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Abstract: The adverse environmental impacts of building materials can be achieved by reducing
the amount of cement in cementitious composites, specifically when incorporating wastes as partial
replacement for Portland cement. In this work, we substitute cement with shell by-products while
keeping useful specific properties. Scallop shells are good candidates to replace part of the Portland
cement as they contain calcium and are available in abundance. We present an experimental and
numerical study on the mechanics, hygrothermal behavior, and life cycle analysis of scallop shell
concrete. In the fresh state, the replacement of cement by up to 10 wt.% of scallop shells does not
significantly affect mortar properties. The results indicate that including 10% shells represents a
decrease of up to 40% in the environmental impact, depending on the category of impact considered.
Furthermore, the addition of Scallop shells makes the material more porous, leading to the facilitation
of moisture transfer.

Keywords: alternative binder; Scallop shells; microstructural characterization; mechanical and
hygrothermal properties; waste valorization; life cycle assessment

1. Introduction

The reduction of fossil-based energy use continues to be the primary concern in all
areas of research in the construction field. In 2017, energy usage in the construction sector
accounted for 21% [1] of global total final consumption, ranking third behind the industry
and transportation sectors; additionally, 9% [1] of global total final consumption energy
was dissipated and never used. All these energy increases raise power production and, as
a result, CO, emissions.

One of the most recent trends to counter the existing problems of increasing energy
use and greenhouse gas emissions is to use low carbon materials, either by enhancing
the insulation efficiency of the building structure envelope, and thereby reducing energy
consumption, or by developing new low carbon materials.

Low-carbon construction materials are typically bio-based or created by minimizing
the quantities of high carbon inputs, with the use of different types of wastes. One of the
most available waste products in Normandy (France) is seashells. Indeed, they represent
the largest volumes available, and the deposit is of the order of 200,000 tons [2]. The huge
quantities of shellfish abandoned on the seashore and in the municipal garbage cans show
that their use is not very frequent.

Concretes with partial replacement of cement by seashells can present a good solu-
tion to decreasing CO, emissions as well as providing adequate mechanical and thermal
properties compared to usual concrete [2]. Seashells are composed of at least 95 % of
calcium carbonates (CaCO3), which is comparable to calcium carbonate contents in lime-
stone powders used for Portland cement production [3]. As stated in the literature, the
principal component of scallop shells (SS) is calcite (CaCOj3), which can be used as an
additional cementitious material. The European standard EN 197-1 states that calcium
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carbonate (CaCQO3) or limestone can be incorporated up to 35% in Portland cement. CaCOs3
acts principally as an inert filler when the replacement level is above 5%, due to its low
solubility [2].

Studies dealing with the feasibility of using seashells in concrete fabrication have in-
creased in the last decade. The majority of works on shell concrete have been dedicated only
to its mechanical behavior, such as Bouasria et al. [2,4], Varhen et al. [5], Neamitha et al. [6].

M. Bouasria et al. [2] used the Crepidula Fornicata shells (CR) and ferronickel slag (FNS)
as a structural component and a partial replacement in mortar. Mortar mixtures using
different percentages of FNS and CR shells were formulated and tested up to failure. The
results showed that the partial replacement of cement by up to 30% of FNS-CR mix has
no significant effect on the workability of the cement in the fresh state. However, with
incorporation above 30%, a slight loss of workability was observed. Water absorption by
these additives exhibiting high specific surface area is responsible for this loss of workability.
The hygrothermal behavior and life cycle analysis (LCA) was not developed in this study.

The absorption and permeability of seashell concrete is rarely reported in previous
studies and needs to be further investigated. There are three promising experimental studies
in which the authors investigate the potential of cockle shell ash as a material for partial
cement replacement [7-9]. Nor Hazurina et al. [7] present the absorption and porosity
results of concrete produced with various cockle shell ash replacements in comparison
with a standard concrete. It is clearly demonstrated that cockle shell ash reduces the
absorption of concrete at low percentages of replacement (below 15%). However, the
absorption is increased with increased seashell content (25% and 50%). The absorption
and porosity results can be related to the amorphous calcium carbonate nature present in
seashell ash [8]. At lower percentages of replacements, the ash particles interlock with each
other and fill the gaps in the concrete matrix, which leads to a decrease in the porosity and
absorption. However, at higher replacement level, voids are formed due to the aragonite
shape of seashell ashes, resulting in higher porosity and absorption [8]. Furthermore,
Othman et al. [9] showed that the permeability of the concrete mixtures with cockle shell
ash was higher than in the control concrete after 28 days and 90 days of curing. However,
at the age of 120 days, the water permeability of the concrete mix with cockle shell ash was
lower, except for the 50% replacement ratio. Previous studies have evaluated either the
physical and mechanical properties of shell concrete, but none have considered life cycle
assessment and hygrothermal behavior both at the same time and at the building scale.

To our knowledge, apart from the few studies presented above, the hygrothermal
behavior and life cycle analysis are not well reported on in the literature. S. Cao et al. [10]
and S.S. Sui Jiang et al. [11] show the capacity of the Wufi Plus software for the study of
the hygrothermal behavior at the building scale. WUFI Plus is an advanced commercial
software that helps the user simulate the impact of the energy performance of a building
by considering the effects of moisture and heat at the same time [11].

Motivated by these recent results, in this paper we present a hygrothermal and envi-
ronmental analysis of concrete based on the partial substitution of cement by scallop shells.
The life cycle analysis (Using SimaPro and Pleiades tools) and hygrothermal behavior at the
building scale (Using Wufi Plus tools) are evaluated. The research questions corresponding
to the objectives are:

e  What it is the environmental effect of shell concrete?
e  What is the environmental benefit from the substitution of cement?
e What is the hygrothermal performance of shell concrete at building scale?

The paper is organized as follows: the experimental device and the numerical model
are presented in Section 2. Section 3 is dedicated to the analysis of the results and their
discussion, followed by the perspectives and conclusions.
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2. Materials and Methods
2.1. Methodology

In line with what has been already proposed in the literature, we have developed
a new conceptual framework that summarizes and visualizes our research methodology.
The conceptual study plan of our work consists of three main parts, as illustrated in
Figure 1. Each part is composed of several steps. These will be explained in detail in the
following sections.

Life cycle analysis and hygrothermal performance of shells concrete

Numerical models

Waufi Plus SimaPro - Pléiades

____________________________________________________________________________________

@thermal behaviour

v

Hygrothermal comfort
T
- -
Perspectives and recommendations

Environmental impacts

Figure 1. Conceptual study plan.

2.2. Concrete Properties

Mechanical properties are determined on mortars and thermal properties on concretes.
The scallop shell concretes used in this study for thermal measurements are
composed of:

e CEM I 525 N cement with a density of 3.2 g-cm ™3 and a fineness of Blaine of
4100 cm?- g’l. Its d 10, d 50, and d 90 were determined using a laser diffraction
particle size analyzer and are 2.43, 14.22, and 38.48 pum, respectively (Figure 2b).

e  Standardized sand according to EN 196-1-1.

e  Crushed gravel 3/8 mm with a density of 2.65 g-cm~3 and an absorption coefficient
of 0.66%.

e  Scallop shells (SS) collected in Ouistreham (Normandy, France), cleaned, crushed, and
ground. Before being crushed with a drum compactor, the seashells were washed and
dried at 40 °C to remove any apparent meat traces and contaminants. The collected
seashells aggregates were re-crushed by the Los Angeles abrasion machine and sieved
through a 63 pm sieve in order to generate scallop seashell powder. The density and
Blaine fineness were 2.68 g-cm~3 and 7890 cm?-g~! respectively. Its d10 and d90 were
determined using a laser diffraction particle size analyzer and are 2.88, 22.78, and
49.48 um, respectively (Figure 2a). The d 50 for the CEM 1 52.5 N was 14.22 um and
the SS was 22.78 um. Cements have finer particle sizes than seashells. Finer size will



CivilEng 2022, 3

763

Cumulative passing (%)

100

offer more specific surface area for an accelerated hydration reaction. The acceleration
of the hydration process will result in a rapid development of concrete strength.
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Figure 2. Particle size distribution of (a): Scallop shells and (b): cement used in this study.
Table 1. Calcium is the major element. The analysis also shows the presence of traces
of S, Na, Mg, S, and Al (<0.4 wt.%).
Table 1. Chemical composition of SS obtained by energy dispersive spectroscopy on ground SS
powders. * O and C are taken with caution as being low precision; d.l.: detection limit.
Element o* Cc* Ca Na S Mg Si Al Cl Total
(Wt.%) 345+28 126+05 513+16 04+01 04+01 03+£01 03+01 02+01 d.l 100

The elaborated concrete specimens are prismatic samples of 30 cm x 30 cm x 7 cm.
All specimens were compacted on a vibrating table. The concretes were demolded after
24 h and then placed at 20 °C and 95% relative humidity for 28 days of curing (Figure 3).

Figure 3. Scallop shell concretes prepared for this study.

The mortars were made from CEM I 52.5 N cement and standardized sand. The
4cm X 4cm x 16 cm mortars were made with a water/cement ratio set at 0.5 and a
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sand/cement ratio set at 3, according to EN 196-1. The samples were placed in a con-
trolled atmosphere (20 £+ 1 °C and 90% RH). Cement was replaced by 5 and 10% shell
waste (SS).

The composition of the mortar and concrete mixtures is given in Table 2.

Table 2. Composition of the different mortar and concrete mixes (Kg-m~3).

Mortar CM SS5 SS10
Cement 450 428 409
Fine sand 0/3 1350 1350 1350
Scallop shells 0 22 41
Water 225 225 225
Concrete CcC SS5 SS10
Cement 350 332.5 315
Fine sand 0/3 756 756 756
Gravel 3/8 980 980 980
Scallop shells 0 17.5 35
Water 175 175 175

2.3. Characterization Techniques

X-ray diffraction of the scallop powder was performed at room temperature on a D8
Advance Vario 1 Bruker (two-circle diffractometer, 6-26 Bragg-Brentano mode, Cu Ka
radiation: A = 1.54059 A). The identification was performed using the Crystallography
Open Database [12] and quantification was achieved using MAUD software [13].

All Raman spectra presented in this study were recorded at room temperature using a
Thermo DXR Raman microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA), with
a 532 nm laser as an excitation source used for Vibrational analyses. Raman spectra were
recorded at 1 mW and with an integration time of 30 s.

The thermal conductivity was analyzed using a system of Heat Flow meter NETZSCH
(Model HFM 436 Lambda). The test sample, with prismatic dimensions of 30 cm x 30 cm x 7 cm,
is placed between the cooling plate and the heater plate; the heat flows from the heater
plate through the sample to the cooling plate from where it is carried off. The cooling
and heater plate temperature is adjusted by a Peltier cryostat to establish a temperature
gradient from the heater plate across the specimen of 10 = 30 °C.

Specific heat capacity (Cp) characterizes the ability of a material to store thermal energy.
Cp measurements are performed with a Differential Scanning Calorimetry technique (DSC,
NETZSCH STA 449 E3) according to the standard ISO 11357-4. Data are collected from
—20 °C to 30 °C continuously with heating rate of 1 °C-min~!.

2.4. Test Methods

The specific surface area of each cement mixture used in this study was determined
with the Blaine air permeability apparatus according to the ASTM C-204 test method [14].

Workability tests were carried out using a mortar maniabilimeter according to the
NF P18-452 standard [15]. The initial and final setting time for all mixtures was measured
according to the NF P 15431 standard [16]. The compressive and three-point bending tests
were conducted according to the EN 196-1 standard [17].

2.5. Model of Heat and Moisture Transfer in Building Envelopes

WUFI-PLUS is used to simulate the thermal and moisture behavior of the building
and the moisture flow into the room through the envelope structure. It is the most complete
heat and moisture simulation tool in the WUFI® software family [18]. In addition to simu-
lating hygrothermal conditions in building components, WUFI® Plus simulates the indoor
environment and is therefore suitable for addressing comfort and energy consumption in
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buildings [18]. Simulation of the interaction between building usage and system technology
allows for integral assessment of indoor climate, hygienic conditions, thermal comfort,
indoor air quality, and damage to components as a function of heating and cooling loads,
and the necessary effort to humidify /dehumidify [18]. The indoor air heat and moisture
balance equations in Wufi Plus are as follows:

e  Heat balance Equation:

oT,
PCpV% = Qe(r) + Qe(r) T Qo(r) + Qs(r) + Q(r) + Qrvacr) )

where: Qin(t) amount of heat dissipation from the indoor heat source (W), Q) convective
heat transfer between the inner surface of the envelope and the indoor air (W), Qy /() heat
that enters the room (W), Q) heat generated by the solar radiation entering the room
through the door and window (W), Qf(,) heat that the door and window infiltrate into the
room (W) Qnvac(r) heat supply or cooling capacity of the air conditioner (W).

e  Moisture equilibrium Equation:

dW
pCpV ay) = Win(z) + We(z) + Wo(r) + Wr(z) + Whvac(r) @)

where: W) indoor air moisture content (kg/kg), Wi, () indoor wet source moisture content
(kg/s), W) amount of moisture exchange between the inner surface of the enclosure
structure and the indoor air (kg/s), Wy ;) amount of moisture entering the room (kg/s),
W¥(r) amount of moisture that the door and window infiltrate into the room (kg/s), Wryac(r)
air conditioning humidification (kg/s).

To simulate the hygrothermal performance of the shell concrete, a simplified one-story
office building was modelled as shown in Figure 4. The building has a floor area of 79 m?
and a total height of 3.6 m with two uncoated double-glazed windows located at the south
facade of the structure. The composition of the walls, roof, and slab are presented in the
Tables 3 and 4. This composition corresponds to the composition of a BBC building that
exists in the Pleiades library. Ordinary concrete will be replaced by shells concrete.

Figure 4. Simulated structure.

The initial conditions used for the Wufi simulation are presented in the table below.

The simulation has been tested for the climatic conditions of the city of Trappes (France)
located in zone Hla, as shown Figure 5. In this zone, the maximum temperature difference
is 4.82 °C for a winter day. On other hand, the maximum temperature difference is 2.7 °C
for a summer day, with maximum energy demand of 60 kWh/m?/year.

2.6. Life Cycle Assessment

The goal of life cycle assessment (LCA) is to determine how damaging items are
to the environment, to lessen those effects, and select goods that are least hazardous to
the environment. The complete and all-encompassing evaluation of the LCA allows for
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H1a

ensuring that the environmental effects brought on by potential adjustments to the building
product can be compared for various scenarios, and that they are reflected in pertinent
decision-making processes. For this reason, the environmental impacts of the developed
material were assessed.

Table 3. The composition of the walls, roof, and slab.

- . Conductivity Density Thermal Resistance
Composition Thickness (m) (W/m-K) (kg/m®) (m2 K W-1)
Vertical walls

Glass wool 0.2 0.041 2 4.88
Concrete 0.2 1.95 460 0.11
Ceiling
Glass wool 0.26 0.041 3 6.34
Plaster gypsum 0.01 0.42 12 0.02
Slab

Glass wool 0.2 0.041 2 4.88
Concrete 0.2 1.95 460 0.11

Table 4. Hygrothermal proprieties of seashell concrete.

Dry . Thermal Specific Heat Water Vapor

Concrete Density Porosity Conductivity Capacity Permeability
kg/m3 % W/(m-K) J/(kg-K) Kg/(m:s- Pa)

Shells concrete 2250 25 % 1.78 920 212 x 10712

Figure 5. Map of climatic zones and Maximal energy demand [19].

An LCA approach was applied, according to the international standards of the ISO
14040 series, consisting of the following steps: (1) definition of goal and scope; (2) inventory
analysis; (3) impact analysis; (4) interpretation (Figure 6).
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Figure 6. Steps in the LCA process.

The primary objective of this study was to determine and evaluate the environmental
impacts of the shell concrete at the material scale using SimaPro tools. According to the ISO
14,040 standard, a reference functional unit must be defined for properly quantifying the
environmental performance of the system. The functional unit of the present LCA study
was defined to ensure the function of 1 m? for a reference life of 50 years.

For the inventory analysis, the data used in this study was gathered from several
sources. Where available and applicable, the Econivent database was used. For the rest
of the data, similar studies, reports, or personal communications (laboratory) were used
and summarized below. The production of calcium carbonate (CaCOs3) from shells is taken
from the study [20] (Table 5). The environmental indicators of calcium carbonate (CaCOj3)
are used to perform a life cycle assessment at the building level using Pleiades tools. The
building is occupied by four persons and heated by a gas boiler for heating.
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Table 5. Inventory: Production of calcium carbonate from shells [20].

Calcium Carbonate

Shells 100 t
Biocide 0.7 kg
Diesel 57 kg
Water 95t
Electricity 1.6 E4 kWh
Transport 30 Tkm
Air emissions
Water 35 m3
Ammonia 0.2kg
Particulates < 10 um 0.6 kg
Sulfur dioxide 3kg
Nitrogen oxides 32.3kg
Carbon dioxide 1.12 kg
Water emissions
COD, Chemical Oxygen Demand 8.8 kg
BODS5, Biological Oxygen Demand 0.2kg
Suspended solids, unspecified 1.6 kg
Nitrogen, organic bound 0.5kg
Ammonia, as N 0.1kg
Phosphate 0.1kg
Nitrate 0.3 kg
End-of-life treatment of concrete: Concrete recycling, crushing (1 kg)
Diesel combustion 0.0143 M]J
Electricity 0.00398 kWh
Heat (other than natural gas) 0.00491 M]J

3. Results and Discussion
3.1. Experimental Results
3.1.1. XRD Analysis of Scallop Powder

An XRD pattern of the scallop powder can reasonably be refined using calcite structure
(Figure 7 and Table 6). The agreement factors Rwp and RB are 9.5% and 7.4%, respectively.
This shows the goodness of our fit (GoF = 1.64).

Table 6. Refined values of lattice parameters, unit cell volume, average diameter, microstrain <£2>1/ 2,
Standard deviations are indicated in parenthesis on the last digit.

Phase COD Lattice Type Lattice Parameters (D) (e2)1/2
Reference + Space Group (A) (nm) €
Calcite Trigonal a=4.986 (1) 3
(CaCOs) PR R-3c:H c=17.070 (2) 750@0) 110

3.1.2. Permeability of Mix

The addition of SS as a cement substitute slightly reduces the apparent permeability
of mortar. The reduction of penetration resistance is mainly attributed to the degenera-
tion of the pore structure. When the pore structure is finer, the penetration resistance is
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improved [21]. By adding SS with high fineness, the pore structure is refined and thus the
penetration resistance is enhanced (Table 7).

Intensity?/2 (Count'/2)

Calcite | | | | | I A 1 | 11 11 [ o
1 L 1 L 1 L
20.0 40.0 60.0 80.0
26 (°)
Figure 7. X-ray diffraction pattern of scallop powder refined with the MAUD software.
Table 7. Mortar composition and permeability after 28 days.
Sample Mass Substitution Rate of Cement by SS (%) Permeability after 28 Days (m-s—1)
M 0 2.80 x 10712
SS5 5 212 x 10712
SS10 10 1.87 x 10712

3.1.3. Mortar Densities and SSA

For all mortars, an increase in the bulk density is observed with increases in the curing
time from 2 up to 28 days (Figure 8a). Increasing the SS proportion led to a gradual decrease
in mortar density at all curing times. This decrease is attributed to the low density of SS
compared to that of the used cement. As seen in Figure 8a, the decrease is more accentuated
after 2 days then after 28 days. This is due to a further densification and porosity decreases
with time.

The addition of SS increases the specific surface area (SSA) of the cement powder
(Figure 8b). This reduction is attributed to a larger Blaine specific surface area of SS
compared to that of cement (4100 cm?/g).

e  Fresh state mortar properties

Our analysis shows that the substitution of cement by SS has no effect on the flow
times. Indeed, all mixes present a good flow time with values close to 7 s. The water content
required for the normal consistency of paste is similar for the CM and M-5SS5 and decreased
slightly with the incorporation of 10% of SS (Figure 9a). However, the water requirements of
SS cement are comparable to those of conventional supplementary cementitious materials,
such as pozzolana, fly ash, and slag [22].
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Figure 9. (a) Flow time and (b) SS mortars setting time.

The evolution of initial and final setting time of cement pastes with the SS ratio increase
is presented in Figure 9b. The values of setting times of all paste mixes are in accordance
with the NF P 15-431standard [16]. The results show that the increase of the SS content up to
10% slightly reduced the initial setting times compared to the control paste. At the cement
substitution ratio of 5%, the SS decreased the initial and final setting time by 5 min and
8 min, respectively in comparison to those of the control paste. At the cement substitution
ratio of 10%, the SS decreased the initial setting time by 5 min, but the final setting time
increased slightly, by 20 min. The decrease in setting time is expected and is probably due
to the high finesses of SS particles, which leads to a significant increase in the number of
nucleation sites, favoring the formation of more hydration products, and thus accelerating
the hydration reactions [23,24]. However, an increase in the SS rate below 10% of the
cement will increase the separation distance between hydrated cement particles, retard the
formation of capillary bridges, and delay the formation of an interlocking network between
the particles [25].

e  Compressive and flexural strength of mortar

The compressive and flexural strength values of elaborated mortars after 2, 7, 14,
and 28 curing days are presented in Figure 10. Regardless of the considered formulation,
the mortar’s compressive strength increases with time. The results show also that only
the 5% cement replacement by SS produced higher strength for all curing times. Indeed,
the compressive and flexural strengths for the M-555 mortar increase, and surpass the
control mortar at 28 days, by 6.6 %. The maximum compressive strength at 28 days is
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then obtained with 5% SS replacement with a value of 60.45 MPa. Above 10% of SS
substitution, the compressive strength decreases with the replacement rate and is greater
than 50 MPa. However, the results obtained for the cement mortar mixes with 10% of SS
are still acceptable for application in the construction industry.

=
o

8.56

=
5 9 8.13
¥ 7.91 7. 95 4
) 8 T ok 7.26
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0 4 -
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A
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g
)
Zz 1o
0
2 days 7 days 14 days 28 days

Figure 10. Average compressive and flexural tensile strengths at different ages of the mixtures with
SS additions.

Generally, only certain mixtures with calcium carbonates systems (such as limestone
and SS) resulted in high compressive strength compared to the CM. The decrease in strength
at high levels of replacement is probably due to the high finesses of SS compared to cement,
and the subsequent aggregation of SS particles at high proportions. The aggregation of SS
particles will destabilize the system by preventing the formation of homogeneous hydrated
microstructures, and thus leading to a strength decrease [26].

If the content of shells and the distance between the SS particles are appropriate, the
CSH hydration will be suitably controlled, limiting the growth of portlandite. In addition,
the high fineness of SS particles in mortar promotes the hydration of cement due to their
high activity and the dissolution of calcium present at high proportions.

After 28 days of age, Raman examinations of the control mortar surface (Figure 11)
reveal the presence of C-S-H.

There has been extensive research on the Raman spectra of the C-S-H systems [27,28].
Si-O stretching is responsible for the band with the highest intensity at 680 cm~!. A
contribution at 445 cm ™! is attributed to the twisting and stretching of the Si-O-Si bounds,
and bands in the range of 950 to 1100 cm~! are connected to the symmetric stretching
modes of Q, species in silicates (Si-O). These bands are present in the low wavenumber
range (100-360 cm™~!) and are attributed to the lattice vibrations of Ca O polyhedra. When
the Raman spectra of C-S-H formed on non-substituted mortars and SS5-S510 are compared,
there is a significant increase in intensity and decrease in bandwidths of the vibrational
modes (lattice vibrations of Ca-O polyhedral) as a function of seashell content increase.
This phenomenon is due to the addition of scallop shells, which lead to an increase in the
ordering of the calcium environment, resulting in a higher degree of polymerization.
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Figure 11. Raman spectra of the mortar surfaces after 28 days of curing.

For the specimen with seashell, ettringite produced by the C3S hydration of cement
is also formed, in addition to C-S-H. Calcite can be found in all mortar samples (not
shown here). The release of Ca?* and CO32~ ions occurs after the dissolution of calcite
originating from seashells. The dissolved CO32~ ions can also participate in hydration
processes, particularly those involving the aluminate phases, resulting in the development
of carboaluminate hydrates instead of sulfoaluminate hydrates, stabilizing the ettringite
developed at young ages [2].

Several studies have examined the use of shells as partial substitute in cement [2,3,29].
The amounts of ettringite and calcium carboaluminate in the mixtures increased as the
amount of shell powder increased. This explains how shell powder can promote the pre-
cipitation of hydration products (C-S-H). The effectiveness of seashells was attributed to
the liberation of CO32~ ions, which led to the formation of carboaluminates and the reduc-
tion of concrete porosity, which increased flexural and compressive strengths. Wang et al.
demonstrated that the water absorption of concrete increases with CaCOj3 content, and that
concrete with a higher cockle shell ash content is more porous [30].

e  Thermal conductivity of seashell concrete

As can be seen from Table 8, thermal conductivity of the formulated control con-
crete is 1.95 W-m~1.K~!. For the specimen M-5510, the value of thermal conductivity
is .78 W-m~1.K~1. These results shows that the addition of SS slightly improves the
thermal conductivity of the concrete. Indeed, the use of 10% of SS decreased the thermal
conductivity by 9% at 20 °C in comparison with standard concrete.

Table 8. Variation of the thermal conductivity, porosity, and density of the concretes elaborated with
different proportions of SS after 28 days of curing. Standard deviations are calculated for 3 replicates.

Sample Porosity Density (g-cm—3) Thermal Conductivity (W-m—1.K—1)
M 32% 2.37£ 0.5 1.95+0.03
SS5 28% 228 £0.5 1.86 £ 0.02
SS10 25% 225+ 0.5 1.78 £0.02

e Life cycle analysis

The environmental impact results of shell concrete production are presented in Figure 9
for 1 m? using SimaPro tools. The impact results are presented as a percentage of the
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greatest impact in each category. The results show that the cement and sand materials
stand out as the largest contributors to the environmental impacts. For 10% of cement
substruction by shells, cement has an impact of 80% for the indicator “Climate change”
(Figure 12a). Furthermore, the shells generate a maximum rate of 41% for the indicator
“Marine eutrophication”. This seems to indicate that including 10% shells represents a
decrease of up to 40% of the environmental impact, depending on the category of impact
considered (Figure 12b).

=== Cement impact_100% Schells ==@==Cement impact_50% Schells

Cement impact_10% Schells Cement impact_5% Schells

Acidification (fate not
incl.)

Ozone layer depletion

(ODP) (optional) Eutrophication

Abiotic depletion,
fossil fuels

Global warming
(GWP100a)

Abiotic depletion) fhotochemical
Q elements oxidation

Cement Water Sand Gravel Schells

a-Distribution of raw material impacts — Schells (10%) concrete (SimaPro) b- Cement impact (SimaPro)

Figure 12. Environmental impact. (a) Distribution of raw material impacts and (b) Cement impact.

To identify the elements of the life cycle of a building (Figure 3) based on shell concrete
(10%), a contribution analysis has been carried out using Pleiades software, as shown
Figure 13. This analysis focuses on 33 impact indicators representative of the sum of the
four phases of a building’s life cycle (construction, use, renovation, and demolition). The
simulation was made for a life cycle based on four occupants. The results show that the
construction and renovation phases are the most important. This finding confirms the
results obtained by Lotteau et al. [31] who showed that the utilization phase of the building
produces the most important environmental impacts in terms of quantity.

Therefore, we focused particularly on the greenhouse effect, as shown Figure 14.
Given the importance of the use and retrofit phases, it is interesting to determine which
assumptions lead to this difference. The results show that the heating is the most impactful
element. The use of a gas boiler has a significant impact on the environment, because
of its lifespan, and has a very important impact on all the indicators. It is considered
that DHW (Domestic Hot Water) tanks and HVAC systems (Heating, Ventilation, and
Air-Conditioning) should be replaced every 20 years. The renovation phase consists mainly
of the renewal of windows and internal walls.

e  Hygrothermal behavior

The building is located in Trappes, France, which has a humid climate with mean
values of temperature and humidity of 14 °C and 75%, respectively. The weather data used
in this work was obtained from the database embedded in the WUFI® Plus program, which
is shown in Figure 15.
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Figure 14. Greenhouse effect for the use and retrofit phases.

For the simulation, it is assumed that the building has four occupants. In this study
we are interested in hygrothermal comfort, as shown in Figure 16, without mechanical
cooling /heating systems. As shown in Figure 16a, a high indoor relative humidity has
been observed which can negatively influence human health. For some time periods, the
optimal thermal comfort was not ensured, and circles move outside of the optimal thermal
comfort region due to the higher relative humidity. A good level of comfort can also be
found in other periods. The variation of humidity inside the building is influenced by
the occupants and the porosity of the wall. For this purpose, in Figure 16b we present
the variation of inner moisture source (occupants) and moisture exchange with partitions.
The results in Figure 16b show that the wall can provide, or release moisture generated by
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the occupants. Positive values represent moisture added to the zone and negative values
represent moisture leaving the zone.
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Figure 15. Climatic conditions.
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Figure 16. (a) Hygrothermal comfort and (b) moisture flow.
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4. Conclusions

This paper presents the effects of cement substitution by scallop shells at different
levels. The hygrothermal and mechanical characterizations of the scallop shell concrete
sample as well as the numerical analysis accompanied by LCA yield some promising
findings, which may be summarized as follows:

e  The replacement of cement by up to 10 wt.% of scallop shells does not significantly
affect mortar properties.

e  The greater effectiveness of scallop shells is attributed to their higher calcium content
and the high finesses of SS particles in mortar, which promote the hydration of cement
due to their high activity and the dissolution of calcium present at high proportion in
scallop shells.

e A real potential for the use of scallop shells by-products as partial replacement for
cement, at an optimum rate of 10% is evidenced.

o  This new material is a good candidate to extensively contribute to the achievement
of sustainable development goals and carbon emission reduction. Indeed, the results
indicate that cement substitution by 10% shells in concrete represents a decrease up to
40% of the environmental impact.

e  The results found using Wufi, show that the wall ensures a hygroscopic exchange
which allows the evacuation of the humidity generated by the occupants.

These initial findings highlight the need for further complementary investigations.
Indeed, this work presents some limitations:

e  With regard to thermal properties, thermal conductivity and thermal diffusivity has
been studied; nevertheless, mass loss via a differential scanning calorimeter and
thermo-gravimetric analysis is necessary to determine selected characteristics of ma-
terials that exhibit either mass loss or gain due to decomposition or oxidation. XRD
analysis will also be necessary to understand the effect of the addition of carbonates on
the mineralogical composition of the concrete, and thus to understand the hydration
mechanism of the cement.

e  The shear behavior hear is one of the properties to be studied in the futur as fracture
in a material is often due to shear.
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