 2 and 3). Quartz is formed in silica-rich scories during cooling and
solidification. Forsterite shows high thermal stability with a melting
point of 1890 °C [38,39]. It is known that forsterite occurs at low tem-
perature after reaction between MgO and silica [38]. In an excess of
quartz and silica, forsterite reacts with SiO5 to form enstatite (Mg2Si2Og)
[40].

3.1.1. Phases detected by XRD and Raman spectroscopy

The Raman spectrum of the silica structure is shown in Fig. 2a. The
refinement was possible with 6 Gaussians (Table 5). The structure of the
vitreous-like silicate network is mainly determined by the degree of the
silicate tetrahedra polymerization. It is described by the abundance of
different Q, species, where Q,, refers to a tetrahedron linked by bridging
oxygen atoms to n (0-4) adjacent tetrahedra. Qg corresponds to an
isolated monomer, Q; and Q, to chains, and Q3 and Q4 reflect the
interconnected structures.

The Raman spectrum of silica present in FNS, is composed of broad
peaks. In the Q, region, the vibration modes of the Q1, Q; and Q3 species
are centred at 880, 940 and 1010 cm ™ ?, respectively. The band at 595
em ™! is attributed to the twisting and stretching vibration modes of the
Si—0-Si bonds [41-43]. The vibration mode at 675 cm ™! is attributed to
a poorly crystalline calcium-magnesium silicate [44,45]. The band at
750 cm ! is assigned to the Si-O stretching vibration with a dominant Si
motion [46]. The ratio Q3/Qx is high, indicating an enhancement in the
number of Qs silicon sites compared to Qy and Q; and a high degree of
polymerization. In general, a higher degree of polymerization in
vitreous-like structures leads to higher compressive strengths [47,48].

For forsterite (Fig. 2b), the bands in the 800 and 1100 cm ! range are
attributed to SiO4 internal stretching vibrational modes [48]. The fea-
tures observed in that region are a doublet with peaks at 818 and 848
em ™! whose relative intensities are function of the crystal orientation.
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Table 3

Elemental composition of FNS (wt.%) obtained from ICP-MS and ICP-OES measurements on ground FNS powders, normalized to most stable oxides. d.l.: detection

limit.
Oxide (wt.%) Element Hg/g Element He/g Element [11:92:4 Element Hg/g
SiO, 51.67 As d.l Hf 0.22 Ta 0.06 Nd 1.48
Al,03 2.29 Ba 16.24 In d.l Th 0.44 Sm 0.34
Fe,03 (FeO) 12.58 (11.3) Be 0.24 Mo 2.15 U 0.16 Eu 0.08
MnO 0.46 Bi d.l Nb 0.38 A% 65 Gd 0.36
MgO 31.56 Ccd d.l Ni 665 w d.l Tb 0.06
Ca0 0.31 Co 61 Pb 1.34 Y 3.31 Dy 0.41
NayO 0.50 Cr 7932 Rb 1.41 Zn 236 Ho 0.09
K0 0.03 Cs 0.17 Sb 0.22 Zr 8.37 Er 0.27
TiOy 0.04 Cu 9.19 Sc 24 La 1.53 Tm 0.05
P,0s d.l Ga 0.63 Sn 0.45 Ce 2.49 Yb 0.29
Total 99.44 Ge 0.16 Sr 13 Pr 0.37 Lu 0.05
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Fig. 1. X-ray diffraction pattern of FNS powder refined using the MAUD software. The calculated pattern (red line) is superimposed to the observed profile (dotted
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Table 4

Refined values of lattice parameters, unit cell volume, average crystallize size and microstrain <e*>

for the last digit, as obtained from the refinement, is indicated in parenthesis.

2512 model used and the atom occupancies. One standard deviation

Phase COD reference V (%) Lattice type Lattice parameters (A) Isotropic mean crystallite size (D) (nm) Isotropic microstrain (¢2)/? (r.m.s.)
Formula Space group
Forsterite 9000319 39.5 (4) Orthorhombic a=4.751 (1) 834 (20) 610
Mg,SiO4 Pbnm b =10.202 (1)
c=5.968 (2)
Enstatite 9014117 7.2 (2) Orthorhombic a =18.595 (1) 253 (15) 11073
Mg,Siz06 Pbca b=8.797 (1)
c=5.231 (1)
Silica 1011097 11.6 (4) Cubic a=9.423(1) 121 (10) 0
SiOy P213
Quartz 9000594 41.7 (5) Trigonal a=>5.641 (2) 92 (4) 1107
SiOp P3,21 ¢ = 5.247 (2)

These vibration bands result from the coupled asymmetric and sym-
metric vibrations of SiO4 tetrahedra. The bands in the 400-800 em™!
range are due to internal bending of the SiO4 tetrahedra. Bands below
400 cm ™! are due to lattice modes and dominated by rotations of SiO4
tetraheda and translations of cations octahedra (magnesium motion) in
the crystal lattice [49,50]. Forsterite may play an important role during
the partial replacement of cement by slag. Indeed, it is known that
magnesium-rich binder can lead to strength development and durability
of cementitious materials [51].

The Raman spectrum of quartz (Fig. 2c) shows a strong Raman mode
of the a-phase at 462 cm ™!, which corresponds to symmetric stretching

of oxygen in the SiO4 tetrahedra [52]. Raman bands below 300 cm !
correspond to combined translations and rotations of the SiO4 tetra-
hedra and the band present at 805 cm ™ is assigned to the Si-O asym-
metric stretching motions within tetrahedral SiO4 units.

The Raman spectrum of enstatite (Fig. 2d) can be divided into 5
regions [53-56]: (1) bands in the 800-1100 em! range are assigned to
Si-O stretching vibrations, related to the non-bridging Si-O bonds; (2)
the vibration modes in the range 650750 cm ! are assigned to the Si-O
stretching modes of the bridging O atoms; (3) the bending O-Si-O
modes are present in the 500-600 em ! range; (4) two vibration modes
may result from the Mg-O octahedron modes (375-500 crn’l) and (5)
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Table 5

Refined centers for Gaussian functions for the Raman spectrum of silica.
Peaks Vibration mode Center
1 Qs 1010
2 Q2 940
3 Q 880
4 Si-O stretching 750
5 0—(Ca, Mg, Si)-O bending 675
6 O—(Mg, Si)-O bending 595

the Fe-O octahedron vibration modes (225-350 cm’l).

3.1.2. Phases only detected by Raman spectroscopy

The Raman spectrum of chromite (Fig. 3a) exhibits various bands
associated to the Fe-O and Cr-O bond-stretching [57]: a broad and
intense band at 780 cm ! attributed to symmetric stretching A;g (v1),
two bands at 730 and 485 cm ! assinged to Fag (v4) and Eg (v2) modes
respectively, and a broad and intense band at 590 cm ! due to the Fog
(v3) mode.

Fig. 3b shows the Raman spectrum with the bands around 308, 390,
535 and 720 cm’l, characteristic for akaganeite (B-FeO1.2x (OH)1xCly)
[58]. The Raman features are similar to that reported by El Mendili et al.
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[59]. Akaganeite forms in chlorine rich, low pH 3 to 4 environments at
temperature about 60 °C, e.g., in hot springs and volcanic deposits [60].
It has a monoclinic crystal structure and always contains Cl~ ions. As
shown by Keller [61], akaganeite can contain up to 6 wt.% chloride. It is
also preferentially formed compared to goethite and lepidocrocite in
environments with high concentration of Fe?™ and Cl~. The presence of
akaganeite in FNS may result from the cooling of slag with seawater.

The Raman spectrum of calcite exhibits four Raman bands (156, 282,
712 and 1088 cm™ ') at ambient conditions (Fig. 3c) [62]. The strong
Raman band at 1088 cm™ ! is assigned to the A;g mode, the internal Eg
mode is observed at 712 cm ™! and the external E, or lattice modes occur
at 282 and 156 cm ™"

The use of quartz as SCM has increased in recent years [63]. Indeed,
quartz powder may reduce the initial porosity of the mixture and
thereby increasing the final strength. In addition, the reactivity of quartz
is very low in an alkaline environment such as the one produced by
cement and lime. Quartz, when mixed in certain proportions, improves
the properties of both fresh and hard concrete such as durability,
permeability and compressive flexural and tensile strengths [63].

The presence of vitreous-like silicates with a high degree of poly-
merization will lead also to higher compressive strengths. In addition, it
is known that magnesium-rich binder can lead to strength development
and durability of cementitious materials.

All these results show the potential of FNS addition to produce
mortars with high performances.

3.2. Microstructural characterization of CR shell

Table 6 shows the chemical compositions of bulk CR pressed powder
determined by EDS analyses. The major element is calcium with traces
of Na, Si, S, Mg and Al (<0.6 wt.%). Locally, Mg and Al enrichments
were observed (2% and 1%, respectively).

Different Raman spectra for the CR powder were collected from
several areas. All areas examined produced the same spectrum with the
same vibration modes (Fig. 4), typical of aragonite, the orthorhombic
carbonate phase. The Raman lines located at low-wavenumber range
(113, 151, 181, 208, 250 and 263 cm ') are assigned to external optical
or lattice modes and result from the interactions between CO3~ ions and
Ca*. The large-wavenumber vibrational modes v, at 701 and 710 cm ™%,
Vo at 856 cm’l, v1 at 1086 cm ! and v3 at 1461 cm ! are assigned to the
internal modes of the CO3~ group [64]. These Raman analyses agree
with previous XRD determinations [65].

3.3. Mortar mixture properties

3.3.1. Specific surface area
The FNS addition significantly increases the specific surface area
(SSA) of the slag-cement powder (Fig. 5). This behavior is due to a larger

Table 6

Elemental composition of CR (wt.%) obtained
from SEM-EDS measurements on ground CR
powders. *Oxygen and Carbon analyzed by EDS
are taken with caution due to low precision; d.l.:
detection limit.

Element (wt.%)

o 36.65% + 3.4
C 7.44* + 0.8
Ca 53.72 +£ 1.4
Na 0.59 + 0.06
S 0.45 + 0.04
Mg 0.53 + 0.05
Si 0.35 + 0.04
Al 0.28 + 0.04
Cl dl

Total 100,00
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Fig. 4. Raman spectrum of the CR shell.

Blaine specific surface of FNS compared to that of cement (6700 cm?/g
for FNS and 4100 cm?/ g for cement). However, this SSA increase is not a
simple linear combination (Fig. 5, line) of the 2 constituting SSA’s. It
indicates the occurrence of some blockage of the initial specific surface
of FNS by mixing with cement. This blockage is clearly visible for FNS10
and is probably due to less FNS particle contact during mixing at this low
substitution level.

The FNS and CR shells addition significantly increases the SSA of the
slag-cement powder (Fig. 6), for the same reason as previously (Blaine
specific surface are 6700 cm?/g for FNS, 8140 cm?/g for CR shells and
4100 cmz/g for cement). With this new mixture, the obtained SSA in-
crease is a simple linear combination (Fig. 6, line).

3.3.2. Density of mortars

Density measurements were performed after 2 and 28 days (Fig. 7).
For all mixes, an increase in the bulk density with curing time up to 28
days is observed. Increasing the cement substitution decreases mortar’s
density at all curing times compared to the control mortar. Since the
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Fig. 5. Evolution of the Blaine specific surface area (SSA) of the cements
elaborated with a porportion of FNS in conventional cement. Error bars are
standard deviation calculated for 3 replicates.
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densities of slag and CR shells are slightly lower than that of the ordinary
cement, such an overall density decrease with FNS and CR shells
incorporation is expected. However, the density decrease is more pro-
nounced after 2 days than after 28 days. This reflects a further densifi-
cation with time and porosity decreases.

3.3.3. Workability and setting time of fresh mortars

Flowability experiments show that slag incorporation has no effect
on the flow times for all FNS-cement compositions. Indeed, all samples
present a flow time with values between 6 and 7 s. For the mixes con-
taining both FNS and CR, up to 30%, the flow time values vary between
6 and 8 s. However, for the larger contents, i.e. 40% and 60%, this flow
time becomes larger than 10 s.

Fig. 8 shows the setting time evolution with FNS and FNS-CR con-
tents. For CEM I 52.5, the minimum allowed initial setting time should
be above 60 min. The initial and final setting times of all mortar mix-
tures are within the limits required for the targeted cement class.

Compared to the control sample, samples with only FNS addition
(Fig. 8a) exhibit gradual increase in initial and final setting times. While
these times decrease by typically 4% at 10% of FNS addition, it increases
up to 9% at 15% FNS addition. Finally setting times become larger than
for the control sample at larger FNS contents. The introduction of up to
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15% FNS accelerates the initial setting. At 30% FNS addtition, the initial
and final setting times are extended by 2 and 14 min respectively
compared to that of the control mix. The setting times below 30% of FNS
addition are not modified significantly, and stay for all samples within
the NF P 15-431standard requirements [37]. It confirms the results
obtained by the normal consistency tests.

For FNS and CR mixed with mortar (Fig. 8b), the final setting times
are increased compared to the control paste. The final setting time of the
control paste occurred at 320 min, while substitution of 10 and 60% of
mortar by FNS-CR enhanced this value to 325 and 395 min, respectively.
The delay in setting time is known to be due to the presence of high
amounts of calcium provided by CR. Thus, the final setting time is
increased at a high percentage of cement substitution by the high
calcium-containing CR shells. The setting time increases almost
constantly with FNS-CR incorporation despite the variations observed
for the initial setting time.

Using FNS alone, no or insignificant setting time increase is
observed.

Taking into account the fixed environmental condition and the use of
the same cement, it can be suggested that the decrease of initial setting
times is related to low calcium-containing FNS, which reduces the hy-
dration rate at early age.

The increase of the FNS content in the cement increases the sepa-
ration distance between hydrated cement particles, thus decreases the
formation of capillary bridges and delaying then the formation of
interlocking network between the particles [66].

3.3.4. Compressive and flexural strength of mortars

The average compressive strengths of mortars after 2, 7, 14 and 28
curing days (Fig. 9) increases with the age of the mortar mixes for all
formulations.

Above 10% of FNS substitution (FNS10), the compressive strength
decreases (Fig. 9a. The maximum compressive strength values at 2 and 7
days of curing are observed for FNS10. FNS at low contents seems to act
more at a young age than in the long term. Indeed, the compressive
strength for FNS10 is larger than that of CM, by 5% at 7 days. Below 10%
of FNS addition, an increase in non-evaporable water occurs at an early
age due to the filler effect, and at a later curing stage due to slag hy-
dration. For higher FNS contents, the filler effect cannot compensate for
the dilution effect caused by the large incorporation of slow reacting slag
particles [67]. FNS10 acts as a nucleating agent with higher compressive
strength at early curing ages. This is due to the formation of additional
hydrated products such as C-S-H, which results from the reaction be-
tween liberated free portlandite and active silica from FNS.

The compression strength values of all FNS mortars after 28 days are
larger than 42.5 MPa. This is an acceptable value for use in the
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Fig. 7. Variation of the bulk density of the mortars elaborated with different substitution of cement by FNS and CR shells after 2 days and after 28 days of curing.
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construction industry as CEM II 42.5.

For FNS-CR mixtures (Fig. 9b), the maximum compressive strength is
observed larger than for CM only for the early age of 2 days and for
FNS15-CR5. This is due to the microstructural reinforcement and pore or
void filling ability by calcium carbonate particles [68]. Thus, CR in-
creases the microstructural density and strength of mortar at this age.
For all FNS-CR samples and after 2 days, the compressive strength is
always observed lower than for CM. However, the compression strength
values of mortars containing up to 20% of FNS-CR remain larger than
half the one of CM, still acceptable for application in the construction
industry.

The flexural tensile strengths are lower compared to the control
mortar for more than 10% of pure FNS addition (Fig. 10a). This is due to
the relatively slow pozzolanic reactivity of FNS, due to its richness in
SiO4 [69]. However, as for the compressive strength at early age, the
flexural tensile strengths at all curing days of the FNS10 specimen, are
slightly larger than that of other mixes including CM. The flexural tensile
strengths at 2 and 28 days for FNS10 is larger than the one of CM by 1
and 4%, respectively.

These results are consistent with those obtained for the setting times.
The hydration process is accelerated at low FNS incorporation, i.e. up to
10% typically. This leads to an increase in mechanical strength, espe-
cially at early age.

The flexural strength and compressive strength of the different FNS-
CR mortars exhibit similar behaviours (Figs. 9b and 10b). The hardening
kinetics from 2 to 28 days is the same for all specimens. The maximum
flexural strength values after 28 days (Fig. 10b) are measured for FNS5-
CR5. For 30% of substitution, all flexural strength values appear smaller
than half the ones of CM, for a given age. At low substitutions up to 10%,
flexural strengths are close to the control mortar for all ages.

In order to achieve higher flexural and compressive strengths, it is
recommanded to use FNS and FNS-CR powders at low subtitution ratio
up to 15% and 20%, respectively.

3.3.5. Surface analyses of mortars by Raman spectroscopy

The Raman analyses of the mortar surface of CM after 28 days of
curing show the presence of C-S-H and calcite whatever the specimen
(Fig. 11), while in the case of FNS5-CR5, in addition to C-S-H and
calcite, ettringite is also formed.

The Raman spectra of the C-S-H systems have been widely studied
[70,71]. The most intense band at 680 em~! is attributed to Si-O
stretching. The bands present in the low wavenumber range (100-360
em™!) are assigned to the lattice vibrations of Ca~O polyhedra, with a
contribution at 445 cm ! due to twisting and stretching of Si-O-Si
bounds and and bands in the 950-1100 cm ™! range associated to sym-
metric stretching modes of Q, species in silicates (Si-O). The broad

contribution at high range wavenumbers (2800-3600 cm V) is assigned
to HyO stretching modes.

When comparing the Raman spectra of C-S-H formed on non-
substituted mortars and on FNS5-CR5, a significant increase of in-
tensity and decrease of bandwidths of the vibrational modes due to the
Ca-O polyhedra is observed. This is due to the addition of Crepidula
shells leading to an increased ordering of the calcium environment, and
thus to a higher degree of polymerization. The Raman spectra of the
C-S-H shows a decrease of Q; (950 em™)) and an increase of Q3 (1080
em 1) for FNS5-CR5 compared to CM. This difference can be interpreted
by silica layers cross-linking in the case of FNS5-CRS5. In this latter, the
C-S-H Raman spectra also shows clearly that the Q, species (1000-1020
cm™!) contribution splits into two main bands at 1006 and 1015 cm ™.
This result confirms the modification of the Si-O-Si chain length by a
change of the quantity of silica tetrahedra Q2 (pairing) and Qg
(bridging) [72]. This is related to a high quantity of silica provided by
FNS. Indeed, the silicates present in FNS react with the excess of calcium
hydroxide to form additional C-S-H. Indeed, the large band at 850 cm ™!
appears in the C-S-H for the FNS5-CR5 sample. This is probably due to
the increase of magnesium content.

For ettringite, the Raman spectrum shows an intense peak at 988
cm! assigned to the v1(SO4) mode [62]. In addition, weaker bands are
observed at 1113 cm ™}, 615 cm ™}, 545 cm ™Y, 450 cm ™! and 345 cm ™Y,
attributed to v3(SO4), v4(SO4), AI-OH stretch, v5(SO4) and Al-OH rota-
tion and translation respectively [73]. Two stretching bands are present
at large wavenumbers, a sharp one at 3629 cm ™! due to OH and a broad
one around 3500 cm~! due to water vibrations. Carbonation of the
ettringite had occurred, which is evidenced by the presence of the weak
band at 1080 cm ™! due to C-O stretching in the carbonate groups pre-
sent in calcium carbonate, attributed to a mixture of calcite and arago-
nite. This confirms the formation of tricarboaluminate, the carbonate
equivalent of ettringite. Carbonate formation is confirmed also by the
formation of the C-H vibrations, which appear at 2930 cm™! and 3060
em L.

The aragonite (CaCOs3) in the crepidula seashell is more than 95% in
weight, similarly as in limestone dust that been used in the Portland
cement production [25]. In addition, the aragonite crystal structure is a
metastable polymorph of CaCOs; with larger strengths and density than
limestone powders [74]. The measured solubility (LogKs,) of aragonite
in water at 25 °C is —8.34 + 0.02, leading to the formation of Ca?* and
CO%’ ions in cement formation conditions [75]. The dissolved CO%’ ions
can participate to the hydration reactions, in particular those of the
aluminate phases and thus lead to the formation of carboaluminates as
opposed to sulfoaluminates, which stabilize the ettringite produced at
early ages [76,77]. These carboaluminates are both more voluminous
and potentially stiffer [77-79] than the sulfoaluminates, leading to
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further reductions of systems porosity and increasing the strengths.

A very limited number of studies are available on the use of FNS as
SCM unlike fly ash or blast furnace slag. The here studied FNS originate
from nickel laterite ore processing. In particular, saprolite at the base of
the laterite profile with low iron oxide (total iron), high magnesium
oxides and about 2 wt.% of Al,O3 are processed. This is of advantage, as
the presence of high proportion of magnesium oxides and Al,O3 in ce-
ments (binder) reduces shrinkage-cracking in concrete. This
magnesium-rich cement can lead to an autogenous expansion at early
curing times and can compensate the contraction of the concrete due to
cold weather and shrinkage [80]. In addition, X-ray diffraction and
Raman analysis showed that magnesium and oxygen are incorporated in
FNS slags as crystalline forsterite and enstatite (Figs. 1 and 2). The
crystalline structures of enstatite and forsterite are chemically inert and
stable [81] and consequently do not participate in hydration reaction to
produce expansive e.g. Mg(OH), [82,83]. Katsiotis et al. [84] concluded
that the presence of FNS slowed down the hydration process in FNS
blended concretes. In addition, the authors reported an increase of

compressive strength at later curing stages due to pozzolanic reaction
effects of FNS. The consumption of portlandite by the pozzolanic reac-
tion of FNS is considered as the first reason for the reduction of expan-
sion. The use of quartz as a pozzolanic material has increased in recent
years [74]. Indeed, pozzolanic materials are generally able to react with
the hydrated calcium hydroxide forming the hydrated calcium silicate
(C-S-H), responsible for the strength of hydrated cement pastes. Quartz,
when mixed in certain proportions, improves the properties of both fresh
and hard concrete such as durability, permeability and compressive,
flexural and tensile strengths [74,75]. The vitreous-like silica also pre-
sent in the FNS has a high degree of polymerization. This finding is
important for using this material as a cement additive as the above
described structure implies a higher degree of stiffness, strength and
density of the silicate over time. The silica present in FNS reacted at the
later ages and formed secondary calcium silicate hydrate (C-S-H) gel
and improved the density of silicate microstructure [85]. In general, a
higher degree of polymerization in the vitreous structures leads to
higher compressive strength [20,86].
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4. Conclusions

Partial replacement of cement by a FNS-CR mix has been carried out
and its effect on the mechanical properties of mortar investigated. The
following main conclusions are drawn:

- The partial replacement of cement by up to 30% of FNS-CR mix has
no significant effect on the workability of the cement in the fresh
state. However, above 30% of incorporation, a slight loss of work-
ability is observed. Water absorption by these additives exhibiting
high specific surface area is responsible for this loss of workability.
With the increase of the FNS-CR mix content, it is globally observed a
decrease of the compressive and flexural strengths. Introduction of
these less dense additives, compared to cement, limits their use at
controlled rates, except for seeking lighter mortars. However, with a
rate of up to 20%, the mechanical strengths remain close to those of
the control mortar. At 2 days, the addition of FNS-CR at 10% has

10

positive effect on mechanical performance. This could be directly
related to the cement setting acceleration observed for this
concentration.

- The greater effectiveness of FNS is attributed to its higher silica
content, which leads to the formation of a higher polymerization
degree of the silica chains in the C-S-H structure.

- The greater effectiveness of Crepidula fornicata shells is attributed to
the CO%’ ions release, leading to the formation of carboaluminates,
then to further porosity reduction that increases the strengths.

- A real potential for the use of these by-products as partial replace-
ment of cement, at an optimum rate of 20% is evidenced.
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