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ARTICLE INFO ABSTRACT

Keywords: The present work is a study of the feasibility of using seashell powder (SSP) combined with in-
Granite waste dustrial granite waste (GW) to develop a new green flowable sand concrete (FSC). The GW was
Seashell powder used to replace the natural sand at levels of 0, 10, 20, 30, 40, and 50% by volume, and the SSP has
Flowable sand concrete been used to substitute the cement at levels of 5, 10, and 15% by weight. Slump flow and V-funnel

Mechanical properties

Durabili flow time tests have been used to investigate the fresh properties of FSC mixtures. Compressive
urability

strength, modulus of elasticity, ultrasonic pulse velocity (UPV), water absorption, porosity, and
acid attack tests were used to assess the mechanical and durability properties of hardened FSC
mixtures. XRD, TGA, and SEM analyses were performed to evolve the microstructure of hardened
FSC. The results showed a decrease in the fresh properties of FSC mixtures with the substitution of
sand by GW. Nonetheless, the inclusion of SSP as filler mitigated this adverse effect, and all FSC
mixes were subsequently discovered to be within the standard limits. The combined use of 50 vol
% GW and 10 wt% SSP developed FSC with the greatest compressive strength (67 MPa), modulus
of elasticity (40 GPa), and UPV (4175 m/s), as well as the lowest porosity (2.9%) and absorption
(2.4%) at 90 days, compared to the control FSC. Moreover, using up to 10 wt% SSP with a
fineness of 8000 cm?/g may enhance the durability of GW-based FSC against acid attack.
Microstructural analyses indicated denser microstructure, stronger ITZ, and weaker porosity. The
developed eco-friendly FSC effectively showed a decrease in production costs and carbon emis-
sions, reducing the level of waste and protecting natural resources, which provides an emerging
approach for its application in advanced green concretes for future work.

1. Introduction

In building construction, flowable sand concrete (FSC) has demonstrated a number of benefits, like pumpability, absence of
segregation, ease of use, and implementation [1]. The composition of FSC (cement, filler, and sand) appears in their fresh state
properties; it must be characterized by high deformability and filling ability without loss of stability [2]. These characteristics aid in
making sure that constructions are resistant and durable, as well as economics [3]. FSC mix requires significant volumes of Portland
cement and superplasticizers (SP) to meet these specifications [1], but significant amounts of Portland cement have negative envi-
ronmental effects owing to CO, emissions, high manufacturing costs (manufacturing energy), and reduction of natural resources [4].
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The building industry is now investigating the use of waste and byproducts in construction to preserve more natural resources and
reduce CO, emissions as a result of rising worries about the depletion of the planet’s natural resources and global pollution [5-7]. The
use of mineral admixtures as supplementary cementitious materials has helped concrete mixes perform in terms of compaction,
mechanical, environmental and economic aspects [4].

Seashell wastes that amass in coastal locations can be processed, crushed and utilized as concrete components [8]. In general,
seashells contain a lot of calcium (CaO) and therefore can be used as a cement replacement to improve the mechanical and durability
properties of concrete due to the pozzolanic reaction that takes effect during cement hydration [9]. Around the world, 45,000 tons of
trash seashells are generated annually, including mussel shells such as oyster shells, periwinkle shells, scallop shells, and cockleshells
[10-14]. Numerous studies have investigated the use of seashell waste as a powder (SSP) in concrete manufacturing and demonstrated
an enhancement of concrete performance with this waste [15-20]. Tayeh et al. [10] studied the effect of using seashell ash powder as
cement replacement at levels of 5%, 10%, 15%, and 20%. The results show that adding 5% seashell powder to concrete improves its
workability, compressive and tensile strength, and resistance to sulphate and alkali attacks. Seo et al. [21] examined the impact of
adding 3%, 6%, 9%, and 12% of oyster shell powder as a cement weight substitute in mortar composition. The results showed an
enhancement in the compressive strength and autogenous shrinkage qualities of the mortar with the addition of 3% oyster shell
powder. Abdelouahed et al. [22] studied the use of seashells as cement substitutes with ratios of 5%, 10%, 15%, and 20%. The results
indicated that the replacement of 5% cement with seashells caused an increase in the mechanical strength of the mortar at a young age
and that the mortar based on 10% SSP showed the lowest chloride ion penetration. In another study, Rollakanti et al. [23] used 10, 20,
and 30% seashell powder in place of cement and found that the compressive strength remained constant at 10% and subsequently fell
as the proportion of seashell powder increased. Soltanzadeh et al. [24] looked at the effect of using up to 30% seashells as an addition
to cement. The results indicated that seashell powder may be utilized as cement with improvement in durability and performance of
concrete, as well as reducing manufacturing costs. Maglad et al. [25] investigated the effect of using 5, 10, 15, 20, 25, and 30% seashell
ash as cement replacement on the properties of lightweight foamed concrete. The findings showed an increase in initial and final
setting times, as well as a decrease in the spread and density of the fresh concrete. In addition, the replacement of cement with up to
15% seashell ash also enhanced the compressive, flexural, and splitting tensile strengths by 12.41%, 15.89%, and 17.95%, respec-
tively, and performed better as pore filler than other replacement rates. Sangeetha et al. [26] studied the potential use of 5%, 10%, and
15% seashell powder as cement substitutes to produce eco-friendly concrete. It was found that there was an improvement of 30% in
compressive strength at 90 days, and the optimal replacement rate is 5%.

On the other hand, massive amounts of solid waste are generated annually from the continual production of the stone industry’s
products, which is considered one of the most ecologically unfriendly practices [27]. Particularly granite (GW) which is then dumped
in open landfills [28,29]. GW can be used in the construction field due to its availability and, most importantly, to its high-quality and
good chemical and physical characteristics [30,31]. According to Karmegam et al. [32], granite particles are more resistant to heat,
cold, moisture, stains, fractures, and scratches. Several researchers have discovered the potential of using granite waste in concrete
manufacturing. Singh et al. [33] found an increase in compressive and flexural strength and a decrease in the permeability of concrete
by substituting 25% of natural sand with granite cutting waste. Vijayalakshmi et al. [34] studied the impact of using GW as a partial
substitute for river sand on the mechanical performance and durability of concrete. The results showed that up to 15% of GW can be
used without negatively affecting these properties. Ghannam et al. [35] revealed a favorable effect on the mechanical properties of
concrete by partially replacing river sand with GW. Cordeiro et al. [36] reported a negative effect on the rheological properties of
concrete mixtures when using GW as a river sand substitute. However, adding more superplasticizer (SP) mitigated this effect. Binici
and Aksogan [37] discovered that concrete made from granulated granite as fine aggregate has superior durability properties to those
of conventional concrete. It has also been observed that the addition of fine granite aggregate provides a better condensed matrix,
resulting in less permeable concrete. Nuaklong et al. [38] investigated the effect of replacing 25 and 50% of the natural river sand with
granite waste on the properties of geopolymer concrete. It was found that increasing the proportion of GW in the mix resulted in an
increased slump flow of concrete. Meanwhile, the early compressive strength improved when 50% of the natural sand was replaced
with granite waste. In terms of sustainability, Jain et al. [39] found that, taking into account the specified economic and environmental
cost factors, using up to 40% of GW in place of fine aggregates could be beneficial for the production of SCC.

The current study is part of the process of recycling and reusing waste in the construction industry, notably aggregates and cement,
in an effort to decrease the extraction of aggregates and CO2 emissions while extending the life of landfills currently in saturation,
which is very advantageous from an ecological and financial standpoint. From the literature review, several studies have been con-
ducted on the effect of the single use of SSP as cement and GW as a substitute for fine or coarse aggregate on the properties of ordinary
concrete. However, the possibility of their use in a combined manner to simultaneously replace parts of cement and aggregate in
ordinary and flowable sand concrete has not been investigated. This study was carried out to investigate the effect of the combined use
of SSP as a cement addition and GW as a substitute for fine aggregate (natural sand) on the flow, the compressive strength, the ul-
trasonic pulse velocity, the modulus of elasticity, the porosity and water absorption, and the acid attack of FSC. To assess the
microstructural characteristics of some FSC mixtures, scanning electron microscopy (SEM), X-ray diffraction (XRD) and thermogra-
vimetric (TGA) analyses have also been performed.

2. Materials and methodology
2.1. Materials

2.1.1. Cement, marble powder and seashell powder
For this investigation, all FSC mixtures were made using Ordinary Portland Cement (OPC) type CEMI 42.5 from the Mascara
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Factory (Algeria), which complies with EN 197-1 [40]. The use of fillers is essential in the composition of flowable sand concrete [41].
Marble powder (MP), produced by crushing and grinding waste products of white marble tiles from marble stone sawing and polishing
factories in Medea, Algeria, was used as filler in this study.

Seashell powder (SSP) is a marine by-product obtained from crushing the seashell waste that is rejected in the littorals. The seashell
waste used in this study was obtained by recovering oysters collected from the El Kadouce Beach Sea (a site located in the capital of
Algiers). After being immersed in water for 24 h, these shells were cleaned with a brush to remove all impurities and salt content and
oven-dried for 4 h at 105 °C. The shells were then mechanically treated to enhance their fineness by utilizing the Los Angeles machine
with 2000 crushing rotations to obtain a very fine powder with a Blaine-specific area (SSB) equal to 8000 cm?/g. To better activate the
calcium carbonate phases (CaCO3) and decompose them to CaO, the SSP was heat-treated in an oven for 2 h at a temperature of 650 °C.

The visual appearance, chemical composition, and physical properties of cement, marble powder, and seashell powder are depicted
in Fig. 1 and Table 1, respectively. The preparation process of the raw materials used in this study is presented in Fig. 2.

2.1.2. Fin aggregates

Local siliceous sand from the Oued Souf quarry near Bouira city (south of Algeria), with a maximum diameter of 4.75 mm, was used
as fine natural aggregate. Granite waste (GW) produced during the cutting and polishing activities of granite stone factories located in
the Chrachria region of Medea, Algeria, was used as recycled fine aggregates. After their collection and crushing to transform into
grains (Fig. 3), they were used to substitute natural sand in volumetric amounts of 10%, 20%, 30%, 40%, and 50% to manufacture FSC.
The morphology and visual appearance, chemical composition, and physical properties of natural sand and GW sand are depicted in
Fig. 3 and Table 2, respectively.

2.1.3. Water and admixture

A high-water-reducing superplasticizer (based on polycarboxylate ether) named '"MEDAFLOW30' and manufactured by GRANITEX
Company was used as a chemical admixture to achieve sufficient flowability in the fresh FSC mixture. It has a liquid form, a yellowish
color, a specific gravity of 1.08 g/cm?, a solids content of 30 wt%, a pH of 6.25, and a chlorine content of less than 1 g/L. The normal
range of use of this superplasticizer, as fixed by the data sheet, is between 0.3 and 2% of the cement weight. Potable tap water from the
civil engineering laboratory of the University of Medea with a PH between 6.5 and 8 in accordance with NF EN 1008 [42] was used to
mix all the concrete mixture ingredients and store the test specimens.

2.2. Mix proportions

For the purpose of evaluating how the combination of SSP and GW affects the rheological, mechanical, and durability charac-
teristics of FSC, nineteen mixtures were prepared and tested in this study, with an overall powder content of 602.79 kg/m3 (Portland
cement and fillers) and 1400 kg/m> total aggregate content, while keeping the water/powder (W/P) ratio at 0.44. The amount of
superplasticizer was adjusted for each FSC mix to achieve satisfactory fluidity and viscosity, with a target desired slump flow diameter
of 270 + 10 mm according to EFNARC recommendations [43].

The control FSC mixture (without SSP or GW) was developed according to the method proposed by the Sablocrete project [41],
with modifications made to the water/powder ratio (W/P) and the superplasticizer content to adapt local material requirements with
optimal fresh FSC mix characteristics. For FSC with recycled wastes, the cement was substituted in weight by 5%, 10%, and 15% SSP,
and the natural sand was partially replaced in volume by GW at different percentages of 10, 20, 30, 40, and 50%. Details of the mix
proportions of the FSC mixtures for 1 m® (by weight) and their mixture IDs are displayed in Table 3. As seen in Table 3 and described
below, the mixture has the nomenclature SSPx + GWy, which includes x% cement substitution with SSP and y% fine aggregate (sand)
substitution by GW. For example, SSP1¢+GW2o mixture refers to 10% cement replacement by SSP and 20% sand replacement by GW.

2.3. Mixing procedure and samples preparation

There is no specific mixing process for FSC. However, the adopted process was designed following self-compacting concrete
guidelines [43]. Fig. 4 shows the mixing process of manufactured FSC mixtures. Three phases have been pursued in the mixing process
of FSC mixtures: first, aggregates and powder (cement and SSP) were mixed for 30 s, and then 70% of the mixing water was added and
mixed for 1 min. The remaining 30% of the superplasticizer-containing water was added and stirred for 1 min. The process went on for

(a) (b) (c)

Fig. 1. Fillers used in this study (a) cement, (b) marble powder, (c) seashell powder.
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Table 1

Chemical composition and physical properties of cement, MP, and SSP.
Chemical composition (%) Cement MP SSP
SiOy 23.83 0.27 0.11
Al,O3 6.05 4.39 4.07
Fe,03 4.66 0.12 0.1
CaO 56.35 94.31 95.06
MgO 2.44 0.56 0.22
K;0 0.83 - -
NayO 0.58 - -
SO3 2.37 0.06 0.11
LOI 2.23 - -
Cl - 0.1 0.1
Physical properties
Specific density (kg/m®) 3110 2730 2880
Blaine fineness (mz/kg) 3420 2700 8000

MP- Marble Powder, SSP- Seashell powder.

e

Seashell waste

- 5

Recycled granite

fine aggregate

Recycled seashell
fine aggregate

e

Fig. 2. Production process of recycled raw materials.

(a)

Fig. 3. Fine aggregates, (a) natural sand, (b) granite waste sand.

another 5 min before stopping for 3 min. At the end, the mixes were mixed for another minute to ensure FSC homogeneity [44].
After mixing, a total of 36 specimens were cast for each FSC mixture in lubricated steel molds without any vibration or compaction
under laboratory conditions (at 20 °C and 50% relative humidity (RH)) to determine the physical, mechanical, and durability prop-
erties of hardened FSC mixes. For each FSC mix, 9 prismatic specimens with 40 x 40 x 160 mm were cast for compressive testing at 7,
28, and 90 days; 9 cylinder specimens with 160 mm diameter and 320 mm height were used to evaluate the modulus of elasticity at 7,
28, and 90 days; 9 cubic specimens with 100 mm dimensions were used to evaluate the ultrasonic pulse velocity at 7, 28, and 90 days;
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Table 2

Chemical composition and physical properties of natural sand and GW sand.
Chemical composition (%) Natural sand GW
SiOy 90.35 51.29
Al,O3 4.56 20.47
Fe,03 0.51 12.58
CaO 1.67 11.88
MgO 0.15 5.51
K,O 1.92 1.47
NayO - 1.36
SO3 0.7 0.27
LOI - -
Cl - -
Physical properties
Specific density (kg/m>) 2630 2510
Fineness modulus 2.33 2.68
Maximum size (mm) 3.15 4.75
Water absorption (%) 0.96 4.34

Table 3

Mix proportioning of different FSC mixes.
Mix. ID Binder Fine aggregate w/b ratio SP (%)

OPC (Kg/m®%) MP (Kg/m%) SSP (Kg/m®) Sand (Kg/m®) GW (Kg/m®)

Control 400.86 201.93 0 1400 0 0.44 0.80
SSP5+GWj 380.82 201.93 20.04 1400 0 0.44 0.75
SSP5+GW1o 380.82 201.93 20.04 1266.4 133.6 0.44 0.80
SSP5+GWoo 380.82 201.93 20.04 1132.8 267.2 0.44 0.80
SSP5+GW3o 380.82 201.93 20.04 999.2 400.8 0.44 0.80
SSP5+GW 4o 380.82 201.93 20.04 865.6 534.4 0.44 0.80
SSP5+GWsg 380.82 201.93 20.04 732 668 0.44 0.80
SSP10+GWo 360.78 201.93 40.08 1400 0 0.44 0.75
SSP10+GWio 360.78 201.93 40.08 1266.4 133.6 0.44 0.80
SSP1o+GW2o 360.78 201.93 40.08 1132.8 267.2 0.44 0.80
SSP10+GW3o 360.78 201.93 40.08 999.2 400.8 0.44 0.80
SSP10+GWyo 360.78 201.93 40.08 865.6 534.4 0.44 0.80
SSP10+GWso 360.78 201.93 40.08 732 668 0.44 0.80
SSP15+GWo 340.74 201.93 60.12 1400 0 0.44 0.75
SSP15+GW1g 340.74 201.93 60.12 1266.4 133.6 0.44 0.80
SSP15+GWoo 340.74 201.93 60.12 1132.8 267.2 0.44 0.80
SSP15+GW3g 340.74 201.93 60.12 999.2 400.8 0.44 0.80
SSP15+GWyo 340.74 201.93 60.12 865.6 534.4 0.44 0.80
SSP15+GWso 340.74 201.93 60.12 732 668 0.44 0.80

MP- Marble Powder, SSP- Seashell Powder, GW- Granite Waste, SP (%) is calculated, in mass, compared to the binder mass.

and another 9 prismatic specimens with 40 x 40 x 160 mm were cast for porosity, water absorption, and acid attack.

After 24 h, all specimens were removed from the molds and immersed in water saturated with lime at 20 °C until specified testing
ages. In order to attain a stable weight, all samples were taken out of the water tank 24 h prior to the testing day and dried in an electric
oven set at 60 °C. For each experimental test and age, the average value of three identical specimens was taken as the result in the
hardened state.

2.4. Testing

2.4.1. Fresh tests

The fresh properties of FSC mixes, such as filling and passing capacity, as well as the ideal superplasticizer dosage giving satis-
factory FSC blends without segregation or bleeding, were determined using the mini slump flow diameter and V-funnel flow time tests
(Fig. 5) according to the EFNARC standard [43].

2.4.2. Hardened tests

2.4.2.1. Compressive strength, modulus of elasticity, and ultrasonic pulse velocity tests. Compressive strength and modulus of elasticity
were evaluated at 7, 28, and 90 days of curing on cubic specimens of 40x40 x 40 mm (Fig. 6-a) and cylindrical specimens of 160 x 320
mm (Fig. 6-b) according to standards EN 196-1 and ASTM C469-14 [45,46], respectively. In order to gain more information about the
homogeneity and porosity of the FSC mixes, the ultrasonic pulse velocity (UPV) test was conducted as a non-destructive test at 7, 28,
and 90 days of curing on cubic specimens of 100 mm, according to the ASTM C597-16 standard [47]. To measure the ultrasonic pulse
velocity (UPV), the two ultrasound probes (transmitter and receiver) must be placed on the two ends of the specimens (Fig. 6-c). The
following equation was used to calculate the UPV:


astm:C469
astm:C597
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Superplasticizer
N P,
T e

Natural sand

Mixing powder
+
fine aggregate

Fresh concrete

Fig. 4. Mixing process of FSC mixtures.

Fig. 5. Slump flow and V-funnel flow time tests.

UPV = % (€D)
Where L: Distance between the transmitter and receiver in (m); and t: time of wave propagation in (s).
2.4.2.2. Porosity and water absorption tests. Concrete porosity is considered one of the most important durability indicators. Three
halves of prismatic specimens at least 90 days old (Fig. 7) were used to determine the void percentage in accordance with the ASTM
C642 standard [48]. The capillary water absorption test was used to determine the sorptivity of the hardened concrete in accordance
with the ASTM C642-13 standard [48]. For each mix, three prismatic specimens of 40x40 x 160 mm and more than 28 days of age were
tested. The samples were oven dried for 24 h at 105 + 5 °C before being submerged in a 5 mm sheet of water for 48 h. The procedure
consisted of measuring the mass of each specimen repeatedly for 24 h until there was less than a 0.5% discrepancy in the measurements
(Fig. 8).
2.4.2.3. Acid attack test. The acid-attack resistance of each mixture was studied to evaluate its durability. After 28 days of curing, the
test specimens were weighed before being immersed in a 5 wt% hydrochloric acid solution (HCI) for 180 days at a temperature of 23 +
2 °C. The samples were then weighed and crushed to determine the mass loss and compressive strength loss (Fig. 9) according to ASTM
C307-03 standard [49]. The compressive strength loss and weight loss of the acid-attacked specimen were determined using the


astm:C642
astm:C642
astm:C307
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Fig. 6. Compressive strength, modulus of elasticity, and ultrasonic pulse velocity tests.

Fig. 7. Porosity test.

following formulas.

fc(tdaywater) —fc (tdayacid)

Loss in strength (%) =
Je(taaywater)

x 100 2

Where fc (tgqy water): Compressive strength of concrete specimens after t day’s immersion in water; and fc (t4qy acid): Compressive

strength of concrete specimens after t day’s immersion in acid;

W(tdaywater) — W(td,,yacid)
W(tdaywater)

Loss in weight (%) = x 100 3)

Where W(tgqy water): initial weight of the of concrete specimens before t day’s immersion in acid; and W(tqy acid): final weight of the

Fig. 8. Water absorption test.
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Fig. 9. Immersion and appearance samples under acid attack.

concrete specimens after t day’s immersion in acid.

2.4.2.4. XRD, TGA and SEM analyses. In order to evaluate the effects of SSP and GW incorporation on the microstructural properties
and hydration development of FSC mixtures, the XRD, TGA, and SEM analyses (Fig. 10a-c) were performed on the hardened binder
pastes of some FSC mixes with or without wastes.

Scanning electron microscopy (SEM) analysis was carried out using VEGA3-TESCAN SEM with a 25 KV accelerating voltage
(Fig. 10-a) to study the morphology of raw materials and the microstructure of some hardened FSC mixtures, including hairline cracks,
surface morphology, voids, and the interfacial transition zone (ITZ) between aggregate and cement paste. To make the sample elec-
trically conductive, it was placed in a cuter, and a thin layer of gold was then applied.

X-ray diffraction (XRD) analysis was utilized for the determination of the mineral phase composition of both raw materials and FSC
mixes. Samples for the XRD test were taken from the fragments for compressive strength testing at the age of 90 days. They were
immersed in anhydrous ethanol to stop their hydration and then dried directly at 60 °C for 24 h. Subsequently, the cement paste was
isolated from the surrounding sand and ground until the distribution of particle sizes was smaller than 80 pm. Following sample
preparation, a mass of 2 or 3 g of prepared powder was obtained and subjected to the XRD test with an X-ray tube (Cu 1.54 A) using a
BRUKER, AXS, D8 instrument, as shown in Fig. 10 b. The diffractogram was obtained in a range of 26, between 20° and 90°, and at a
rate of 1 s for 50 min.

Thermogravimetric analysis (TGA) was performed to examine the hydration products by observing changes in the hardened FSC
utilizing the SHIMADZU DTG-60/60H instrument (Fig. 10c) for samples weighing approximately 10 mg. The tested samples come from
the same samples prepared for the XRD test. The degree of hydration is estimated by determining the mass loss due to the decom-
position of calcium carbonate (CaCOg), calcium hydroxide (Ca(OH)5), and calcium silicate hydrate (C-S-H) at temperatures between
100 and 900 °C from the TGA and DTA curves, respectively.

2.5. Environmental impact assessment

As is known, cement production and conventional aggregate extraction produce a large amount of CO, as compared to other
concrete components, which adds a significant amount to the global emissions from energy and industrial sources. During its cycle,
concrete production goes through three main phases, as shown in Fig. 11. The CO» footprint calculation in this research is limited to
cement production (production of clinkers) and conventional aggregate extraction phases. The CO, produced was calculated from one
cubic meter of concrete manufacturing. The volume of raw material consumption (cement and natural river sand) derived from the
proportions of various FSC mixtures (Table 3), and the CO; emission factor are used to assess the environmental impact. In this study,
the CO; emission factors obtained from the results of Sudjono and Yudhi [50] are 1.77 kg COy/kg for ordinary Portland cement and
0.37 kg CO2/kg for natural river sand. For all FSC mixtures, the calculated values of emitted CO, were cumulative from cement and
natural sand [51].

Fig. 10. Microstructural tests, a- SEM analysis, b- XRD analysis, c- TGA analyses.
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3. Results and discussion

3.1. Characterization of raw materials

3.1.1. Cement, marble powder and seashell powder

According to Table 1, the chemical compositions of cement, MP, and SSP are 23.83, 6.05, 4.66, and 56.35 wt%; 0.27, 4.39, 0.12,
and 94.31 wt%; and 0.11, 4.07, 0.1, and 95.06 wt%, respectively, for SiO5, Al;03, FeoO3, and CaO as major oxides contained in cement
and mineral stone waste. Referring to the percentage of SiOy in the MP and SSP (0.27 and 0.11 wt%), and the XRD analysis of SSP
presented in Fig. 12 a, it was revealed that the mineralogical compositions of the MP and SSP include calcium oxide (CaO) and calcium
hydroxide (Ca(OH),), which demonstrated their essentially limestone nature (see Fig. 13).

According to the results shown in Table 1, the MP was found to have the lowest specific density with a value of 2.73 g/cm®, followed
by the SSP (2.88 g/cm®) and cement (3.11 g/cm®). The specific surface area values are 3420 cm?/g, 2700 cm?/g and 8000 cm?/g,
respectively, for cement, MP, and the SSP. The morphology of SSP particles, as inferred from Fig. 2a, is angular with an irregular and
rough surface texture, which allows the cement paste to adhere better to the aggregates.

3.1.2. Natural sand and GW sand

As presented in Table 2, the main chemical compositions forming the natural sand are 90.35% SiO», 1.67% CaO, 4.56 Al;03, and
0.51% Fey03, while the main oxides forming the GW are 51.29% SiO, 11.88% CaO, 20.47% Al,03, and 12.59% Fe;03. By referring to
the SiO2% of natural sand and GW (90.35 and 51.29 wt%) and their XRD analysis presented in Fig. 12b and 12 c, it was revealed that
the major crystalline phases of the natural sand and GW were quartz, albite, and microcline, which demonstrated their essentially
siliceous nature.

From Table 2, the specific densities (SD) of natural sand and GW were 2.63 g/cm® and 2.51 g/cm®, respectively. The water ab-
sorption value for GW was 4.34%, which is more than four times that of 0.96% for natural sand. These values indicate the high porosity
of GW compared to natural sand. The SEM investigation shown in Fig. 12 c reveals the rounded shape and smooth surface of natural
sand grains. However, the GW sand grains exhibit an angular shape and a rough surface (Fig. 3a-b), which provide a good bond
between the cement paste and aggregates compared to natural sand.

Regarding the particle size distribution of natural sand and GW sand shown in Fig. 14, results indicate a continuous particle size
distribution ranging from 0.08 to 3.15 mm and 0.08-4.75 mm for natural sand and GW, respectively. However, the curve for natural
sand was seen to be slightly finer than that of crushed GW. Both materials were seen to meet the nominal aggregate size range for use as
fine aggregate in concrete, according to EN 1097-6 [52]. The fineness modulus of natural sand and GW sand were 2.33 and 2.68,
respectively.

3.2. Characterization of fresh FSC mixtures

The slump flow results of fresh FSC mixtures are presented in Fig. 15. This figure indicates that the slump flow of all FSC mixtures is
between 270 and 320 mm, which shows good deformability in accordance with the EFNARC recommendations [43]. A significant
increase in the slump flow diameter was observed with the increasing content of SSP and decreasing rate of GW, especially for mixtures
containing 50% GW, compared to control FSC. This improvement in the flow of SSP-based mixtures may be due to the delayed reaction
of seashell powder with water compared to cement. In addition, the high CaO content of SSP (Table 1) may result in a longer than
expected initial setting time caused by the dilution effect of the seashell, resulting in additional free water [10,25,53]. The decrease in
slump flow of mixes with GW was due to the rough and angular morphology of GW (Fig. 12d), as well as its higher water absorption
compared to natural sand (Table 2). These findings were in line with the outcomes of previous research on the use of granite waste
aggregates [38,54,55]. Karimipour et al. [56] declared the same reason for reducing the workability of SCC when GW was used as filler
to replace cement content. According to Lin et al. [57], aggregates with a large surface area and high water absorption absorb part of
the mixing water, consequently decreasing the flowability of mortar. As a result, all FSC mixtures demonstrated acceptable slump flow
diameter with a constant superplasticizer dosage by adding a combination of GW and SSP.

Cement production CO- emissions
Material
Concrete
production Srodectin Concrete usage
and extraction

Aggregate production Consumption of raw materials

Fig. 11. Schematic of cycle concrete production including environmental impact assessment.



M. Hadjadj et al. Journal of Building Engineering 87 (2024) 108968

D HV HFW oressure mag @ W HV H
500x 11.3 mm 5.00kV 414 ym 1.00E-3 Pa M 1000x 11.3mm 5.00kV 21

07 pm _ 1.00E-3 Pa

WD HFW p { det nagm WD HV FW pressure
7.2mm 5.00kV 1.38 mm 1.00E-3Pa 9:5 50x 9.7mm 5.00kV 4.14 mm 1.00-3 Pa

Fig. 12. SEM image of cement (a), seashell powder (b), natural sand (c) and GW (d).

Similarly to the slump flow diameter, the results of the V-funnel flow time test displayed in Fig. 16 demonstrate that the flow times
of all FSC mixtures were acceptable and less than the EFNARC recommended value of 10s [43]. The addition of SSP decreased the flow
time and viscosity of FSC mixes. In addition, because the hydration of SSP takes longer than the hydration of OPC, the mixtures needed
the same quantities of water and superplasticizers as the control mixture to have the desired flowable properties [58,59]. Moreover,
the flow time increased when GW was used as natural sand. Among all the mixtures incorporating SSP combined with GW, the op-
timum flow times happened when 15% of SSP and 10% of GW were added to the mixture with a lower flow time value and a similar
amount of SP to that for the control mixture (0SSP+0 GW). On the other hand, the longest flow times are registered after the
simultaneous addition of 5% SSP and 50% GW.

3.3. Characterization of FSC mixtures in hardened state

3.3.1. Compressive strength

Fig. 17 shows the variation in compressive strength results for the different FSC mixtures at 7, 28, and 90 days. It can be seen from
this figure that the compressive strength increases as the percentage of SSP rises. However, there was a reduction in strength over 15%
SSP content compared to 5% and 10% SSP contents. For instance, the 7-day compressive strength of the 0SSP+0 GW FSC mixture was
25.21 MPa and became 26.82 MPa, 27.19 MPa, and 25.96 MPa for FSC mixtures prepared without GW and with 5%, 10%, and 15%
SSP, respectively. This might be because the hydration process is developed, and as a result, the strength of FSC starts to increase with
curing. Similarly, the compressive strength of FSC mixes at 90 days also rises from 39.97 MPa to 41.17 MPa, 44.93 MPa, and 40.57
MPa, showing increases in strength of 2.91%, 11.03%, and 1.47%, respectively, above the control FSC. This increase in strength with
the addition of SSP at 90 days is explained by the formation of calcite that took place after the hydration process and consists of the
observations found by Gong et al. [60]. The resulting strength was contributed with the help of pozzolanic reactions and carbonate
compound production [10,61]. Regardless of the curing times, the results showed that the optimum amount of compressive strength
was developed for the mixtures with 10% SSP. This decrease in compressive strength of the mixture with 15% SSP compared to those
with 10% may be caused by the high concentration of CaO in SSP, which might react with gypsum and Al;O3, reducing the early
hydration of the alite [17,62]. Okoro and Oyebisi [9] also found that 10% cement replacement with seashell provided the best geo-
polymer compressive strength for 3, 7, 14, 28, and 56 curing days; and more than 10% of replacement resulted in a strength decline. It
should be noted that despite the reduction in strength for FSC mixtures with 15% SSP compared to those with 5 and 10% SSP, it
remained greater than that of the control mixture.
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Fig. 13. X-ray diffraction analysis of SSP (a), natural sand (b) and GW (c).

Furthermore, Fig. 17 shows that the addition of GW increases the compressive strength of FSC mixes. For instance, at the age of 90
days, the strength increases from 39.97 MPa for control FSC to 63.22 MPa, 66.51 MPa, and 61.91 MPa for mixtures 5SSP+50GW,
10SSP+50GW, and 15SSP+50GW, respectively, with an improvement of about 58.17%, 66.40%, and 54.89%. This increase in
strength may be attributable to the angular shape and rough surface of GW particles (Fig. 1d), which enhance the interfacial transition
zone between the cement paste and the aggregates, and, on the other side, to the filling of the pores by the SSP [63-66]. The increase in
compressive strength using GW as fine aggregates was similar to findings reported by other researchers [55-57,67]. Binici and
Aksogan [37] found an increase of about 3%, 4%, and 7% in the compressive strengths of the samples incorporating 10% granite
aggregates at the end of 7, 28, and 90 days, respectively. Nuaklong et al. [38] also found an increase of about 27% and 40% in the 7-day
and 28-day compressive strengths of geopolymer concrete with 50% granite waste as fine aggregates. They attributed this enhance-
ment to the improved physical bond between the angular-shaped granite particles and the paste. Ahmadi et al. [66] found an increase
of 8% in the compressive strength of foamed concrete containing sand from granite waste.

3.3.2. Ultrasonic pulse velocity (UPV)

The UPV test is used to evaluate concrete quality and helps assess its durability. It is strongly linked to internal porosity, cracks, and
microstructure variation [68]. Fig. 18 displays the effect of SSP and GW on the UPV of FSC mixtures at 7, 28, and 90 days of age.
According to Malhotra et al. [69], concrete that has a UPV value greater than 3500 m/s is said to have good durability. As shown in
Fig. 8, at all ages, the UPV results for all FSC mixes exceeded 3500 m/s, indicating that concrete produced using SPP with GW fine
aggregates has good durability.
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The results of this figure show that, as the percentage of GW increases, the UPV values increase. For instance, the values of 28-day
UPV for 5SSP+50GW, 10SSP+50GW, and 15SSP-+50GW mixtures are 4110.02 m/s, 4171.56 m/s, and 3964.7 m/s, respectively, with
an increase of about 7.94%, 9.30%, and 4.57% with respect to control FSC (3785 m/s). This improvement in UPV values by the
addition of GW is very advantageous for structural concrete and may be related to the reduction in the porosity of the mixtures as well
as to the hardness of GW compared to natural sand. A similar enhancement in UPV was seen by Binici and Aksogan [37] when granite
waste is used instead of sand.

It can be seen from the results of Fig. 18 that for all mixes and ages, the mixtures with 10% SSP show the greatest improvement in
UPV compared to mixes with 5 and 15% SSP. Fig. 19 shows the linear relationship between the 90-day UPV values and compressive
strengths of all FSC mixtures. This figure demonstrates that there is a good linear relationship between the improvement in the
compressive strength and the increase in UPV with a strong coefficient of correlation (i.e., RZ = 0.859) for FSC mixtures based on SSP
and GW.

3.3.3. Modulus of elasticity

The modulus of elasticity (E) is an important concrete characteristic to determine the extent of structural deformation for service
requirements. The initial and later age modulus of elasticity are useful to know the elastic shortening and camber of the element at the
time of the release of the prestress and to predict the creep coefficient for calculating losses in prestressed concrete members and the
deflection of the reinforced concrete members, respectively.

The results of the modulus of elasticity test at 7, 28, and 90 days for mixtures made with SSP and GW are shown in Fig. 20. This
figure illustrates the positive effect of using SSP with GW on the modulus of elasticity of FSC mixtures. For instance, the modulus of
elasticity passed from 33.15 GPa for the control FSC to 38.20 GPa, 40.16 GPa, and 37.00 GPa for FSC mixtures prepared with
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Fig. 18. Ultrasonic pulse velocity of FSC mixtures.

5SSP+50GW, 10SSP+50GW, and 15SSP+50GW, respectively. This trend is comparable to the rise in compressive strength that occurs
as the amount of SSP and GW increases. The enhancement in the modulus of elasticity is attributed to the increased compressive
strength caused by the fineness of the SSP, which can fill more pores and compact the microstructure (strong ITZ between the GW and
the cement paste) [70]. On the contrary, Olivia et al. [71] and Tayeh et al. [72] found a reduction in the modulus of elasticity of
concrete by adding SSP as a cement replacement. It is also observed from Fig. 20 that, for all ages, the modulus of elasticity increases
proportionally with the increase in the GW in FSC mixtures. Where, when SSP is present at 5, 10, and 15%, the modulus of elasticity of
FSC mixes with 50% GW is found to have the highest values and increases by about 13.21%, 17.45%, and 10.40%, compared to the
control FSC. According to Pellegrino and Gaddo [73], greater cohesion between the cement matrix and aggregates resulting from the
great roughness of crushed aggregates may produce greater rigidity in the concrete.

In addition, for all percentages of GW, mixtures with 10% SSP show better improvement in modulus of elasticity for all ages than
mixtures with 5% and 15% SSP. Fig. 21 displays the relationship between the modulus of elasticity and the compressive strength of all
the FSC mixtures at 90 days. It can be seen from this figure that there is a strong correlation between the compressive strength and the
elastic modulus of FSC, which contains SSP and GW (R%=0.8). According to Wu et al. [70], the larger crushing index of GW than that
of NS increases the elastic modulus.

3.3.4. Porosity

Fig. 22 shows the impact of SSP and GW on the porosity variation of all FSC mixtures at 90 days. The results display a decrease in
porosity as the percentage of GW increases. For the control FSC mixture, the porosity was 5.37% and decreased to 4%, 2.95%, and
4.18% for FSC mixtures prepared with 5SSP+50GW, 10SSP+50GW, and 15SSP+50GW, respectively. This shows that the SSP posi-
tively reduces porosity. This decrease in porosity is due to the increase in hydration products formed by the pozzolanic reaction
resulting from the high CaO content of the SSP, which fills the pores more [74]. Liu et al. [75] also reported that the replacement of
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cement with seashell powder decreased porosity. However, the addition of 15% SSP led to an increase in porosity compared to
mixtures with 5% and 10% SSP. This may be due to the long hydration when an important quantity of cement was replaced. In Fig. 23,
the results of the 90-day compressive strength and UPV test are plotted as a function of their corresponding porosities. This figure
shows good linear relationships between strength, UPV, and the porosity of FSC containing SSP and GW, with high correlation co-
efficients between them (R? > 0.8).

3.3.5. Water absorption

Water absorption by capillarity can be used as an indicator for determining the microstructure of concrete or mortar. The denser the
mortar or concrete, the less capillary water absorption. The results of the 28-day water absorption of FSC mixtures containing different
percentages of SSP and GW are displayed in Fig. 24. All concrete mixes satisfy the requirements of water absorption, with a maximum
limit of 6% when compared to the specifications of concrete paving units [76]. The absorption of the control FSC mixture without GW
and SSP (0SSP + 0GW) is 3.63% and decreases to 3.54, 3.4, and 3.61% for FSC mixtures without GW when the replacement of SSP is 5,
10, and 15%, respectively. This decrease in water absorption of FSC mixtures containing SSP is due to the reduction in porosity
resulting from the filling effect of the SSP in the pores [77,78]. However, it seems from Fig. 24 that adding SSP at a lower substitution
rate (5 and 10 wt%) results in less water absorption than for 15 wt% because the SSP particles fill the voids in the concrete matrix by
interlocking with one another. Nevertheless, at higher replacement levels, the aragonite and rough morphology of SSP particles cause
higher voids, leading to increased water absorption. Similar results were also found by Liao et al. [79], who found water absorption
decreased as the content of SSP increased.

Moreover, it is clearly shown from Fig. 24 that the water absorption decreases proportionally with the increasing rate of GW, and
the mixture with 50% replacement has the lowest water absorption. This decrease in water absorption by adding GW may be due to the
low porosity and denser microstructure of FSC mixtures, resulting from the rough morphology and angular shape of GW [80]. A similar
drop in capillary water absorption was found by Lin et al. [57] with the replacement of natural sand with GW sand. According to Binici
and Aksogan [37], concrete with 10% granite aggregates had a capillary absorption coefficient that was 32% lower than the control
concrete. In contrast, Vijayalakshmi et al. [34] found an increase in water absorption in concrete by adding granite powder.

According to Das and Rout [81], the water absorption of a mixture is related to the surface porosity as well as the structural pores of
cement paste. It can be confirmed by the SEM microstructure analysis, described in Fig. 25, that the water absorption in FSC specimens
is correlated with the presence of pores. Fig. 14 illustrates the relationship between water absorption and porosity for all FSC mixtures.
According to this figure, it can be seen that the increase in water absorption is associated with an increase in the porosity of the
mixture, with a strong coefficient of correlation (R2 =0.8).

3.3.6. Acid attack

Acid attack resistance is a property that is a good indicator of the durability of concrete in an aggressive environment. The results of
the losses in mass and strength of FSC mixtures exposed to acid attacks are shown in Fig. 26(a—c). It is observed that the mass loss and
strength loss values of the FSC mixtures with SSP and GW are substantially lower than those of the control FSC and decrease pro-
portionally with the increase in the percentages of SSP and GW. Ghorbani et al. [82] found similar results, indicating that adding
granite waste to concrete improved its resistance against acid and chloride attacks.

According to the obtained result, the mass loss and strength loss of the 5SSP+50GW, 10SSP+50GW and 15SSP+50GW mixtures are
3.98%, 3.29%, and 4.34% of mass loss, and 21.01%, 14.27%, and 17.23% of strength loss, respectively, which are weak as compared to
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6.50% and 47% of the control FSC mixture. It can be concluded that mixtures with 10% SSP have the best acid resistance (lower mass
loss and strength loss) than other mixtures, indicating that the addition of SSP is more efficient in improving the resistance to acid
attacks in FSC mixtures. This can be explained by the weak absorption of FSC mixtures due to the reduction in pores size assumed by
the filling effect of the SSP with high fineness (8000 cm?/ g). Qasem et al. [83] also reported that the use of 10% cockle shell powder in
concrete has the best resistance to acid attacks compared to the mixture containing only cement. The relationship between mass loss
and strength loss of FSC against acid attack is shown in Fig. 27. It is clearly observed from this figure that the increase in mass loss is
associated with the increase in strength loss, with a high coefficient of correlation (R? = 0.83).

3.3.7. XRD analysis

The impact of seashell powder incorporation on the hydration process of FSC mixtures was examined through the XRD analysis of
hardened samples after 90 days of curing. The XRD patterns of the control FSC and mixes made with 50% GW combined with 5%, 10%,
and 15% SSP, respectively, are displayed in Fig. 28. The analysis was conducted using a scan range of 20-90° along two theta angles.
The main peaks presented in the four FSC mixtures are calcite (CaCOg), calcium hydroxide (CaOH>), and calcium oxide (CaO), whose
origin is linked to the composition of the SSP and hydration products of the cement used. However, the XRD spectra of the C-S-H gels
show a weak peak intensity that is difficult to characterize. There is a slight difference between the XRD patterns of the control FSC and
the mixtures containing SSP, except the portlandite (Ca(OH),), calcium oxide (CaO), and calcite (CaCO3) peaks. Calcium is found in
pure and hydrated as calcium oxide and calcium hydroxides in FSC mixtures, which contribute to the formation of a hardened network
and give rise to high strength [84]. According to Okoro et al. [9], calcium hydroxide, which is formed by the combination of calcium
oxide (CaO) and water (H20) during hydration, increases mechanical strength. It is shown in Fig. 28A that the peak intensity of Ca
(OH);, first increased and then decreased with increasing SSP replacement cement ratio from 0 to 15%. The levels of Ca(OH), in FSC
with 10% SSP and 50% GW were more intense than those in mixture with 15% SSP and 50% GW. Additionally, portlandite was formed
as a primary product of the hydration process along with C-S-H gels [10]. Up to 10% of cement substitution, the addition of SSP to FSC
increases the formation of portlandite (Ca(OH)») and calcium oxide (Ca0), and therefore, the crystallinity of the mixture increases, due
to the reaction of calcium oxide (CaO) with water and SiO3 to generate C-S-H and CH. Research indicates that adding seashell powder
to blended cement results in a new hydrated cement matrix with enhancing cohesiveness and integrity. The SSP increases the pre-
cipitation of hydration products, especially prtlandite and C-S-H, by enhancing the hydrated cement matrix, which could be explained
by a strength increase result [25,72].

With higher SSP concentrations in mixtures, portlandite and the phases resembling C-S-H become more noticeable. However,
excessive incorporation of SSP (15%) resulted in a lack of SiO and water, with an excess of CaO. Therefore, the SSP-based FSC’s high
Ca(OH);, intensity, displayed in Fig. 28A, is responsible for its better mechanical strength over the control FSC, and it is consistent with
the results of compressive strength, and the findings of Oyebisi et al. [85]. In addition, the main factor causing the rise of calcium oxide
(Ca0) levels in SSP-based FSC is the presence of SSP within the cement, given that CaO constitutes the majority of SSP.

From Fig. 28B, the increasing substitution of SSP decreases the formation of calcite (CaCO3), with the lowest peak noticed in mixes
containing 15% SSP (15SSP+50GW). According to Abouelnour et al. [55], the partial carbonation of the portlandite caused its levels to
decrease when compared to the control FSC.

3.3.8. Thermogravimetric analysis (TGA)

In order to assess the behavior of the FSC mixtures at various temperatures, particularly to identify the various crystalline phases
present in the sample, a derived thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were suggested in this
study. Fig. 29 shows the TGA/DTA curves of the control FSC, 5SSP+50CGW, 10SSP-+50GW, and 15SSP+50GGW mixtures after 90
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Fig. 28. XRD diffractogram of control FSC and mixes with 50% GW and 5, 10, and 15% SSP.

days of hardening. According to the ASTM C1872 standard [86] and the derivative thermogravimetric analysis (TGA) curves (Fig. 29),
there are three primary phases in cement hydration products. The first stage is at 100-400 °C, where the dehydration reaction of C-S-H
takes place. The second is between 400 and 600 °C which caused by the dehydroxydation of portlandite. The last is between 600 and
1000 °C, representing the decarbonation of CaCO3 [87,88]. It was shown from Fig. 29 that the shape of the TGA curves of the control
FSC mixture and mixtures with 50% GW and different SSP contents is essentially comparable, suggesting that the reaction products are
essentially identical. The mass losses discovered at 100 °C are associated with the evaporation of free water [57,89]. At 150 °C, about
15% of the concrete’s total weight was lost for all tested FSC, which may be associated with the combined water loss of the C-S-H and
CH phases [90,91]. Similarly, Yang and Jang [92] detected noticeable weight losses in the DTG test between 0 and 150 °C when
replacing 5%, 10%, 15%, and 20% of cement by seashells in alkali-activated slag. They were linked this to the decomposition of the
cementitious materials primary hydration products, particularly C-S-H gels. The cement gel compounds (C-S-H and CASH) oxygen
bond was broken. The four FSC mixtures tested have an obvious weight loss between 150 and 400 °C which may be associated with the
calcium hydroxide phase’s water loss. Nevertheless, a remarkable difference between masse losses of 15% SSP based FSC and the other
mixtures from 150 °C to 400 °C. Resulting in a decrease in mixture mass at 300 °C by 20% for control FSC and FSC with 5% SSP, 21%
for FSC with 10% SSP, and 23% for FSC with 15% SSP. The main reason is that seashell powder increases, with lower activity than
cement. The active silicate involved in the hydration reaction decreases, the hydration product decreases, and the weight loss rate
increases, which is consistent with the results of DRX analyses and compressive strength. The weight of all FSC mixtures decreases
dramatically by 28% as the temperature rises from 400 to 500 °C due portlandite’s appearance, which leads to the decomposition of
sample, and is in agreement with the finding of Tayeh et al. [10]. Furthermore, a slight variation in weight loss was discovered between
500 and 600 °C for all FSC mixtures, which is in line with the results of Tayeh et al. [10]. Beyond 600 °C, FSC with 10 and 15% SSP
showed a weight loss of minus 30% compared to the control mixture and 5%-based FSC. The percentage of weight loss increased

Temperature (°C) Temperature (°C)
100 200 300 400 500 600 700 800 900 1000 20100 200 300 400 500 600 700 800 900  10C
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Fig. 29. TGA/TDA curves of control FSC and mixes with 50% GW and 5, 10, and 15% SSP.
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steadily due to increasing the temperature rates to reach up to 43.3% for control FSC and FSC with 5% SSP, and 35% for FSC with 10
and 15% SSP at 1000 °C. Similarly, Hamada et al. [80] found a weight loss exceeds more than 40% for seashell based concrete at
temperature ranging between 670 °C and 800 °C, due to the complete decomposition of carbonates [93]. This finding further supports
the results of the XRD tests and is in line with the results of Gong et al. [60], Felipe-Sese et al. [94], and Wang et al. [95], by suggesting
that the calcite in the SSP can take part in the hydration process of cements at an early stage. This indicates that, in addition to the
compounds resulting from the primary hydration reaction as shown in the XRD analyses (Fig. 28), seashell powder contributes to the
chemical reactions those results in the formation of calcite (CaCO3) and to the accumulation of portlandite (CH).

3.3.9. SEM analysis

The microscopic morphology can reflect the density, pores size, and cracks width of the concrete mixture. SEM analysis is used in
this study to visualize the microstructure development of some FSC samples. In Fig. 30, the SEM images after 90 days of hardening of
the 5SSP+50CGW, 10SSP+50GW, and 15SSP+50GGW mixtures are shown.

As it can be seen from Fig. 30, a dense microstructure due to the self-consolidation performance was observed for all mixtures, and
may justify the strength development of the studied FSCs. In addition, the incorporation of up to 10% SSP resulted in a reduction in the

A

GW

mags WD HV w
120x 15.5mm 5.00kV 173 mm 1.00E-3 Pa

350x 153 mm 5.00kV 592 um 1.00E-3 Pa

Fig. 30. SEM images of control FSC and mixes with 50% GW and 5, 10, and 15% SSP.
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void ratio, which validate the results found by the porosity test and supports the increase in strength for these FSC mixtures. Beyond
10% of SSP, the rise in seashell was accompanied by an increase in voids as revealed in Fig. 30. However, the mixtures with
5SSP+50GW and 10SSP+50GW have a denser and continuous structure, with a strong interfacial transition zone (ITZ) between the
aggregates and the cement paste, compared to the 15SSP+50GW mixture with a weaker ITZ and more micropores and micro-cracks.
Similarly, Maglad et al. [25] found that adding more SSP to lightweight alkali-activated foamed concrete (LFC) increased its void level
and therefore weakened the SSP bond mixture. Nonetheless, 10% SSP and 50% GW showed the denser and compact FSC with the
fewest voids and cracks, which explains its higher compressive strength than other FSC mixtures. This can be attributed to the filling
effect generated by the addition of 5% and 10% SSP [79].

At high levels of cement replacement (15% SSP), some cracks and voids were larger because the SSP used in this study has a high
specific surface area, with low activity compared to the cement, which declined the amount of water to clinker content, and the amount
of hydration products produced. The water content of the adsorbed layer in the system rises and the free water content falls when the
amount of SSP is too high [96]. According to Othman et al. [78], Wang et al. [88], and Liu et al. [97], the large specific surface area of
SSP can fill the pores with C-S-H gel, and decreased the overall porosity. However, with higher cement replacement rate, the
generated C-S-H gel was unable to fill more micro-pores, which decreased the secondary hydration degree and raised the overall
porosity [97]. Partial gel was occurred on the aggregates surface and no gel material was found for filling and bonding between the
aggregates and the matrix. However, there are limitations on the bond between the aggregate and paste, as well as the compactness of
the mixing matrix. As a result, this event will weaken the inner part’s cement paste-aggregate link and consistent with another study
that found that adding more oyster shell powder raised the amount of voids in geopolymer concrete [9,92]. Stel’makh et al. [98] also
showed more integral microstructure without voids and cracks by adding 6% SSP to concrete. However, the fine pores have become a
little larger when 30% of SSP was added. In addition, the effect of GW on the microstructure of FSC could be observed in Fig. 30. It is
important to note from this figure, that for all FSC mixtures based on 50% GW, a strong ITZ between GW grains and cement paste was
observed, which corresponds to the high compressive strength and consistent with the previous studies reported [55,56,99,100].

3.4. Environmental impact assessment

Environmental impact assessment is useful to provide information about the environmental pollutants and nonrenewable raw
materials consumption. As well as, identify the energy efficiency and suggest improvement criteria [101]. In recent years, the eval-
uation of concrete production impacts on the increase in CO, emissions and the consumption of non-renewable resources is very
important [102]. In this study, the environmental impact assessment for one cubic meter FSC mixes was determined to show that the
developed FSCs are effective and eco-friendly products. It is estimated based on the amount of CO, emissions and the volume of raw
materials (RM) consumption for each FSC mixture. The volume of RM consumption (cement and natural river sand) is calculated based
on the material proportion for each FSC mix described in Table 3. The quantity of CO, emissions is calculated based on the value of CO4
emitted by the cement of 1.77 kg COy/kg and 0.37 kg CO2/kg for natural sand, according to the results of Sudjono and Yudhi [50]. The
results of RM consumption volume and CO, emission quantity for all FSC mixes are presented in Figs. 31 and 32, respectively. It can be
seen from these figures that the volume of RM consumption and the amount of CO, emissions decrease linearly with the increase of SSP
and GW by partially replacing cement and natural river sand, respectively. The highest volume of RM consumption and the highest
quantity of CO, emissions were found with the control FSC, and the lowest ones were observed for the mixture with a high content of
recycled waste (15SSP + 50GW). It can be seen from these results that the best environmental impact was found when 15 wt% SSP and
50 vol% GW were added, with 873.94 kg/m® of CO emissions and 68.25% of RM consumption. These values are reduced by 31.75%
and 29.11%, respectively, for control FSC with 100% RM and 1232.83 kg/m3 CO; emissions. Similarly, Ahmadi et al. [66] showed a
decrease of about 16.4 and 32.4%, in RM consumption and CO2 emissions, respectively, by partially replacing the sand with granite
waste. De Schepper et al. [103] also reported that using recycled aggregate with ordinary strength concrete reduces the CO, emissions

‘ Volume of raw materials (%)‘

15SSP+50GW o 5SSPHOGW
105

15SSP+40GW 5SSP+10GW
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15SSP+OGW 5SSP+50GW
10SSP+50GW 10SSP+OGW
10SSP+40GW
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10SSP+30GW
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Fig. 31. Environmental impact by volume of raw materials consumption for all FSC mixture.
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Fig. 32. Environmental impact by CO, emission of all FSC mixture.

by 35%. Moreover, Guo et al. [104] found approximately 16.1% reduction in the negative environmental impact compared to ordinary
concrete by using recycled aggregates.

Finally, this result could prove that the synergistic use of SSP as cement and GW as sand in FSC production benefits the envi-
ronmental impact and waste consumption by reducing CO, emissions and natural resource consumption. Since SSP and GW all belong
to solid waste, they bring high value-added benefits both economically and environmentally.

4. Conclusion

The present study examine + d the simultaneous utilization of SSP as a supplementary cementitious addition and GW as fine
aggregates in developing sustainable flowable sand concrete. Based on the obtained experimental results, the following conclusion
could be drawn.

Using up to 50% GW as a partial replacement of fine aggregate decreases the flow of FSC; but it remains within the acceptable limit
prescribed by the EFNARC recommendations. However, with a low dosage of superplasticizer, the addition of SSP as filler com-
pensates for the negative effect of GW and improves the fresh properties (slump flow and V-funnel flow time) of FSC mixtures.
For all curing ages, the compressive strength increases as the quantity of GW in FSC increases. However, the presence of SSP
enhances the compressive strength of the GW-based mixtures better than that of the control FSC. The combined use of 10% SSP and
50% GW increased the compressive strength of control FSC by 66.40% at 90 days, developing high-strength FSC with 66.51 MPa.
The UPV and modulus of elasticity of the FSC mixture increase with the increasing substitution of natural sand by GW. However,
10% SSP-based FSC mixes exhibit the highest values, which increased from 3830 m/s and 33.15 GPa for control FSC to 4172 m/s
and 40.16 GPa for the mixture with 10% SSP and 50% GW.

The porosity and water absorption of FSC decreased with the combined use of SSP and GW. Mixtures with 10% SSP and 50% GW
exhibited the weakest values, with approximately 45.06% and 6.33% decreases in porosity and water absorption, respectively,
compared to the control FSC.

The durability of FSC with SSP and GW against acid attack is higher than that of the control FSC, which can be adapted to aggressive
environments.

The XRD, TGA, and SEM analyses revealed that using up to 10% SSP and 50% GW gave denser microstructure, less porosity, and
stronger ITZ between cement paste and aggregates of FSC mixtures compared to control FSC.

The synergistic use of SSP as cement and GW as sand in FSC production benefits the environmental impact and waste consumption
by reducing CO, emissions and natural resource consumption.

Based on the outcomes, fresh and hardened characteristics, durability indexes, microstructural analyses, and environmental impact
assessment. It can be concluded that the combined use of up to 50% of GW as fine aggregate and 10% of SSP as cement in FSC is highly
recommended since their addition not only contributes to solving environmental problems by reducing the level of waste, CO,
emissions, and the extraction of natural resources, but would also enhance the physical and mechanical performance of FSC. All the
studied FSC mixes are considered satisfactory for the application of structural elements.
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