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A B S T R A C T

This study examines scallop shell powder (SSP) and recycled coarse aggregates (RCA) as alternatives to limestone 
powder (LS) and natural coarse aggregates (NCA) in self-compacting concrete (SCC). SSP improved viscosity and 
segregation resistance with minimal slump loss, induced progressive pore coarsening as revealed by MIP, and 
reduced 90-day compressive strength. RCA reduced wet density, limited workability retention to 45 min, and 
decreased compressive strength by up to 11 %, while increasing porosity and absorption. Despite this reduction 
in mechanical performance, the combined use of SSP and RCA promotes waste recovery and resource conser
vation, thereby contributing to a more sustainable SCC.

1. Introduction

Waste generation, CO2 emissions, and the extensive extraction of 
non-renewable natural resources are among the principal environmental 
consequences of industrial activities. Undoubtedly, the construction 
sector leads the industrial sectors in these impacts. In France, cumulative 
CO2 emissions associated with cement production in 2022 reached 
713.46 million tons (Mt) of CO2, compared to the world’s cumulative 
CO2 emissions of around 46 billion tons [1]. Additionally, around 360 
Mt of aggregates (sand and gravel), limestone powder (LS), and gypsum 
are extracted annually in France [2]. Beyond CO2 emissions and 
resource extraction, the French construction sector generates around 
70 % of the country’s total annual waste, amounting to approximately 
227.5 million tons, of which 49 % comes from demolition [3].

Considering these concerns, shellfish farming wastes, including Pa
cific oysters (Crassostrea gigas), king scallops (Pecten maximus), and blue 
mussels (Mytilus edulis), emerge as a suitable alternative to LS [4–7]. 
Every year, more than 10 million tons of shellfish waste are generated, 
over 70 % of which comes from the species mentioned earlier.[8]. 
Similarly, recycled coarse aggregates (RCA) are being adopted as 

substitutes for natural coarse aggregates (NCA), offering substantial 
potential for reducing natural aggregate consumption and promoting 
sustainable waste management [9].

However, an in-depth assessment of the effects of alternative mate
rials on concrete performance is essential before their use in industrial- 
scale applications. This study focuses on self-consolidating or self- 
compacting concrete (SCC) due to its extensive and increasing use in 
the construction industry, driven by the enhanced productivity, effi
ciency, and overall construction quality that it can provide [10]. The 
exceptional flowability of SCC allows it to consolidate under its own 
weight without requiring external vibration [11]. Alongside this prop
erty, stability and workability retention are key for the precast industry. 
However, these properties are disturbed by plastic stiffness caused by 
water loss, structural build-up, or thixotropy [12]. They also depend on 
the particle size distribution, the water absorption capacity of aggre
gates, ambient conditions, time, the interaction of the Supplementary 
Cementitious Materials (SCM) with water, cement chemistry, and 
cement-superplasticizer (SP) compatibility. In this context, the physical 
properties of SSP and RCA play a critical role in SCC rheological 
behavior. As reported, the surface roughness of SSP, compared to LS, 
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provides a larger surface area, which enhances SCC cohesion and helps 
reduce bleeding, segregation, and thixotropy [13,14]. In contrast, the 
smooth and flat surface texture of LS [15] increases the friction forces 
between solid particles, the plastic viscosity, the thixotropy, and the 
yield stress, consequently reducing the slump flow [16].

Regarding RCA, their high water absorption capacity and rough 
surface texture, compared to NCA, increase the yield stress, reducing 
SCC workability [17–19]. Bleeding, segregation, and slump flow 
strongly depend on the moisture state of RCA. For instance, saturated 
surface dry RCA initially increases the cumulative bleeding of SCC but 
tends to stabilize rapidly after 45 min [20]. In contrast, air-dry RCA, 
with a water compensation technique, increases the effective w/c ratio 
of SCC, thereby enhancing flowability and cumulative bleeding [21].

Concerning waste effects on hardened SCC properties, SSP (like LS) 
exhibits the lowest reactivity among other SCM and is primarily 
composed of the calcite mineral phase, the most thermodynamically 
stable calcium carbonate among other polymorphs [22]. Meanwhile, 
seashells in general consist of a mixture of calcite and aragonite, with the 
aragonite content varying between different seashell types [23]. SSP is 
typically composed of calcite, with only trace amounts of aragonite [24]. 
Several studies highlighted the chemical reaction of LS and SSP with the 
aluminate phases (C3A), forming hemicarboaluminate (Hc) and mono
carboaluminate (C3(A,F)⋅CaCO3⋅11 H2O (Mc)). These reactions stabilize 
the conversion of ettringite into monosulfate, thereby enhancing the 
hydration rate and the cement matrix packing density, contributing to 
increased compressive strength [25]. Further, LS exhibits a more privi
leged surface for nucleation and hydrate growth when compared with 
Other SCM from SSP, for instance, quartz [26]. The potential of ground 
seashells to act as nucleation sites for hydration product growth is 
proportional to their calcite content, since this latter exhibits protruding 
oxygen atoms and calcium atom sub-lattices at its cleavage plane [27]. 
Aragonite’s surface, on the other hand, is stably terminated with only 
Ca, leading to a weaker nucleation effect [28,29]. Although LS and SSP 
possess a similar chemical composition, the organic matter in SSP may 
terminate grain surfaces, inhibiting the crystal growth [30]. Turning our 
attention to RAC, their tendency to absorb more water during the mixing 
phase of concrete may disturb the cement-water ratio (w/c), negatively 
impacting both the rheological behavior of the concrete and cement 
hydration [31]. The presence of RCA induces two interfacial transition 
zones (ITZs), compared to natural NCA, which only forms a single ITZ, 
leading to increased heterogeneity, higher porosity, and reduced 
strength [19]. Moreover, the porous residual matrix on RCA reduces 
bulk density [32], resulting in a linear decrease in fresh concrete density 
with increasing RCA content [33,34]. Eventually, the hardened prop
erties of RCA concrete are strongly influenced by the intrinsic charac
teristics of the RCA itself, including the porosity, density, and quality of 
its former adherent mortar [35]. This explains the observed variability 
in the properties of concrete incorporating these aggregates.

Although SSP may theoretically exhibit similar effects to LS, there is 
a noticeable lack of direct experimental studies evaluating its potential 
as a sustainable substitute in SCC incorporating 100 % RCA. Further
more, several uncertainties continue to hinder the widespread adoption 
of RCA in SCC, specifically the variability in physical and mechanical 
properties of industrial-grade RCA and its consequent impact on fresh 
and hardened concrete performances.

Accordingly, this study is dedicated to examining the combined ef
fect of SSP and 100 % RCA on the fresh properties of SCC and the evo
lution of its hardening properties over the 90 days of curing. Several 
characterizations of SCC are carried out in this study. Fresh properties 
were evaluated through workability retention, resistance to segregation, 
wet density, and hydration heat. Hardened properties were examined 
through compressive strength, microstructural analysis (TGA/DTG and 
SEM), accessible porosity, bulk density, and pore structure using mer
cury intrusion porosimetry (MIP).

2. Materials and methods

2.1. Materials

2.1.1. Binders
The study uses two binder systems: the first system consists of CEM 

II/A-LL 52.5 N CE PM-CP2 NF cement from the Heidelberg Cement 
Group, France, combined with LS from Omya International AG, France. 
The second system also combines the same cement with SSP, provided in 
its shell form by Ovive, France. Initially, the shells were washed with tap 
water and scrubbed using a wire brush to remove salt residues and any 
remaining biomass, then ground for 4 h using a TM500 drum mill from 
RETSCH©, with a rotation speed of 45 rpm and a ball/material mass 
ratio of 3/1. The grounded SSP is then sieved through a 120 µm sieve to 
collect particles with a maximum size of 125 µm, comparable to that of 
LS.

2.1.2. Aggregates
A washed siliceous alluvium sand with a nominal size range of 

0–4 mm is used as the fine aggregate. The sand is sourced from Sablière 
Route des Sables – Le Haut-Lieu, France. Two coarse aggregates are 
used: semi-crushed silico-calcareous alluvium NCA from Carrière STREF 
& Cie (Jumièges) and RCA from Carrière de la Roche Blain, France. Both 
coarse aggregates exhibit a similar size fraction of 4/12.5. The RCA are 
classified as Rcug= 86 % and X = 1 %, according to EN 933–11 [36].

2.1.3. Admixtures
Two types of admixtures, commercialized by BASF company, are 

incorporated during the mixing phase of the SCC mixes: a poly
carboxylate superplasticizer (PCS) and a Set Accelerator (SA), primarily 
to facilitate the demolding process for a subsequent study. Their char
acteristics are summarized in Table 1

2.2. SCC mix designs

For the experiment, four SCC mixes were produced. The control SCC 
consists of a binder with 30 % LS and 70 % cement II-52.5 N, with 100 % 
NCA (LS-NCA) by volume, and was designed using the BétonlabPro 
software, with the following basic parameters: C = 320 kg per cubic 
meter of SCC with a strength class of C 30/37, a target consistency class 
SF2 (660–750 mm), a viscosity class VS1 (t₅₀₀ < 2.0 min), and a segre
gation resistance class SR1 (≤ 20 %). The first SCC test mix includes the 
same binder composition with 100 % RCA (LS-RCA). The second test 
mix contains 30 % SSP with 70 % cement and 100 % NCA (SSP-NCA), 

Table 1 
PCS and SA characteristics.

PCS SA

Density (g/cm3) 1.06 ± 0.03 1.39 ± 0.03
Dry extract (%) 30.0 ± 1.50 42.65 ± 2.25
pH 5.50 ± 1.70 8.0 ± 2.0

Table 2 
Mix proportions per cubic meter of SCC.

Constituents (kg/m3) SCC

LS-NCA LS-RCA SSP-NCA SSP-RCA

Sand 0/4 847.77 847.77 842.11 842.11
NCA 1/12.5 719.14 - 714.34 -
RCA 4/12.5 - 646.06 - 641.75
CEM II− 52.5 N 320 320 320 320
LS 137.5 135.7 - -
SSP - - 137.5 137.5
Water tot 219.6
PCS 4.58
SA 3.66
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and the third test mix contains the same binder but 100 % RCA (SSP- 
RCA). The other components remain constant in volume across all 
mixes. The 30 % filler content and the use of 100 % RCA were selected 
based on a reference SCC formulation developed and validated in pre
vious research, in which this combination (30 % LS and 100 % RCA) 
demonstrated satisfactory performance and was subsequently imple
mented in an industrial application [37]. Moreover, a 30 % replacement 
of cement with SSP has also been recommended in the literature[38]. 
The formulations were optimized based on a coarse aggregate-to-sand 
(G/S) ratio of 0.9, a filler content between 120 and 200 kg per cubic 
meter of SCC, and a superplasticizer (SP) dosage close to its saturation 
point. Table 2 summarizes the four SCC mix compositions.

2.3. Mixing method and curing conditions

Before mixing the SCC mixes, the aggregates were dried at 60 ◦C and 
cooled to room temperature. The water compensation method was used 
to achieve a slump flow class of SF2 and to account for water loss due to 
the RCA’s high water absorption capacity. The additional water was 
determined empirically through preliminary trial mixes and was 
adjusted incrementally until the target slump flow and workability of 
the SCC mix were achieved. This method is recommended in the liter
ature, as it enhances the compressive strength of concretes containing 
RCA and ensures consistency in slump measurements [39,40]. All SCC 
mixes were blended for 3 min in a laboratory mixer at 17 ± 3 ◦C, 
including 30 s of dry mixing, 30 s of mixing with one-quarter of the total 
mixing water mixed with PCS and SA, and 2 min with the remaining 
water. Immediately after mixing, the fresh SCC mixes were evaluated for 
workability retention, segregation resistance, wet density, and hydra
tion heat. These were then cast into cubic specimens measuring 
10 cm× 10 cm x 10 cm, de-molded after 24 h of casting, and cured in 
water at 20 ◦C and 95 % relative humidity for 1, 7, 28, and 90 days. The 
hardened specimens were studied using compressive strength tests, 
microstructural analysis using SEM imaging, thermal behavior using 
TGA/DTG, accessible porosity, bulk density, and pore structure using 
mercury intrusion porosimetry (MIP).

2.4. Methods

2.4.1. Raw materials characterization
The physical and mechanical properties of the coarse aggregates 

were characterized through standardized tests: water absorption ki
netics and density, measured according to NF EN 1097–6 [41]; sieve 
analysis was carried out according to NF EN 933–1 [42]; and resistance 
to fragmentation and wear was further assessed using the Los Angeles 
(LA) abrasion and the Micro-Deval (MDE) tests, conducted according to 
NF EN 1097–2 [43] and NF EN 1097–1 [44], respectively.

The particle density and Blaine specific surface area of cement, LS, 
and SSP were determined according to NF EN 1097–7 [45] and EN 
196–6 [46], while Rigden voids and loss on ignition were measured 
following NF EN 1097–4 [47] and NF EN 15935 [48], respectively.

The particle size distribution of the binder constituents was deter
mined using a Beckman Coulter LS13320 laser diffraction granulometer, 
operating on the principle of light scattering according to ISO 13320–1 
[49]. For the < 124 125 µm SSP and LS particles, the powders were 
dispersed in water and analyzed while kept in suspension with a stirred 
bath to avoid settling of coarse particles. For cement, measurements 
were performed using a dry dispersion unit to prevent any premature 
hydration.

Scanning Electron Microscopy (SEM) analysis was performed to 
examine the particle morphology of SSP and LS particles. The analyses 
were carried out using a Carl ZEISS SUPRA 55 microscope in secondary 
electrons mode, with an applied voltage of 3 kV, a 60 µm diaphragm 
aperture, and a working distance of 3–5 mm to avoid charging as much 
as possible. The observations were performed on non-coated bulk sam
ples glued with carbon conductive tape on the pad and surrounded with 

silver lacquer. SEM was also employed to investigate the ITZ structure 
and the packing density of the fragmented SCC samples at different 
curing ages. The samples were immersed in acetone to stop cement 
hydration until the day of analysis.

The X-ray diffraction (XRD) measurements were conducted using an 
X’Pert Pro Panalytical diffractometer operating with Co Kα1/Kα2 radi
ation (λKα1 = 1.789010 Å and λKα2 = 1.792900 Å) and equipped with 
an X’Celerator detector, in the θ–2θ recording mode. Patterns were 
recorded in the 2θ range from 5◦ to 120◦ with a scan step of 0.016◦ (2θ). 
The crystalline phases present in SSP, LS, and the residual mortar of RCA 
were identified. The residual mortar was detached from the aggregates, 
ground using a mortar and pestle, and sieved to < 63 µm. The entire 
profile refinements were performed following the Rietveld method using 
MAUD (Materials Analysis Using Diffraction) software.

The thermogravimetric analysis (TGA) of SSP and LS was conducted 
using a thermo-gravimetric analyzer Jupiter STA 449 F5 to evaluate 
their thermal stability and decomposition behavior. The analysis in
volves continuously recording the mass variations of the powders as the 
temperature increases from 25 ◦C to 1200 ◦C at a heating rate of 10 ◦C/ 
min under a nitrogen atmosphere. The same analysis was also performed 
on the ground and sieved (<63 µm) acetone-preconditioned SCC sam
ples for microstructural analysis. For all measurements, approximately 
170 mg of sample was used. All experimental tests were carried out at 
room temperature, i.e., between 19 ◦C and 21 ◦C.

2.5. Fresh properties

2.5.1. Workability retention: Slump flow test
The slump flow test following NF EN 12350–8 [50] assesses the SCC 

mixes’ workability retention. The test proceeds at four intervals: t = 0, 
t = 15 min, t = 45 min, and t = 90 min. For triplicate batches, the final 
spread diameter is determined as the average of two orthogonal di
ameters. Additionally, the time required to achieve a spread diameter of 
500 mm, indicating the material’s viscosity, denoted as t₅₀₀, is recorded.

2.6. Segregation resistance

2.6.1. Visual Stability Index (VSI)
Two operators visually inspect the formed SCC spreads at the end of 

the flow to determine the VSI. Table 3 provides the VSI scale for eval
uating the static and dynamic stability of SCC [51].

2.6.2. Sieve segregation test
The resistance of SCC to the static segregation (SR), which indicates 

its ability to keep particles suspended without settling due to gravity, is 
assessed using the sieve segregation test following NF EN 12350–11 [52]
and calculated using the equation (Eq. 1). 

SR =

(
mps − mp

)
× 100

mc
(1) 

Table 3 
VSI Scale for SCC [51].

VSI 
Scale

Observation SCC stability

0 No evidence of segregation in the slump flow patty, 
mixer drum, or wheelbarrow

Highly stable 
mix

1 No mortar halo in the slump flow patty, but some slight 
bleeding on the surface of concrete in mixer drum and/ 
or wheelbarrow

Stable mix

2 Slight mortar halo (< 10 mm) in slump flow patty and 
noticeable layer of mortar on surface of testing 
concrete in mixer drum and wheelbarrow

Unstable mix

3 Clearly segregating by evidence of large mortar halo 
(> 10 mm) and thick layer of mortar and/or bleed 
water on surface of testing concrete in mixer drum or 
wheelbarrow

Highly 
unstable mix
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Where: 

− SR: segregated fraction in weight percent.
− mps: the total mass (sieve receiver plus passed material).
− mp: the mass of the sieve receiver.
− mc: the initial mass of SCC placed onto the sieve.

2.6.3. Wet density
The wet density was determined following NF EN 12350–6 [53], and 

calculated using (Eq. 2). 

D =
m2 − m1

V
(2) 

Where: 

− D: wet density of the fresh concrete.
− m1: mass of the empty container.
− m2: mass of the container filled with concrete.
− V: volume of the container.

2.6.4. Heat of hydration
The heat of hydration of the SCC mixes is measured according to NF 

EN 196–9 [54], using a semi-adiabatic method, Langavant type, for 
72 h. After 3 min of mixing, the SCC was poured into the cylindrical 
metal container and placed inside the insulated calorimeter. The heat of 
hydration (Q) and the instant hydration heat are measured using (Eq. 3). 

Q(J/g) =
c

mc
ϴt +

1
mc

∫ t

0
α × ϴt × dt (3) 

Where: 

− c: total thermal capacity of the calorimeter, in J K− 1

− mc: mass of cement contained in the test sample, in g.
− t: hydration time, in h.
− α: coefficient of heat loss of the calorimeter in J h− 1 K− 1.
− ϴt: difference in the temperature of the test calorimeter compared 

with that of the reference calorimeter at time t, in K.

2.7. Hardened properties

2.7.1. Compressive strength
The hardening properties of the six specimens are determined using a 

compression strength test according to NF EN 12390–3 [55] on a 3 R© 
compression machine with a capacity of 4000 kN and a loading speed of 
0.6 MPa.s− 1.

2.7.2. Bulk density, porosity accessible to water, and water absorption
The water-accessible porosity, water absorption, and apparent den

sity of the hardened SCC are evaluated according to NF P 18–459 [56]. 
The test involves placing the nine specimens under a vacuum at a 
pressure of 25 mbar for the first 4 h, followed by 44 h in water, with the 
pressure remaining constant. The bulk density (ρd), expressed in kg/m3, 
the porosity accessible to water (ε), expressed as a volumetric percent
age, and the water absorption (w) are then calculated using (Eq. 4, Eq. 5, 
and Eq. 6), respectively. 

ρd =
Mair

Mair − Mwater
× 100 (4) 

ε(%) =
Mair − Mdry

Mair − Mwater
× 100 (5) 

w(%) =
Mwater − Mdry

Mdry
× 100 (6) 

Where: 

− Mair: mass of the saturated sample in air.
− Mwater: mass of the specimen submerged in water.
− Mdry: mass of the dried specimen at 105 ◦C, or 60 ◦C for SCC con

taining RCA, until constant weight is reached.

2.8. Microstructural characterization

2.8.1. Thermogravimetric analysis
The analysis aims to quantify the hydrated phases, primarily C-S-H 

and portlandite Ca(OH)2, within the temperature range corresponding 
to their dehydration and dihydroxylation. The onset of the bound water 
loss is considered to occur at 150 ◦C. From this point up to the onset of 
Ca(OH)2 dihydroxylation at around 400 ◦C, the observed mass loss is 
attributed to the decomposition of gypsum, ettringite, and carboalumi
nate hydrates [57,58]. However, the water loss within this temperature 
range is mainly due to C-S-H dehydration. Therefore, in this study, all 
hydration products contributing to the mass loss between 150 ◦C and 
400 ◦C are collectively grouped under the notation C-S-H, and the 
weight loss located between 400 ◦C and 525 ◦C corresponds to Ca(OH)2 
dihydroxylation. The C-S-H and Ca(OH)2 amounts are estimated using 
(Eq. 7 and Eq. 8), respectively [59]. 

C − S − H(%) = Δm150 ◦C− 400 ◦C ×
MWC− S− H

S × MWH2O
(7) 

Ca(OH)2 (%) = Δm400 ◦C− 520 ◦C ×
MWCa(OH)2

MWH2O
(8) 

Where: 

Fig. 1. Particle size distribution of the binder components.
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− MW: C-S-H, Ca(OH)2, and H2O molecular weight.
− S: number of moles of water involved in C-S-H dehydration.

The chemical composition of C-S-H is approximately 1.7CaO.

SiO2
. 4 H2O, which at equilibrium tends to be 1.7CaO.SiO2

. 2.1 H2O [60, 
61]. Therefore, we assume the chemical composition of C-S-H consid
ered in this study is 1.7CaO.SiO2

. 2.1 H2O.

2.8.2. Pores analysis: Mercury intrusion porosimetry (MIP) test
The total porosity and pore size distribution measurements were 

conducted using the MIP method, in accordance with ISO 15901–1 [62], 
using a Micromeritics AutoPore V 9600 porosimeter. The instrument 
performs low-pressure measurements ranging from 0 to 345 kPa, cor
responding to pore sizes between 360 µm and 3.6 µm. It also conducts 
high-pressure measurements from atmospheric pressure up to 228 MPa, 
covering pore sizes from 6 µm down to 0.005 µm.

3. Results and discussion

3.1. Raw materials characterization

3.1.1. Binders
Particle size distribution of the binder components. Fig. 1.a il

lustrates the particle size distribution of cement, LS, and the ground SSP, 
determined using a laser diffraction particle size analyzer (Beckman 
Coulter, LS13 320). SSP has a higher fraction of ultrafine particles, with 
about 40 % of its particles’ volume ranging below 1 μm in size, 
compared to LS and cement, with 20 % and 10 %, respectively. How
ever, above 10 μm in size, both LS and SSP exhibit coarser particles than 
cement (Fig. 1.b), with a mean size of around 40 and 50 μm, respec
tively. A comparison of these particle size distributions indicates that, on 
an overall, while particle sizes for cement are dominantly distributed in 
an intermediate range from 2 to 40 μm, the volume fractions of LS and 
SSP are either finer than 2 μm or larger than 40 μm for their major 
contributions. The observed distributions result in mean sizes typically 
10 and 4 times larger for cement compared to LS and SSP respectively 
(Table 4) with a lower density for the latter. The lower density of SSP is 
accompanied by a larger specific surface of the grains, as seen from Blain 
values, and correlated with the Rigden voids values.

Particle morphology of LS and SSP: SEM images of the LS and SSP 
particles (Fig. 2) illustrate some of their characteristic features and 
morphology. The largest LS particles (Fig. 2.a) mostly exhibit plate-like 
shapes, with smooth surfaces and rather well-defined edges. They 
appear compact with only a few surface steps that signify the existence 
of subdivisions, either from first- or second-order lamellae, originating 
from ancient shells from Brachiopoda or Mollusca lithified through 

Table 4 
Physical Properties of Binder Components.

Cement LS SSP

Density (g/cm3) 3.11 2.70 2.50
Blaine specific surface area (cm2/g) 4436 6110 6450
Average grain size (µm) 41.04 10.20 3.90
Loss on ignition at 550 ◦C (%) - 0.50 1.60
Rigden voids (%) - 25 34

Fig. 2. Backscattering SEM images of the a) LS and b) SSP powders.
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metamorphic processes [63]. The ground LS powder shows fewer signs 
of fine-particle agglomeration than SSP. In contrast, the SSP particles are 
more irregular and granular (Fig. 2.b), often appearing as clusters or 
schistous structures [64]. They exhibit rougher surfaces and more 
porosity, with a noticeable aggregation of finer particles. At larger 
magnification, the SSP SEM images reveal the original lamellae system 
from P. maximus shells [24]

X-ray diffraction analysis (XRD) of LS and SSP. The XRD patterns 
of LS (Fig. 3.a) and SSP (Fig. 3.b) indicate calcite as the dominant 
mineralogical component in both powders, with traces of aragonite 
detected in SSP.

Thermogravimetric analysis (TGA/DTG). TGA weight losses 
(Fig. 4) for both precursor powders show a significant mass loss occur
ring in the 726 ◦C-1000 ◦C temperature range. This mass loss corre
sponds to the CaCO3 decomposition, which releases CO2 [59], a 
classically observed phenomenon for samples mainly composed of 
CaCO3. However, the decomposition peak in the DTG curve of SSP ap
pears at 905 ◦C, 20 ◦C lower than that of LS, at 925 ◦C. The difference in 
decomposition temperature between the two samples might be a priori 

associated with various factors: grain sizes, carbonate polymorphs, 
crystallinity, and organic contents in the sample. However, both samples 
of CaCO3 exhibit a calcite signature and similar grain size distributions. 
But, SSP clearly contains intra- and inter-crystalline organic molecules, 
as usual in mollusk shells, within an around 1–2 wt% range. Such 
molecules, responsible for the shell growths into oriented patterns and 
giving rise to unit-cell distortion of the mineral matrix, are much less 
able to resist high temperatures [65]. Their decomposition arises in the 
200–400 ◦C range, explaining the quite different evolution of the DTG 
curve below 500 ◦C, compared to that of the LS samples (zoom of the 
corresponding range in (Fig. 4). These observations align with the loss 
on ignition at 550 ◦C values for both SSP and LS samples ( Table 4).

3.1.2. Aggregates
The absorption kinetics of the coarse aggregates are presented in 

Fig. 5.a. RCA exhibit an absorption capacity approximately twice that of 
NCA, nearly stable over time. The sieve analysis results, shown in Fig. 5. 
b, indicate that while sand grain sizes range between 0.1 and 1.3 mm, 
those of NCA and RCA display very close distributions and typically ten 

Fig. 3. XRD patterns of a) LS and b) SSP powders.
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times larger sizes between 3 and 14 mm. Table 5 presents other physical 
and mechanical properties of the used aggregates. A large difference in 
resistance to abrasion and fragmentation between NCA and RCA, the 
latter exhibiting relatively low mechanical properties in the corre
sponding tests.They also exhibit a density approximately 10% lower 
than that of NCA.

Surface morphology of NCA and RCA. The NCA grain surfaces 
exhibit relatively low porosity (Fig. 6.a), a denser texture, and no re
sidual material, compared to the rougher RCA grain surfaces (Fig. 6.b) 
due to the presence of adhered old mortar.

Old mortar composition. The adhered old mortar is composed of 
major mineral phases, quartz and calcite, alongside minor constituents 
such as vaterite, albite low, muscovite, and chlorite, as well as trace 
amounts of orthoclase and aragonite (Fig. 7.a). Additionally, the TGA 
and DTG analyses indicate the presence of CaCO3 and C-S-H phases 
within the adherent mortar, while Ca(OH)2 is notably absent, suggesting 
its consumption during the natural carbonation of RCA (Fig. 7.b).

3.2. Fresh properties

3.2.1. Workability retention: Slump flow test
Workability retention tests (as seen from slump flow and t500 values) 

are measured for up to 90 min after the mixing phase, and the results are 
plotted in Fig. 8, revealing consistent trends for all mixes. Regarding 
only the NCA mixes (Fig. 8.a and b), both mixes show similar spread 
flow values, which tend to decrease over time, but remain close to the 
SF2 range after 90 min of mixing, 65 cm for NCA-LS and 62 cm for NCA- 
SSP. These trends are consistent with previous findings [19,20,37,66]. 
However, the difference in behavior between LS-NCA and SSP-NCA is 
more pronounced, looking at the t500 values, which increase much more 
rapidly in the mix containing LS. The observed differences can be 
attributed to the higher content of ultrafine particles in SSP, which fill 
most of the voids and displace excess water (dilution effect), thereby 
resulting in lower viscosity values [67,68].

When substituting NCA with RCA, the flowability and workability 
retention period decreases to approximately 45 min, due to an increase 
in viscosity. At this point, the PCS begins to lose effectiveness, as the 
differences between the mixes become more evident [69]. It is reported 
that SP initially gives a good dispersion effect, typically from 20–30 min, 
before slump loss persists, due to its adsorption onto cement and filler 

surfaces [70,71]. After 90 min, LS- RCA loses around 44 % of the initial 
spread flow, 28 %, and 11 % higher than LS- NCA and SSP- RCA, 
respectively. The porous surface of RCA, its high water absorption ca
pacity, and the dry state of RCA modify the rheology of SCC. As can be 
seen from (Fig. 5.a), at 24 h, RCA exhibits an absorption coefficient of 
around 5 %, which is two times larger than that of NCA. Within 15 min 
of water immersion, around 82 % of the 24-hour absorption value is 
reached for RCA, a behavior that has also been observed in earlier 
studies [19,72]. However, despite the accentuated loss in the flowability 
of the mix containing LS, which also did not get the t500 by 90 min, the 
roughness of the old cementitious matrix surrounding the RCA might 
counterbalance some of the increased viscosity and the yield stress by 
ensuring that the aggregates are well coated with the cementitious paste 
and less likely to settle [69,73]. As a result, the homogeneity and its 
thixotropic behavior are improved. Similar effects were previously 
observed with air-dried RCA combined with a water compensation 

-0.05

0 100 200 300 400 500 600 700

-5
-4
-3
-2
-1
0

D
TG

 (%
)

SSP LS

55

60

65

70

75

80

85

90

95

100

0 200 400 600 800 1000 1200

ssolthgie
W

(%
)

Temperature ( °C)

925 °C905 °C

CaCO3 s ⇌ CaO(s) + CO2(g)
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Fig. 5. a) Water absorption kinetics in NCA and RCA, and b) corresponding 
grain size distributions, including sand obtained from sieving.

Table 5 
Physical and mechanical properties of aggregates.

Aggregate LA (%) MDE (%) ρ (g/cm3) w24 (%)

Sand - - 2.61 0.40 ± 0.08
NCA 16 4 2.46 2.71 ± 0.16
RCA 31.16 46.6 2.21 5.46 ± 0.13
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technique, which improved flowability and cumulative bleeding [21, 
74].

3.3. Segregation resistance

3.3.1. Visual Stability Index (VSI)
Among the four fresh mixes, the LS-NCA exhibits the highest VSI, as 

shown in Table 6. Once the mix reaches its final spread, the aggregates 
settle rapidly, leaving a top layer richer in paste, with a slight mortar 
halo in the slump flow patty. Similar results have been previously re
ported [17,75]. Moreover, during standing periods between successive 
testing intervals, the considered mix behaves differently, demonstrating 
a significantly higher thixotropic aspect and excessive bleeding than its 
counterparts with RCA and the SSP mixes.

3.3.2. Sieve segregation
The experimental results of the sieve segregation test are plotted in 

Fig. 9, reveling that all mixes exhibit a SR1 segregation-resistance class. 
As expected, the LS-NCA mix, which exhibited noticeable bleeding, also 
showed poor resistance to segregation. Its SR value is around 4 % higher 
than that of SSP-NCA. More importantly, these tests further reveal that 
the presence of RCA in SCC improves its resistance to segregation. The 
observed behavior is consistent with findings previously reported [34, 
76,77].

3.3.3. Wet density
Regarding the SCC mixes’ wet density illustrated in Fig. 10.a, the LS- 

NCA mix exhibits the highest wet density of 2303 kg/m3, among the 

four mixes. The latter decreases to 2289 kg/m3 when substituting NCA 
with RCA. SSP-NCA demonstrated a further reduction at 2280 kg/m³ , 
when the lowest value, 2249 kg/m3, is recorded for SSP-RCA. The 
decreasing trend in density is mainly attributed to the lowest density of 
RCA and SSP compared to NCA and LS. This trend aligns with previously 
observed trends showing a linear decrease in density as the substitution 
rate increases, with an average loss of about 5 % at 100 % of the sub
stitution rate [21,34]. Moreover, the LS-NCA mix with the highest wet 
density already exhibited the highest SR, suggesting that the SR of the 
mix has a significant influence on density-driven segregation. In other 
words, in the highest SR mix, the bottom layer of the specimens contains 
a higher concentration of coarse aggregates, which are denser than the 
cement paste layer formed at the surface [78,79]. This correlated 
behavior is shown in Fig. 10.b.

3.3.4. Hydration heat
The hydration heat and the rate of heat evolution, with the total 

hydration heat for the four SCC mixes under consideration, are illus
trated in Fig. 11. Across all mixes, the hydration process typically occurs 
in five stages: (i) pre-induction (rapid dissolution of C3S), (ii) induction 
(dormant period), (iii) acceleration (rapid growth of C-S-H), (iv) 
deceleration, and (v) slow reaction (Fig. 11.a) [80]. During the 
pre-induction or dissolution period, C3S rapidly dissolves upon wetting 
within seconds, but the dissolution rate quickly slows down. Two hy
potheses explain the rapid decay of this dissolution rate: (i) the meta
stable barrier hypothesis, which suggests that a continuous but thin 
metastable layer forms around the C3S particles, passivating their sur
face and thus restricting their access to water or limiting the diffusion of 

Fig. 6. SEM backscattered images of the a) NCA and b) RCA surfaces.
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detaching ions away from the surface; or (ii) slow dissolution step hy
pothesis, where the reaction slowing down is vindicated by the observed 
roles of crystallographic defects in the early hydration processes [81, 
82]. The induction “dormant” period follows the initial dissolution of 
the C3S phase and is characterized by low chemical activity [83]. The 
length of the induction period may indicate how long the cement-based 
material remains workable. The extent to which the induction period is 
extended or shortened is linked to several factors highlighted in [82,84]. 
In the case of LS-NCA, the prolonged induction period of this mix 
compared to other mixes can be related to its rheological instability. In 
other words, the bleeding and aggregate settlement observed in this mix 
may increase the local water availability, diluting the ion concentration 
and delaying the hydration in these areas [85].

Moreover, considering the differences in hydration heat , in 
decreasing order, of the SSP-NCA and SSP-RCA, it can be suggested that 
the higher water absorption of RCA during the hydration process re
duces the water availability to hydrate C3S; therefore, the growth of 
cement hydrates is slightly reduced. Moreover, the difference between 
LS-RCA and SSP-RCA may rely on the distinct filler effect of LS and SSP 

(Fig. 11.a). The difference remains in surface area contribution and 
surface properties of the employed fillers. The additional surface area 
SSP compared to LS is expected to offer additional nucleation sites for 
the heterogeneous formation and growth of early-age hydration prod
ucts [80]. Nevertheless, the presence of organic matter in SSP may 
partially block these sites, thereby impeding the cement hydration re
actions [30]. The intracrystalline organic matrix of SSP consists of 
polysaccharides, such as chitin, proteins, and glycoproteins, all of which 
are rich in amino acids with carboxyl (-COOH) functional groups 
[86–88]. In the alkaline pore solution, these organics progressively 
decompose, releasing oxygenated functional groups that create nega
tively charged sites with a strong affinity for Ca2+ (C3S) and Al3+ (C3A) 
[89,90]. The chelation of Ca2+ and binding of Al3⁺ reduce their avail
ability in the reaction medium, thereby disturbing early hydration re
actions, including ettringite formation, and slowing the nucleation rate 
of C-S-H [91]. Moreover, complexation through these active oxygenated 
groups can lead to adsorption onto reactive surfaces, blocking active 
sites for the nucleation and growth of hydration products [92]. 
Furthermore, during the acceleration stage, C3S and a small amount of 

Fig. 7. a) XRD patterns showing the mineralogical composition and b) TGA/DTG curve demonstrating the hydrated phases found in the adhered old mortar of RCA.
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(β-)dicalcium silicate (β-C2S) dissolution accelerate, thereby increasing 
the rate of C-S-H growth. Concurrently, the Ca2+ and hydroxide ion 
(OH-) concentration steadily rises within the water solution until the Ca 
(OH)2 precipitation begins [93]. The LS-RCA, SSP-NCA, and SSP-RCA 
mixes show nearly the same hydration heat, which can also be seen in 
(Fig. 11.a), which aligns with trends previously reported in comparable 
systems [58,80,94–97]. These mixes exhibit the highest exothermic 
peak, peaking at approximately 49 J.g− 1.h− 1, 51 J.g− 1.h− 1, and 43 J. 
g− 1.h− 1, respectively (Fig. 11.b). The corresponding peaks, which 
correspond to the exothermic hydration of C3S and C2S, are narrow and 
occur within a similar time range, around 5 h. In contrast, LS-NCA shows 
the lowest exothermic peak, approximately 25 J⋅g⁻1⋅h⁻1, and the 
appearance of this exothermic peak shifted to 10 h. This suggests that 
LS-NCA has the lowest C-S-H growth among the mixes, which is 
inconsistent with findings reported in other studies [94,97], likely due to 

the reasons previously discussed.
During the decelerating stage, none of the mixes exhibited a 

discernible shoulder peak within the 18–42 h. The considered peak 
would typically indicate the ettringite conversion into monosulfate. The 
absence of this peak is linked to the stabilizing effect of calcite on 
ettringite and the subsequent formation of Hc and Mc (AFm phases) 
(Fig. 11.a) [94,99]. However, the semi adiabatic test is not sensitive 
enough to confirm whether these transformations are actually 
occurring.

Regarding the total hydration heat release, LS-NCA exhibits a 
sensibly comparable cumulative heat release to the other mixes by the 
end of 75 h, with values ranging between 229 J⋅g− 1 and 241 J⋅g− 1. This 
may indicate that despite its delayed and lower peak heat release rate, it 
eventually reaches a comparable degree of hydration (Fig. 11.b).

3.4. Hardened properties

3.4.1. Compressive strength
The time evolution of the compressive strength for the cubic speci

mens of SCC mixes is given in Fig. 12.a. Although the delayed hydration 
rate and the high SR of LS-NCA, the latter exhibits around 8 % larger 
compressive strength than SSP-NCA on the first day of water curing. The 
higher compressive strength of LS-NCA may be attributed to the favor
able curing conditions, which likely mitigated excessive water evapo
ration caused by higher bleeding during the in-mold curing. The water 
curing compensates for this moisture loss and supports the mix’s 
strength development. Additionally, the crystalline structure of LS and 
its surface properties positively impact the early-age compressive 
strength of concrete with no significant effect in later stages compared 
with SSP (§ 3.1.1), consistently with the semi-adiabatic calorimetry re
sults. After 7 days, the compressive strength development is more sig
nificant with the SSP-NCA, with around 34 % increase in compressive 
strength, 13 % higher than the increase observed for LS-NCA. The dif
ference in the compressive strength gain can be attributed to SSP’s 
distinct particle characteristics, suggesting that the SSP’s rough surface, 
porous grains, and higher packing density enhance the interparticle 
cohesion and facilitate better mechanical interlocking [100–102], with 
the continuous refinement of the pore structure with the carboalumi
nates phases, potentially improving the interfacial transition zone (ITZ). 
After 28 days, the two mixes reached the same compressive strength of 
40 MPa. As reported in [103], the 28-day compressive strengths of SCC 
are dominated mainly by the binder composition over water/binder 
ratio as in conventional workability concrete. However, over 28 days, 
the LS mixes continue to gain compressive strength, whereas the SSP 
mixes exhibit a moderate decline in compressive strength, which is not a 

Fig. 8. Slump flow and T₅₀₀ values of (a) LS-based SCC mixes and (b) SSP-based 
SCC mixes.

Table 6 
VSI of the four SCC fresh mixes.

SCC VSI operator 
1

VSI operator 
2

VIS 
average

SCC stability

LS-NCA 2 2 2 Stable (S) to unstable 
(US)

LS-RCA 1 1.3 1.15 S
SSP- 

NCA
1 0.7 0.85 S to highly stable (HS)

SSP- 
RCA

0.5 0 0.25 HS

Fig. 9. Sieve segregation index of SCC mixes.
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typical trend reported in other studies [57,104]. Two factors can be the 
sole cause of the observed decrease in compressive strength: (i) the 
dilution effect of SSP [105,106], and (ii) the organic impurities in the 
SSP, which cause it to react chemically differently compared to purely 
mineral CaCO3, as previously discussed in § 3.2.4. While this latter effect 
may not be particularly detrimental during the first 28 days of curing, it 
becomes more evident at later ages (90 days). The perturbation of the 
hydration process by organic matter may lead to delayed ettringite 
precipitation (DEF) and even late-stage C-S-H growth within the 
microstructure, which can generate internal stresses and promote the 
extension of microcracks [107–109], consistent with MIP results, ulti
mately lowering the long-term compressive strength of the concrete [91, 
110,111]. Nevertheless, it is interesting to note that the RCA mixes 
exhibit a compressive strength lower than that of the mixes with NCA. 

The compressive strengths of LS-RCA and SSP-RCA converge throughout 
the curing ages and follow the same increasing trend until the 28th day 
of curing. At this age, LS-RCA and SSP-RCA showed moderate strength 
reductions of approximately 8 % and 11 %, respectively, relative to their 
NCA SCC counterparts. These results are consistent with those previ
ously reported in the literature [112,113] and represent a significantly 
lower strength loss compared to values reported in other studies [114, 
115]. The slight compressive strength loss is mainly due to the RCA’s 
higher water absorption capacity and lower mechanical properties (§
2.1.2). However, the limited compressive strength loss can be attributed 
to the surface roughness of RCA, the high fine content, the dried state of 
RCA, and the water compensation method used in the SCC formulation 
[18,116]. After 90 days of curing, while the compressive strength gap 
between LS-RCA and LS-NCA remains approximately the same, it 

Fig. 10. a) Wet density of SCC mixes and b) relationship between SR and wet density.
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increases to around 14 % between SSP-RCA and SSP-NCA.
Furthermore, despite the differences in SR observed across all SCC 

mixes, the compressive strength remains unaffected, particularly 
remarkable in the LS-NCA mix, which exhibits the highest segregation 
resistance and compressive strength at early ages. Overall, the 
compressive strength develops consistently across all curing ages 
without being significantly influenced by variations in SR ( Fig. 12.b) 
[117,118].

3.4.2. Bulk density, porosity accessible to water, and water absorption
The overall bulk density evolution of the mixes (Fig. 13 a and b) 

follows the same trend as the ones observed for compressive strength. As 
the hydration process proceeds, the hydration products enhance the 
packing density of the SCC, thereby enhancing the bond with the 
cementitious matrix and the other aggregates. This trend is particularly 
evident in the LS mixes, which exhibit a continuous increase in bulk 
density throughout the 90 days of curing (Fig. 13.a). As indicated by Wu 
et al. [119], an optimum amount of LS maximizes the packing, thus 
leading to tighter spacing and more densely packed C-S-H gel within the 
ITZ. Conversely, the SSP mixes demonstrate a comparable density to LS 
and follow a similar increasing trend up to 28 days. Beyond this age of 
curing, their density decreases up to 90 days of curing (Fig. 13.b). First, 
the higher density of LS mixes, whether with NCA or RCA, compared to 
SSP mixes, is probably due to the LS density being slightly higher than 
that of SSP (§ 2.1.1). Second, the density loss for SSP mixes may indicate 
potential changes within their microstructure. One potential explana
tion still relies in the alteration of the molecular binders between calcite 
crystals of the shell fragments (§3.3.1). Furthermore, regardless of the 
SCM used, the SCC mixes containing RCA demonstrate a lower density 

than their counterparts with NCA, explaining partly their lower 
compressive strengths. The lower density, therefore, is attributed to the 
lower bulk-specific density of RCA [120]. These findings are consistent 
with [121,122].

Among the NCA mixes, the LS mix exhibits a slightly higher porosity 
than the SSP mix (Fig. 13.c and.d). The difference in porosity noticed 
during the 28 days of curing may be attributed to the combined effect of 
the finer particle size distribution of SSP and the rheological properties 
of the SSC produced with LS (§ 3.2.2). Moreover, while the SSP mix 
demonstrates no further significant reduction after 28 days, the LS mix 
continues to exhibit a gradual decrease in porosity until 90 days of 
curing. The observed trends highlight the close connection between 
porosity accessible to water, compressive strength, and bulk density. 
Regarding the mixes containing RCA, they demonstrated higher porosity 
compared to their counterparts with NCA, aligning with previous studies 
[72,123].It is well documented that the incorporation of RCA in all types 
of concrete results in the formation of two new ITZ, one between the old 
and the new mortar and another between the surface of the aged NCA 
and the new mortar. Conversely, a single ITZ forms within the concretes 
containing NCA. The porosity and the thickness of these ITZ govern the 
mechanical behavior, and a part of the porosity level and the water 
absorption capacity of the concrete. Therefore, the difference in the 
porosity between the mixes containing the RCA lies in the respective 
effects and physicochemical properties of LS and SSP [124,125].

The variation in the porosity accessible to water in a specific mix 
directly affects its water absorption capacity by either providing or 

Fig. 11. Semi-adiabatic test results: a) hydration heat and b) the rate of hy
dration evolution and the total hydration heat.

Fig. 12. a) SCC mixes compressive strength and b) relationship between SR and 
compressive strength.
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restricting pathways for water infiltration into the concrete matrix [126, 
127]. Therefore, the evolution of the water absorption capacity of all 
mixes (Fig. 13.e and f) is a result of porosity changes occurring within 
their matrix, which, in turn, can be linked to the physicochemical 
properties of the precursor used and the rheological behavior of each 
mix. It has been reported, for instance, that SSP leads to a highly porous 
ITZ and introduces a large volume of macropores, primarily caused by 
air entrapped by proteins present in the organic matrix, which conse
quently increases water absorption [110,128,129]. Moreover, under the 

highly alkaline pore solution of concrete, the organics are prone to 
dissolution or denaturation, similarly contributing to the alteration of 
these properties [130].

3.5. Microstructural analysis

3.5.1. Thermogravimetric analysis
Fig. 14 presents the TGA/DTG curves, illustrating the hydration 

progress of the SCC mixes. Three main mass loss events can be observed 

Fig. 13. Physical properties of a), c), e) LS-NCA and LS-RCA, b), d), f) SSP-NCA and SSP-RCA.
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across all SCC mixes’ TGA curves: C-S-H dehydration, Ca(OH)2 dihy
droxylation within the temperature ranges mentioned earlier (§ 2.4.4), 
and the decarbonation of CaCO3 occurring between 700 ◦C and 900 ◦C 
[14]. These curves exhibit a characteristic profile consistent with those 

documented in previous studies [58,131]. The CaCO3 content primarily 
originates from the LS and SSP in the SCC mixes rather than from natural 
carbonation. Moreover, a simple look into the DTG curves reveals that a 
small endothermic peak appears within the dehydration range of C-S-H, 
appearing within the range of 170–180 ◦C in our samples. This peak 
indicates Hc/Mc decomposition, supporting the claim that including SSP 
and LS in the SCC mixes promotes the formation of these phases [132]. 
However, it is difficult to detect this reaction in the TGA curves, as they 
show only a subtle slope change.

The evolution of hydrate and hydroxyl contents in SCC mixes for the 
various water curing ages is evaluated through integration of the DTG 
curves in the C-S-H and Ca(OH)2 ranges (Fig. 15). It is well known that 
the hydration products fill the pores, densify the cementitious matrix 
microstructure, and ensure the inter-particle binding, with C-S-H being 
the primary hydrate responsible for concrete’s strength. Comparing the 
C-S-H content in LS-NCA and SSP-NCA, both mixes show similar levels 
during 28 days of water curing, with slightly higher content observed in 
SSP-NCA, particularly at 7 days. This suggests that the hydration of LS- 
NCA may be slightly delayed at early ages, possibly due to its rheological 
properties. Larger porosity in SSP can also contribute to this behavior. At 
90 days, while LS-NCA shows stable C-S-H formation, SSP-NCA con
tinues to develop more C-S-H compared to what was observed at 28 
days. Nevertheless, a decline in compressive strength was observed for 
SSP-NCA at this age. As will be discussed later, SEM observations reveal 
poorly hydrated C-S-H within the SSP-NCA matrix. The poorly formed C- 
S-H compromises the matrix densification and weakens the intrinsic 

Fig. 14. TGA/DTG curves of a) and b) LS-based SCC mixes, and c) and d) SSP-based SCC mixes over different curing ages.

Fig. 15. C-S-H (black symbols) and Ca(OH)2 (red) contents in the mixes as 
integrated from TGA/DTG curves.
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Fig. 16. SEM images on top of ITZ of SCC mixes.
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cohesive capacity of the phase [133]. Moreover, it is more susceptible to 
the initiation of microcracks at its interfaces, further contributing to the 
observed reduction in compressive strength [134,135]. Comparing the 
mixes with RCA, LS-RCA exhibits the highest amount of C-S-H among all 
other mixes, contrary to SSP-RCA, which displays the lowest amount of 
C-S-H across all ages of water curing. These findings are consistent with 
the pore refinement trends observed through MIP testing. It is worth 
mentioning that it is difficult to attribute the measured C-S-H content in 
these mixes entirely to ongoing hydration, as the old mortar adhering to 
the RCA surface already contains pre-existing C-S-H. This may lead to an 
overestimation of the actual extent of hydration.

3.5.2. Microstructural observations
The SEM images of our samples (Fig. 16) reveal that the aggregates 

are well-embedded in the mortar matrix, with a few 20–60 μm diameters 
macropores. A noticeable reduction in ITZ thickness is observed across 
all SCC mixes over time. For instance, the ITZ thickness in LS-NCA is 
approximately 5 µm in width at 28 days, and around 2 µm at 90 days in 
SSP-NCA. These values are significantly lower than those typically 
observed in normal concretes, where ITZ thickness ranges from 9 µm to 
51 µm [136]. One explanation for this observation can be the absence of 
vibration during the confection of SCC that reduces the amount of water 
accumulating around the aggregates, thereby reducing the ITZ thickness 
[137].

The microstructure of the mortar matrix in the SCC mixes is also 
revealed in the SEM images illustrated in Fig. 17. At the early stage of 
hydration (1 day), the cement particles across all SCC mixes are not yet 
fully hydrated, and the nucleation and growth of hydration products on 
SSP and LS surfaces remain incomplete. Pores, microcracks, and are also 
evident within the mortar matrix of all four SCC mixes. Notably, the C-S- 
H formed in the LS-RCA mix exhibits a foil-like morphology, whereas in 
the other mixes, it appears fibrillar. The foil-like structure is commonly 
associated with cement matrices containing a high content of SCM. As 
Richardson also states, the foil-like C-S-H morphology is more efficient 
at filling space, leaving no interconnected capillary pores compared to 
the fibrillar morphology, thereby enhancing the durability of the system 
[138]. Further water curing (up to 28 days) gives rise to more hydration 
products. However, the extent of hydration within each mix remains 
difficult to assess visually. In the SSP-NCA mix, ettringite growth ap
pears random, chaotic, and interspersed among other hydration prod
ucts. By 90 days, ettringite morphology becomes more uniform and 
consistent in size across all mixes. Nonetheless, the LS-NCA and LS-RCA 
matrices exhibit more advanced hydration, as evidenced by a denser 
microstructure and more developed C-S-H phases. In contrast, the 
SSP-RCA and SSP-NCA mixes display less hydration, as low-hydrated 
C-S-H appears in their matrices, explaining the observed decline in 
compressive strength at this age of curing (§ 3.3.1). The identification of 
hydration products formed in the studied SCC mixes was guided by 
morphological characteristics reported in [139–141].

3.5.3. Pore structure analysis: MIP testing
The results of mercury porosimetry analyses carried out at curing 

times of 1 and 28 days for the four SCC mixtures are shown in Fig. 18. 
The pore system in SCC or concrete usually comprises four types of 
pores. The first type is the gel pores, which are micropores with a 
dimension ranging from 0.5–10 nm and occupied with C-S-H [142]. The 
second type is the capillary pores. These pores are mesopores with an 
average radius of 5–5000 nm [143]. Pores of the third type are macro
pores generated by deliberately entrained air, and the fourth type is also 
made of macropores, but resulting from inadequate concrete compac
tion [144]. Pores with a diameter below 20 nm are considered harmless 
to concrete strength but are directly responsible for its creep and 
shrinkage, specifically the smallest gel pores in the 1.5–2.0 nm range. 
Pores with diameters within the 20 nm–50 nm and 50 nm–200 nm 
ranges, and those above 200 nm can be minimally to significantly 
harmful [145]. After one day of curing, the LS-NCA mix exhibits a lower 
total porosity than SSP-NCA, and both mixes demonstrate reduced 
porosity relative to their respective counterparts with RCA. As curing 
progresses, a general decreasing trend of 1–3 % in total porosity is 
observed across all mixes, with the relative differences between them 
remaining consistent over time (Fig. 18.a and d). These patterns are 
consistent with those observed in water-accessible porosity, except that 
the LS-NCA and SSP-NCA display comparable porosity values at 1 day of 
curing. The progressive reduction in porosity over time is primarily 
attributed to the continued formation of hydration products, which fill 
and refine the capillary pore structure by reducing pore diameters 
(Fig. 18.b and e). Further, the pore size distribution (Fig. 18.c and f) 
indicates that at one day of curing, the pore system of LS-NCA comprises 

Fig. 17. SEM images of the mortar matrix evolution of SCC mixes.
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approximately 60 % of pores with diameters larger than 200 nm, in 
contrast to 20 % in LS-RCA, 46 % in SSP-NCA, and 53 % in SSP-RCA. 
After 28 days of curing, both LS-NCA and LS-RCA exhibit a substantial 
increase in hardness, corresponding to a reduction in the total fraction of 
harmful pores, consistent with previously observed trends [131]. This 
observation suggests a more refined pore structure in these mixes, 
attributed to enhanced hydration kinetics. However, SSP-NCA and 

SSP-RCA demonstrate a notable development of harmful pores 
(˃500 nm) at 28 days, a phenomenon previously reported in the liter
ature [146], supporting the earlier suggestion of (DEF), which could 
explain the decline in compressive strength observed at 90 and the 
changes in the physical properties of these mixes (§ 3.3.1 and § 3.3.2).

Fig. 18. Pore system of SCC mixes at 1 day (a-c) and 28 days (d-f) of curing.
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4. Conclusions

This study aimed to investigate the combined effect of SSP and 
100 % RCA on the fresh properties of SCC and the evolution of its 
hardened properties over the 90 days of curing. Our analysis of the 
experimental results led to the following main conclusions: 

• Rheological properties: Evaluating the fresh properties of the four 
SCC mixes reveals distinct behaviors between SSP and LS. SSP proves 
to be more beneficial for the rheological properties of SCC in terms of 
stability to segregation and plastic viscosity, despite the slight 
reduction in slump flow. Regarding the use of RCA, their high ab
sorption capacity, although not favorable for long-term workability 
retention, resulted in slump flow values comparable to those of NCA 
during the first 15 min, due to the drying and water compensation. 
Nevertheless, RCA enhanced the cohesion of SCC, reduced bleeding, 
and improved resistance to both static and dynamic segregation.

• Hydration kinetics: The semi-adiabatic calorimetry results revealed 
a delayed onset of hydration in the LS-NCA mix during the initial 
stage. Meanwhile, the other mixes exhibited similar hydration 
kinetics.

• Compressive strength: The incorporation of RCA resulted in mod
erate reductions in strength of approximately 8 % (for LS-RCA) and 
11 % (for SSP-RCA), respectively, compared to mixtures containing 
NCA. On the other hand, SSP mixes demonstrated higher compres
sive strength development at mid ages, but this trend reversed 
beyond 28 days, with a reduction in strength at 90 days. These trends 
were observed in water accessibility and bulk density and are most 
probably due to the organic content of natural biominerals of the 
SSP, which interfered with the hydration reactions and consequently 
affected the pore distribution.

• Microstructure properties: The MIP results at 28 days revealed that 
the pore system of SSP mixes developed a higher proportion of 
harmful pores (˃500 nm) than LS mixes, explaining the differences 
in the measured compressive strength. The refinement extent of each 
mix correlates with the hydrate formation content proportion 
through TGA and the microstructure development through SEM.

These conclusions highlight the potential of using SSP and RCA as 
sustainable alternatives in SCC mix design, emphasizing the importance 
of understanding their effects on both fresh and hardened properties to 
achieve reliable SCC performance characteristics. In line with previous 
findings on LS-based systems, the SCC developed in this study can 
likewise be considered for structural precast elements, as it is classified 
within strength class 25/30 in accordance with NF EN 206 +A2/CN 
[147]. Nevertheless, the decline in compressive strength observed at 90 
days for SSP-based specimens warrants further investigation.
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Rheology, durability, and mechanical performance of sustainable self-compacting 
concrete with metakaolin and limestone filler, Case Stud. Constr. Mater. 17 
(2022) e01143, https://doi.org/10.1016/J.CSCM.2022.E01143.

[67] M. Hadjadj, M. Guendouz, D. Boukhelkhal, The effect of using seashells as 
cementitious bio-material and granite industrial waste as fine aggregate on 
mechanical and durability properties of Green flowable sand concrete, J. Build. 
Eng. 87 (2024) 108968, https://doi.org/10.1016/j.jobe.2024.108968.

[68] Y. Wu, J. Lu, Y. Nie, W. He, Effect of seashell powder as binder material on the 
performance and microstructure of low-carbon sustainable alkali-activated 
concrete, J. Build. Eng. 90 (2024) 109442, https://doi.org/10.1016/j. 
jobe.2024.109442.

[69] A.M. Zeyad, A. Almalki, Influence of mixing time and superplasticizer dosage on 
self-consolidating concrete properties, J. Mater. Res. Technol. 9 (2020) 
6101–6115, https://doi.org/10.1016/J.JMRT.2020.04.013.

[70] Combined Effect of Polycarboxylate Ether and Phosphonated Superplasticizers in 
Limestone Calcined Clay Cement, in: SP-362: ICCM2024, American Concrete 
Institute, 2024. https://doi.org/10.14359/51741004.

[71] S. Moghul, F. Zunino, R.J. Flatt, Flow loss in superplasticized limestone calcined 
clay cement, J. Am. Ceram. Soc. 108 (2025), https://doi.org/10.1111/ 
jace.20344.

M. Guessoum et al.                                                                                                                                                                                                                             Construction and Building Materials 495 (2025) 143660 

19 

https://doi.org/10.1016/J.CONBUILDMAT.2015.01.009
https://doi.org/10.1016/J.CONBUILDMAT.2015.01.009
https://doi.org/10.1016/J.CONBUILDMAT.2021.126235
https://doi.org/10.1016/J.RESCONREC.2020.104680
https://doi.org/10.1016/J.CONBUILDMAT.2018.12.091
https://doi.org/10.1016/J.CONBUILDMAT.2018.12.091
https://doi.org/10.1007/s12613-020-2060-x
https://doi.org/10.1016/J.CONBUILDMAT.2024.135868
https://doi.org/10.1016/J.CONBUILDMAT.2024.135868
https://doi.org/10.1016/J.JCLEPRO.2021.126890
https://doi.org/10.1016/J.JCLEPRO.2021.126890
https://doi.org/10.1016/j.conbuildmat.2018.05.149
https://doi.org/10.1016/j.conbuildmat.2018.05.149
https://doi.org/10.1007/s10853-017-1884-x
https://doi.org/10.1021/acsomega.3c06186
https://doi.org/10.33263/Materials12.029043
https://doi.org/10.2478/cee-2025-0046
https://doi.org/10.1016/j.jobe.2024.110848
https://doi.org/10.1021/la803448v
https://doi.org/10.1021/la803448v
https://doi.org/10.1016/J.CEMCONCOMP.2019.103350
https://doi.org/10.1016/J.CEMCONCOMP.2019.103350
https://doi.org/10.1107/S1600576723008208
https://doi.org/10.1107/S1600576723008208
https://doi.org/10.3389/fenvs.2021.690376
https://doi.org/10.1016/J.CONBUILDMAT.2021.125536
https://doi.org/10.1016/J.CONBUILDMAT.2021.125536
https://doi.org/10.1016/J.CSCM.2025.E05133
https://doi.org/10.1016/J.CSCM.2025.E05133
https://doi.org/10.1080/01694243.2015.1101185
https://doi.org/10.1016/J.CONBUILDMAT.2020.120671
https://doi.org/10.1016/J.CONBUILDMAT.2020.120671
https://doi.org/10.1016/j.conbuildmat.2015.03.034
https://doi.org/10.1016/j.conbuildmat.2015.03.034
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref33
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref33
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref33
https://doi.org/10.1016/J.JCLEPRO.2019.117811
https://doi.org/10.1016/J.JCLEPRO.2019.117811
https://doi.org/10.1016/j.conbuildmat.2006.12.013
https://doi.org/10.1016/j.conbuildmat.2006.12.013
https://doi.org/10.1617/s11527-006-9192-y
https://doi.org/10.1617/s11527-006-9192-y
https://doi.org/10.54729/HKRO9755
https://doi.org/10.1016/J.JOBE.2020.101328
https://doi.org/10.1016/J.JOBE.2020.101328
https://doi.org/10.1016/j.jobe.2023.106336
https://doi.org/10.1007/s40069-015-0099-2
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref41
https://doi.org/10.1557/PROC-85-313
https://doi.org/10.1557/PROC-85-313
https://doi.org/10.1016/S0191-8141(00)00088-2
https://doi.org/10.1016/S0191-8141(00)00088-2
https://doi.org/10.1016/j.ejar.2013.07.003
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref45
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref45
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref45
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref45
https://doi.org/10.1016/J.CSCM.2022.E01143
https://doi.org/10.1016/j.jobe.2024.108968
https://doi.org/10.1016/j.jobe.2024.109442
https://doi.org/10.1016/j.jobe.2024.109442
https://doi.org/10.1016/J.JMRT.2020.04.013
https://doi.org/10.14359/51741004
https://doi.org/10.1111/jace.20344
https://doi.org/10.1111/jace.20344


[72] Z. Li, J. Liu, J. Xiao, P. Zhong, A method to determine water absorption of 
recycled fine aggregate in paste for design and quality control of fresh mortar, 
Constr. Build. Mater. 197 (2019) 30–41, https://doi.org/10.1016/J. 
CONBUILDMAT.2018.11.115.

[73] F. Azarhomayun, M. Haji, M. Shekarchi, M. Kioumarsi, Investigating the 
effectiveness of the stable measurement tests of Self-Compacting concrete, Constr. 
Build. Mater. 383 (2023) 131262, https://doi.org/10.1016/j. 
conbuildmat.2023.131262.

[74] M. Tuyan, A. Mardani-Aghabaglou, K. Ramyar, Freeze–thaw resistance, 
mechanical and transport properties of self-consolidating concrete incorporating 
coarse recycled concrete aggregate, Mater. Des. 53 (2014) 983–991, https://doi. 
org/10.1016/j.matdes.2013.07.100.

[75] H.R. Shadkam, S. Dadsetan, M. Tadayon, L.F.M. Sanchez, J.A. Zakeri, An 
investigation of the effects of limestone powder and viscosity modifying agent in 
durability related parameters of self-consolidating concrete (SCC), Constr. Build. 
Mater. 156 (2017) 152–160, https://doi.org/10.1016/J. 
CONBUILDMAT.2017.08.165.

[76] Md.H.R. Sobuz, S.D. Datta, A.S.M. Akid, V.W.Y. Tam, S. Islam, Md.J. Rana, 
F. Aslani, Ç. Yalçınkaya, N.M. Sutan, Evaluating the effects of recycled concrete 
aggregate size and concentration on properties of high-strength sustainable 
concrete, J. King Saud. Univ. Eng. Sci. (2022), https://doi.org/10.1016/j. 
jksues.2022.04.004.

[77] J.J. Assaad, J. Harb, Formwork pressure of Self-Consolidating concrete containing 
recycled coarse aggregates, Acids Mater. J. 114 (2017), https://doi.org/ 
10.14359/51689494.

[78] C.-C. Liao, A study of the effect of liquid viscosity on density-driven wet granular 
segregation in a rotating drum, Powder Technol. 325 (2018) 632–638, https:// 
doi.org/10.1016/j.powtec.2017.11.004.

[79] E.W.C. Lim, Density segregation of dry and wet granular mixtures in vibrated 
beds, Adv. Powder Technol. 27 (2016) 2478–2488, https://doi.org/10.1016/j. 
apt.2016.09.028.

[80] D. Zhao, J.M. Williams, Z. Li, A.-H.A. Park, A. Radlińska, P. Hou, S. Kawashima, 
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ligne de ParisTech, (2023). https://pastel.hal.science/tel-03965505/ (accessed 
August 28, 2025).

[128] D. Chen, T. Pan, X. Yu, Y. Liao, H. Zhao, Properties of hardened mortars 
containing crushed waste oyster shells, Environ. Eng. Sci. 36 (2019) 1079–1088, 
https://doi.org/10.1089/ees.2018.0465.

[129] R. Liu, J. Fan, X. Yu, Y. Zhu, D. Chen, Properties of mortar containing polyvinyl 
alcohol pretreated waste oyster shells with various concentrations, Constr. Build. 
Mater. 363 (2023) 129879, https://doi.org/10.1016/J. 
CONBUILDMAT.2022.129879.

[130] E. Baffoe, E. Dauer, A. Ghahremaninezhad, Effect of proteins on biocementation 
in construction materials, IScience 27 (2024) 108743, https://doi.org/10.1016/j. 
isci.2023.108743.

[131] C. Li, L. Jiang, Utilization of limestone powder as an activator for early-age 
strength improvement of slag concrete, Constr. Build. Mater. 253 (2020) 119257, 
https://doi.org/10.1016/J.CONBUILDMAT.2020.119257.

[132] Y.-S. Wang, S.-H. Tae, R.-S. Lin, X.-Y. Wang, Effects of Na2CO3 on engineering 
properties of cement–limestone powder–slag ternary blends, J. Build. Eng. 57 
(2022) 104937, https://doi.org/10.1016/j.jobe.2022.104937.

[133] Z. Zhang, G. Geng, Measuring the surface cohesion of calcium silicate hydrate, 
Cem. Concr. Res 175 (2024) 107369, https://doi.org/10.1016/J. 
CEMCONRES.2023.107369.

[134] R. Shahrin, C.P. Bobko, Micropillar compression investigation of size effect on 
microscale strength and failure mechanism of Calcium-Silicate-Hydrates (C-S-H) 
in cement paste, Cem. Concr. Res 125 (2019) 105863, https://doi.org/10.1016/J. 
CEMCONRES.2019.105863.

[135] R. Alizadeh, J.J. Beaudoin, L. Raki, Mechanical properties of calcium silicate 
hydrates, Mater. Struct. 44 (2011) 13–28, https://doi.org/10.1617/s11527-010- 
9605-9.

[136] S. Zhang, R. Liu, C. Lu, Y. Gao, J. Xu, L. Yao, Y. Chen, Application of digital image 
correlation to study the influence of the water/cement ratio on the interfacial 
transition zone in cement-based materials, Constr. Build. Mater. 367 (2023) 
130167, https://doi.org/10.1016/j.conbuildmat.2022.130167.

[137] A. Leemann, R. Loser, B. Münch, Influence of cement type on ITZ porosity and 
chloride resistance of self-compacting concrete, Cem. Concr. Compos 32 (2010) 
116–120, https://doi.org/10.1016/j.cemconcomp.2009.11.007.

[138] I.G. Richardson, The nature of C-S-H in hardened cements, Cem. Concr. Res 29 
(1999) 1131–1147, https://doi.org/10.1016/S0008-8846(99)00168-4.

[139] N.O. Emekli, M. Saydan, A. Ünal, Effect of hydration products on the mechanical 
behavior of reinforced concrete slabs made with ternary systems, J. Build. Eng. 
106 (2025) 112625, https://doi.org/10.1016/j.jobe.2025.112625.

[140] X. Feng, J. Li, Q. Chen, J. Xu, G. Chen, Y. Sun, Z. Jiang, H. Zhu, Effect of flowing 
water on the ettringite-induced healing of concrete cracks by electrodeposition: 
experiments and molecular dynamics simulations, Constr. Build. Mater. 443 
(2024) 137718, https://doi.org/10.1016/j.conbuildmat.2024.137718.

[141] Y. Chen, F. Al-Neshawy, J. Punkki, Investigation on the effect of entrained air on 
pore structure in hardened concrete using MIP, Constr. Build. Mater. 292 (2021) 
123441, https://doi.org/10.1016/j.conbuildmat.2021.123441.

[142] T. Van Gerven, G. Cornelis, E. Vandoren, C. Vandecasteele, Effects of carbonation 
and leaching on porosity in cement-bound waste, Waste Manag. 27 (2007) 
977–985, https://doi.org/10.1016/j.wasman.2006.05.008.

[143] R. Kumar, B. Bhattacharjee, Porosity, pore size distribution and in situ strength of 
concrete, Cem. Concr. Res 33 (2003) 155–164, https://doi.org/10.1016/S0008- 
8846(02)00942-0.

[144] S. Zhao, M. Xia, L. Yu, X. Huang, B. Jiao, D. Li, Optimization for the preparation of 
composite geopolymer using response surface methodology and its application in 
lead-zinc tailings solidification, Constr. Build. Mater. 266 (2021) 120969, https:// 
doi.org/10.1016/j.conbuildmat.2020.120969.

[145] S. Bellara, M. Hidjeb, W. Maherzi, S. Mezazigh, A. Senouci, Optimization of an 
Eco-Friendly hydraulic road binders comprising clayey dam sediments and 
ground granulated Blast-Furnace slag, Buildings 11 (2021) 443, https://doi.org/ 
10.3390/buildings11100443.

[146] B. Liu, X. Gu, H. Wang, J. Liu, M.L. Nehdi, Y. Zhang, Study on the mechanism of 
early strength strengthening and hydration of LC3 raised by shell powder, 
J. Build. Eng. 98 (2024) 111422, https://doi.org/10.1016/J.JOBE.2024.111422.

[147] NF EN 206+A2/CN, 2022, Concrete - Specification, performance, production and 
conformity - National addition to the standard NF EN 206+A2.

M. Guessoum et al.                                                                                                                                                                                                                             Construction and Building Materials 495 (2025) 143660 

21 

https://doi.org/10.1016/S0008-8846(02)01033-5
https://doi.org/10.1016/S0008-8846(02)01033-5
https://doi.org/10.1016/j.cscm.2023.e02384
https://doi.org/10.1016/j.conbuildmat.2021.125382
https://doi.org/10.1016/j.conbuildmat.2021.125382
https://doi.org/10.1016/J.SCP.2025.102136
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref100
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref100
http://refhub.elsevier.com/S0950-0618(25)03811-5/sbref100
https://doi.org/10.1016/j.matdes.2014.01.044
https://doi.org/10.36937/cebacom.2021.001.005
https://doi.org/10.1089/ees.2018.0465
https://doi.org/10.1016/J.CONBUILDMAT.2022.129879
https://doi.org/10.1016/J.CONBUILDMAT.2022.129879
https://doi.org/10.1016/j.isci.2023.108743
https://doi.org/10.1016/j.isci.2023.108743
https://doi.org/10.1016/J.CONBUILDMAT.2020.119257
https://doi.org/10.1016/j.jobe.2022.104937
https://doi.org/10.1016/J.CEMCONRES.2023.107369
https://doi.org/10.1016/J.CEMCONRES.2023.107369
https://doi.org/10.1016/J.CEMCONRES.2019.105863
https://doi.org/10.1016/J.CEMCONRES.2019.105863
https://doi.org/10.1617/s11527-010-9605-9
https://doi.org/10.1617/s11527-010-9605-9
https://doi.org/10.1016/j.conbuildmat.2022.130167
https://doi.org/10.1016/j.cemconcomp.2009.11.007
https://doi.org/10.1016/S0008-8846(99)00168-4
https://doi.org/10.1016/j.jobe.2025.112625
https://doi.org/10.1016/j.conbuildmat.2024.137718
https://doi.org/10.1016/j.conbuildmat.2021.123441
https://doi.org/10.1016/j.wasman.2006.05.008
https://doi.org/10.1016/S0008-8846(02)00942-0
https://doi.org/10.1016/S0008-8846(02)00942-0
https://doi.org/10.1016/j.conbuildmat.2020.120969
https://doi.org/10.1016/j.conbuildmat.2020.120969
https://doi.org/10.3390/buildings11100443
https://doi.org/10.3390/buildings11100443
https://doi.org/10.1016/J.JOBE.2024.111422

	Effect of scallop shell powder addition on fresh and hardened properties of self-compacting concrete (SCC) based on recycle ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.1.1 Binders
	2.1.2 Aggregates
	2.1.3 Admixtures

	2.2 SCC mix designs
	2.3 Mixing method and curing conditions
	2.4 Methods
	2.4.1 Raw materials characterization

	2.5 Fresh properties
	2.5.1 Workability retention: Slump flow test

	2.6 Segregation resistance
	2.6.1 Visual Stability Index (VSI)
	2.6.2 Sieve segregation test
	2.6.3 Wet density
	2.6.4 Heat of hydration

	2.7 Hardened properties
	2.7.1 Compressive strength
	2.7.2 Bulk density, porosity accessible to water, and water absorption

	2.8 Microstructural characterization
	2.8.1 Thermogravimetric analysis
	2.8.2 Pores analysis: Mercury intrusion porosimetry (MIP) test


	3 Results and discussion
	3.1 Raw materials characterization
	3.1.1 Binders
	3.1.2 Aggregates

	3.2 Fresh properties
	3.2.1 Workability retention: Slump flow test

	3.3 Segregation resistance
	3.3.1 Visual Stability Index (VSI)
	3.3.2 Sieve segregation
	3.3.3 Wet density
	3.3.4 Hydration heat

	3.4 Hardened properties
	3.4.1 Compressive strength
	3.4.2 Bulk density, porosity accessible to water, and water absorption

	3.5 Microstructural analysis
	3.5.1 Thermogravimetric analysis
	3.5.2 Microstructural observations
	3.5.3 Pore structure analysis: MIP testing


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data availability
	References


