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Abstract

This study investigates the feasibility of recycling scallop shells as a partial substitute
for natural coarse aggregates in concrete at replacement rates of 20%, 30%, and 40% by
mass. The originality of the work lies in combining conventional mechanical and durability
tests with a six-month environmental monitoring protocol under simulated rainfall and
an end-of-life regulatory interpretation of chemical release. Processed shells were used
as a 2/20 mm coarse fraction and characterized by a density of 2713 kg/m3, a water
absorption of 2.93%, and a Los Angeles coefficient of 15.1. At 28 days, compressive strength
decreased from 33.7 MPa for the reference concrete to 27.9 MPa, 28.1 MPa, and 26.7 MPa
for SS20, SS30, and SS40, respectively. Water-accessible porosity increased from 7.8% to
9.9%, and carbonation depth after 70 days increased from 6.2 mm to 12.8 mm at 40% shell
replacement. In contrast, chloride ion migration decreased from 19.0 × 10−12 m2/s for the
reference concrete to 17.4, 16.3, and 12.1 × 10−12 m2/s at 90 days for SS20, SS30, and SS40,
respectively. Environmental monitoring showed low runoff concentrations for anions and
trace metals, all below the French regulatory thresholds considered in this work. Under
the conditions of this study, shell replacement up to 30% appears technically feasible for
non-structural or lightly loaded applications, while the environmental behavior remained
compatible with an inert end-of-life classification.

Keywords: shell waste recovery; sustainable concrete; circular economy; recycling;
environmental monitoring; end-of-life safety

1. Introduction
The utilization of natural resources in the construction industry is a matter of sig-

nificant concern, as it gives rise to numerous environmental and economic issues. The
substantial consumption of natural aggregates, which are indispensable for concrete pro-
duction, exerts mounting pressure on ecosystems, contributing to the degradation of
natural habitats and the exhaustion of quarries. Considering these concerns, the recycling
of waste from other industries emerges as a promising alternative strategy to mitigate the
environmental impact of construction. Among the industrial and agri-food by-products
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that can be reused in civil engineering, shellfish waste, particularly from scallops, stands
out as a resource that has not yet been fully utilized for its potential.

These by-products of the shellfish industry are produced in large quantities every year,
and their disposal poses considerable environmental and economic challenges. France, the
world’s second-largest shellfish producer, produces an average of 150,000 tons of shellfish
by-products every year [1,2]. The accumulation of shellfish in landfill or in the natural
environment leads to various nuisances, such as visual pollution, greenhouse gas emissions
during decomposition, and high management and transport costs. Indeed, meatless shells
represent nearly 86% of the total mass of shellfish, and represent a significant potential
source of waste to be managed [3]. Consequently, their incorporation into construction ma-
terials, particularly reinforced concrete, appears to be an innovative solution for combining
waste reduction and the preservation of natural resources [4].

Research into the reuse of shellfish waste in concrete has shown that shellfish, rich
in calcium carbonate (CaCO3), can be incorporated into the formulation of cementitious
materials. They can partially replace traditional aggregates or be crushed and used as
mineral fines to modify the structure of concrete. This approach has a dual advantage:
it reduces the extraction of sand and gravel, which are non-renewable resources, while
recovering an abundant waste product, thus contributing to the circular economy [5]. In
addition, some studies suggest that adding shells to the concrete matrix could modify
its mechanical and physical properties, notably by influencing its porosity, compressive
strength and durability against external aggressors, such as carbonation and chloride
penetration [6].

The recycling of shells is of considerable interest for several sectors, including con-
struction, water purification, agriculture, catalysis, and biomaterial production [7–12]. In
concrete technology, this interest is part of a broader search for alternative aggregates and
fillers derived from recycled concrete, dredged sediments, and industrial or bio-based
wastes [13–16]. In the specific case of scallop shells, their high calcium carbonate content
makes them attractive as aggregate substitutes, but their practical use still depends on
controlling fresh-state behavior, compactness, and long-term durability [4,13,17–25].

The state of the art on the use of shells in concrete highlights different experimental
approaches and possible applications. Several studies have explored the integration of
marine shells as a partial substitute for traditional aggregates or as a mineral filler in the
cementitious matrix [26–34]. According to Mo et al. (2018), shells can be incorporated after
heat treatment or grinding to improve their compatibility with concrete [4]. In the present
study, the processed shell aggregate was used as a crushed and sieved 2/20 mm fraction,
with a density of 2713 kg/m3, a water absorption of 2.93%, and a Los Angeles coefficient of
15.1, which confirms that it can be handled as a coarse recycled aggregate rather than as a
powder addition.

Some research shows that the addition of shells influences the porosity and mechanical
strength of concrete. Tayeh et al. (2019) found that up to 20% substitution of aggregates by
shells results in concrete with acceptable performance for non-structural applications [5].
In parallel, Edalat-Behbahani et al. (2019) studied the effect of shell powder as a cement
substitute and observed a reduction in initial strength, offset by a gradual gain in long-term
strength [25].

Other work has focused on the durability of concrete incorporating shells. Zhu et al.
(2024) demonstrated improved resistance to carbonation and reduced water absorption at
low substitution rates [20]. However, certain challenges remain to be overcome, notably in
terms of reinforcement adhesion, shrinkage and behavior in aggressive environments [6].
So, although several advances have been made, further research is still needed to opti-
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mize shell incorporation and better understand their effects on concrete microstructure
and durability.

Despite the growing literature on shell-based concrete, most studies remain focused
on short-term mechanical response and conventional durability indicators measured under
controlled laboratory conditions. Published work rarely links the evolution of concrete
durability to its environmental behavior during outdoor exposure and to its regulatory status
at the end of its service life. As a result, the practical implications of shell incorporation for
waste management and post-demolition classification remain insufficiently documented.

In particular, data from long-duration runoff monitoring is still scarce. Standard
leaching tests performed on crushed materials provide valuable compliance information,
but they do not capture progressive surface wash-off, runoff chemistry, or the cumulative
effect of repeated wetting under near-service conditions. This gap is especially important
for shell-based concretes, because calcium carbonate-rich aggregates can modify both the
transport properties of concrete and the chemistry of the released water.

Another limitation of the current literature is that durability and environmental com-
patibility are generally discussed separately. Studies frequently conclude on the mechanical
feasibility of shell substitution, but they seldom combine durability indicators such as
carbonation or chloride migration with a time-dependent monitoring of chemical release
and an interpretation in terms of end-of-life waste classification.

The research novelty of the present work therefore lies not in the use of scallop
shells alone, but in the combined assessment of (i) mechanical and physical performance,
(ii) durability indicators, (iii) six-month simulated-rainfall monitoring, and (iv) end-of-life
environmental compatibility within a single experimental framework. This integrated
approach was designed to provide a more realistic basis for assessing the feasibility of
shell-based concrete in a circular-economy perspective.

In this context, this study proposes an integrated experimental evaluation of concrete
incorporating scallop shells as a partial substitute for natural coarse aggregates. The
objective is to identify the substitution range that remains acceptable when considering
mechanical response, physical properties, durability evolution, runoff quality during
service-like exposure, and environmental safety at the end of life. The work is intended to
support practical decision-making for shell waste valorization in concrete rather than to
claim universal validity for all shell types or all concrete formulations.

2. Results and Discussion
2.1. Mixture Proportions and Selection of Replacement Ratios

The present study was designed to evaluate the effect of replacing natural coarse
aggregate with scallop shells in concrete. Four mixtures were prepared: a reference concrete
without shells and three concretes in which natural gravel was replaced by scallop shells at
20%, 30%, and 40% by mass (SS20, SS30, and SS40, respectively). These replacement rates
were selected to represent moderate, intermediate, and high substitution levels within the
range commonly investigated for shell aggregate concrete, where progressive incorporation
is generally used to identify the threshold beyond which the benefits of waste valorization
are offset by excessive losses in technical performance [19,27,35]. Lower replacement
levels were not prioritized because they were expected to produce only limited material
substitution effects, whereas higher replacement rates are more frequently associated
with marked reductions in compactness, strength, and durability-related performance in
shell-based concretes [26,35]. In order to isolate the specific effect of shell incorporation,
the cement, limestone filler, admixture, and effective water contents were kept constant
for all formulations. Workability was not directly investigated in the present study and
therefore cannot be quantitatively discussed from the available dataset. This aspect should
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be addressed in future work through dedicated fresh-state testing. The four formulations
are presented in Table 1 below. A representative view of the concrete slabs after surface
sandblasting is shown in Figure 1, illustrating the presence of shell particles in the slabs.

Table 1. Scallop shell concrete mix proportions (kg/m3).

Component [kg/m3] Ref SS20 SS30 SS40

Sand 820 820 820 820
Gravel 820 656 574 492
Scallop Shell 0 164 246 328
Cement 330 330 330 330
Limestone Filler 130 130 130 130
Admixture 4 4 4 4
Effective water 180 180 180 180

Figure 1. Surface appearance of concrete slabs after sandblasting (2 different sandblasting levels for
the same sample).

2.2. Physical Properties: Porosity, Density and Water Absorption

The experimental findings in Table 2 concerning the porosity, density, and water
absorption of concrete incorporating scallops demonstrate significant effects resulting from
the substitution of natural aggregates with these marine co-products. Initially, a steady
rise in porosity is observed, with the reference concrete exhibiting a value of 7.8% and the
SS40 concrete reaching 9.9%. This enhancement is attributable to the porous, irregular, and
less dense nature of the shells, which disrupts the overall compactness of the cementitious
matrix. Mo et al. (2018) have previously noted that marine shells, despite their abundance
of calcium carbonate (CaCO3), do not possess the same degree of compaction capacity as
natural aggregates, thereby increasing concrete porosity [4].

Table 2. Physical properties of scallop shell concrete.

Formulation Ref SS20 SS30 SS40

Porosity [%] 7.8 ± 0.3 8.3 ± 0.5 8.5 ± 0.7 9.9 ± 0.7
Density [kg/m3] 2413 ± 12 2308 ± 18 2264 ± 24 2228 ± 25

Water absorption [%] 4.5 ± 0.1 4.5 ± 0.1 4.7 ± 0.2 5.1 ± 0.2

This phenomenon is further substantiated by the observed decline in density, from
2413 kg/m3 (reference concrete) to 2228 kg/m3 for SS40. This reduction in density is
attributable to the lower mass of shells relative to conventional mineral aggregates. As
Tayeh et al. (2019) have demonstrated in their study, the substitution of shells for aggregates
in concrete results in a substantial reduction in density, accompanied by an enhancement
in porosity and permeability [5].
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The water absorption of the samples increased from 4.5% (Ref and SS20) to 5.1% for
SS40, indicative of the elevated permeability of the cementitious matrix. This parameter
is of critical importance, as greater water absorption exposes concrete to a heightened
risk of degradation by external agents (freeze–thaw, chloride ions, sulfates). Bamigboye
et al. (2020) have highlighted this direct correlation between an increase in the rate of shell
substitution and a rise in porosity and water absorption, affecting the long-term durability
of concrete [6].

In a related study, Zhu et al. (2024) observed that the increase in porosity associated
with the incorporation of shells can be partially offset by heat treatments or mineral addi-
tions [20]. However, they noted that beyond certain thresholds (above 30–40% substitution),
the adverse effects on durability become pronounced.

In summary, the incorporation of scallops into concrete results in alterations to its
physical characteristics, rendering it both more lightweight and more porous and absorbent.
These alterations can be accommodated in non-structural applications or managed through
complementary strategies; however, they impose constraints on complete substitution
without optimized formulation.

2.3. Mechanical Property: Compressive Strength

Table 3 presents the compressive strength measured at 24 h, 14 days, and 28 days
for the different mixtures. The results indicate a progressive reduction in strength with
increasing shell content, although the magnitude of the loss remains moderate up to
30% replacement.

Table 3. Compressive strength of scallop shell concrete.

Compressive Strength [MPa] Ref SS20 SS30 SS40

24 h 13.3 ± 0.5 12.5 ± 0.4 12.2 ± 0.5 13.9 ± 0.6
14 days 23.4 ± 0.9 21.5 ± 0.8 21.3 ± 0.9 19.2 ± 0.8
28 days 33.7 ± 1.3 27.9 ± 1.1 28.1 ± 1.4 26.7 ± 1.9

The 28-day compressive strength decreased from 33.7 MPa for the reference concrete
to 27.9 MPa for SS20, 28.1 MPa for SS30, and 26.7 MPa for SS40. At 24 h, the differences
were smaller and SS40 even reached 13.9 MPa, slightly above the 13.3 MPa measured for
the reference mixture. At later ages, however, the shell-containing concretes showed lower
strength development, which is consistent with their higher porosity and less efficient
aggregate-paste interface.

The analysis of the results indicates that the incorporation of scallops into concrete
structures leads to alterations in the internal structure of the concrete. This is likely at-
tributable to the increased porosity and diminished effectiveness of the interface between
the shells and the cementitious matrix. The irregular shape and texture of the scallops
may diminish adhesion with the cement paste, consequently reducing the transmission of
mechanical loads [27].

2.4. Long-Term Properties: Total Shrinkage

An analysis of the experimental results for total shrinkage over 90 days reveals a
significant change as a function of the rate of substitution of aggregates by scallops as
shown in Figure 2. The reference concrete, devoid of scallops, exhibited minimal shrinkage,
reaching 311 µm/m after 90 days. This outcome aligns with the anticipated behavior for
compact, low-porosity concrete. In contrast, the gradual incorporation of shells resulted
in a substantial enhancement in shrinkage. Specifically, concrete containing 20% shells
(SS20) demonstrates a substantial increase in shrinkage, reaching 717 µm/m, which is
more than double the level observed in the reference formulation. This trend is more

https://doi.org/10.3390/recycling11060111

https://doi.org/10.3390/recycling11060111


Recycling 2026, 11, 111 6 of 22

pronounced in the SS30 and SS40 formulations, which show shrinkage of 920 µm/m and
1147 µm/m, respectively. This phenomenon can be attributed to the porous nature of the
shells, which facilitates water evaporation and reduces the compactness of the cementitious
matrix. Additionally, the irregular shape of these particles can generate additional voids
within the concrete, thereby increasing the degree of deformation that occurs during the
drying process.

Figure 2. Total shrinkage of scallop shell concrete.

These results are consistent with the observations of Mo et al. (2018), who demon-
strated that shell waste, despite its high calcium carbonate content, increases the porosity
of concrete and negatively impacts its dimensional stability [4] as mentioned above. Ad-
ditionally, Tayeh et al. (2019) have demonstrated that substituting more than 20% of the
concrete can lead to increased shrinkage, reduced compactness, and diminished mechani-
cal strength [5]. Finally, Bamigboye et al. (2020) specify that these effects are particularly
critical for structural uses, pointing out that formulations with high shell content require
additional adjustments to compensate for their negative influence on concrete durability
and dimensional stability [6].

2.5. Long-Term Properties: Chloride Ions Migration

As illustrated in Table 4, the data set encompasses chloride ion migration through
various concrete types. The measurement of chloride ion migration was conducted at three
distinct intervals: 28, 60, and 90 days. The concrete samples that were analyzed included a
control sample, SS20; SS30 and SS40.

Table 4. Chloride ion migration in scallop shell concrete.

Chloride Ion Migration (×10−12 m2/s) Ref SS20 SS30 SS40

28 d 16.9 ± 0.8 15.8 ± 0.7 14.1 ± 0.7 10.2 ± 0.6
60 d 19.0 ± 0.9 17.2 ± 0.8 16.0 ± 0.8 12.0 ± 0.8
90 d 19.0 ± 1.1 17.4 ± 0.9 16.3 ± 1.0 12.1 ± 0.8

After a duration of 28 days, chloride ion migration in the control concrete sample was
found to be 17 × 10−12 m2/s. Conversely, concrete containing 20% shells exhibited a 10%
reduction. This reduction increased with shell content, reaching 6.5%, 16.6% and 39.6% for
SS20, SS30 and SS40, respectively.
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At 60 days, the chloride migration rate increases to 19 × 10−12 m2/s for the refer-
ence concrete. The values obtained for SS20, SS30, and SS40 were 17.2 × 10−12 m2/s,
16 × 10−12 m2/s, and 12 × 10−12 m2/s, respectively.

This increase is limited after 90 days, indicating a stabilization of ionic migration.
For the reference concrete, the result is 19 × 10−12 m2/s. The values for shell-integrated
concrete are 8.4%, 14.2, and 36.3% lower for SS20, SS30, and SS40, respectively.

This trend may appear paradoxical because the shell-based concretes also exhibited
higher water-accessible porosity. However, total accessible porosity does not necessarily
reflect the pore structure that effectively governs chloride transport. As reported by Mo
et al. [4], shell crushing can generate fine calcareous particles that behave as reactive or quasi-
inert fines and may partially fill capillary pores, thereby modifying the microstructure. [4].
In addition, Zhu et al. [20] showed that concretes incorporating shells may exhibit a
denser paste/aggregate interfacial zone, which can improve resistance to ionic transport
despite a higher overall porosity [20]. In this context, shell incorporation may increase
the global void content through local surface irregularities and shell-associated pores,
while simultaneously refining the connected pore network and increasing its tortuosity.
Therefore, chloride migration in concrete incorporating scallop shell aggregates is not
governed solely by total porosity, but may also be influenced by the characteristics of the
connected pore network, including pore connectivity and tortuosity, together with pore
solution conductivity and chloride binding capacity [36–39]. Future studies could include
pore size distribution analysis and characterization of the shell–cement paste interfacial
transition zone (ITZ) to validate this interpretation.

Tayeh et al. (2019) also emphasize that the incorporation of shells up to 30% not only
ensures acceptable mechanical performance but also enhances durability against aggressive
agents such as chlorides, provided that the concrete formulation is meticulously controlled [5].

In summary, while the presence of shells does enhance the apparent porosity of the
concrete, their effect on chloride ion migration is beneficial.

2.6. Long-Term Properties: Accelerated Carbonation

The results in Figure 3 demonstrate that, irrespective of the measurement time, there is
an increase in carbonation depth with an increasing scallop substitution rate. After a period
of seven days, the carbonation levels of all formulations exhibited negligible change, with
measurements ranging from 0.5 mm for Ref to 0.5 to 0.6 mm for SS20 to SS40. At this early
stage, the concrete microstructure remains relatively closed, and CO2 penetration is minimal.

Figure 3. Carbonation depth of scallop shell concrete.
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After a 28-day period, more pronounced disparities emerge: the carbonation depth
increases to 1.1 mm for reference concrete, in comparison with 1.9 mm for SS20, 2.8 mm for
SS30, and 3.0 mm for SS40. This increase indicates that shell incorporation progressively fa-
cilitates carbonation, most likely because of the higher overall porosity, lower compactness,
and greater susceptibility to CO2 ingress in the shell-based mixes [4,18,20]. In addition,
carbonation is influenced not only by pore structure but also by moisture conditions and
alkaline reserve [40]. This finding aligns with the observations of Mo et al. (2018), who
noted that the increase in porosity resulting from the incorporation of shells facilitates gas
diffusion within the cementitious matrix [4].

After 70 days, the differences become even more significant: the reference concrete
reaches a carbonation depth of 6.2 mm, while SS20 rises to 8.2 mm, SS30 to 9.5 mm, and
SS40 to 12.8 mm. This progression substantiates the cumulative effect of porosity and
augmented absorption on the rate of carbonation reaction. Research conducted by Tayeh
et al. (2019) and Bamigboye et al. (2020) demonstrates that, at a certain substitution rate, the
decrease in density and the increase in connected pores encourage CO2 migration, thereby
diminishing the durability of the reinforcement coating zone [5,6].

In conclusion, although the valorization of scallops in concrete contributes to a more
sustainable approach, it requires fine management of the risk of carbonation, especially
for rates above 30%. Complementary strategies, such as the addition of admixtures or the
treatment of the shells to limit their porosity, could be considered to control this effect and
ensure long-term reinforcement protection.

2.7. Environnemental Monitoring

Table 5 presents the results of analyses of runoff water collected during ten sampling
campaigns carried out over a six-month period. The values reported herein correspond
to the concentrations measured for the main physicochemical and metallic parameters,
expressed in milligrams per liter (mg/L) or micrograms per liter (µg/L), as appropriate.
The results obtained are presented for the reference concrete (Ref) and the three formula-
tions containing scallop shells at varying substitution rates. The regulatory comparison
thresholds employed are delineated in the final column.

For the reference concrete, chloride concentrations varied between 25 and 35 mg/L
during the monitoring period. The sulfate values ranged between 15 and 50 mg/L. Flu-
oride levels remained low, generally below 0.3 mg/L. With regard to trace metals, the
concentrations measured for arsenic, cadmium, chromium, lead, and selenium remained
very low, often below the analytical detection limits. The levels of copper, nickel, zinc,
antimony, barium, and molybdenum remained relatively stable throughout the monitoring
period, with values generally below 10 µg/L. It is evident that no regulatory thresholds
were exceeded for the reference material in question.

For the SS20 formulation, chloride concentrations range from 32 to 45 mg/L. Sulfate
levels exhibited an incremental rise from 25 to 102 mg/L over the course of the monitoring
period. Fluoride levels typically remain stable at concentrations ranging from 0.18 to
0.3 milligrams per liter. Heavy metals such as arsenic, cadmium, and lead have been found
to be below the limits of detection. Copper levels have been observed to vary between 10
and 20 µg/L, while nickel levels have been shown to fluctuate around 10 µg/L. The zinc
values range from 5 to 8 µg/L, with the barium levels occasionally reaching 14 µg/L. It
is evident that other elements, including antimony, molybdenum and selenium, exhibit
concentrations that are negligible, with levels typically falling below 1 µg/L in the majority
of cases.
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Table 5. Main physico-chemical and metallic parameters of scallop shell concrete runoff water.

R
ef

Parameter 1 2 3 4 5 6 7 8 9 10 Threshold

Chlorides (mg/L) 25 28 26 30 30 29 32 35 34 30 200
Sulfates (mg/L) 15 18 20 40 38 35 50 55 55 50 150

Fluorides (mg/L) 0.1 0.12 0.13 0.18 0.18 0.18 0.22 0.25 0.25 0.22 0.7–1.7
Arsenic (µg/L) <5 <5 <5 <11 <11 <11 <11 <11 <11 <11 50

Cadmium (µg/L) <5 <5 <5 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 5
Chromium (µg/L) <5 <5 <5 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 50

Copper (µg/L) 10 12 10 12 5 5 7 7 7 7 1000
Nickel (µg/L) <5 <5 <5 <4.7 <4.7 <4.7 <4.7 <4.7 <4.7 <4.7 400
Lead (µg/L) <5 <5 <5 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 50
Zinc (µg/L) 5 5 5 5 <1 <1 5 5 5 5 5000

Antimony (µg/L) <0.20 <0.20 <0.20 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 60
Barium (µg/L) 5 8 5 8 7 7 12 12 12 10 1000

Molybdenum (µg/L) 0.1 0.15 0.1 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 500
Selenium (µg/L) <0.50 0.5 <0.50 <8.3 <8.3 <8.3 2 2 2 2 100

SS20

Parameter 1 2 3 4 5 6 7 8 9 10 Threshold

Chlorides (mg/L) 32 35 34 42 40 40 47 50 52 44 200
Sulfates (mg/L) 25 30 28 70 68 65 95 100 102 85 150

Fluorides (mg/L) 0.15 0.18 0.19 0.25 0.25 0.25 0.32 0.35 0.35 0.3 0.7–1.7
Arsenic (µg/L) <5 <5 <5 <11 <11 <11 <11 <11 <11 <11 50

Cadmium (µg/L) <5 <5 <5 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 5
Chromium (µg/L) <5 <5 <5 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 50

Copper (µg/L) 15 20 18 20 10 10 14 15 14 12 1000
Nickel (µg/L) <5 <5 <5 <4.7 <4.7 <4.7 8 8 8 7 400
Lead (µg/L) <5 <5 <5 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 50
Zinc (µg/L) 15 15 12 10 5 6 12 13 15 10 5000

Antimony (µg/L) <0.20 <0.20 <0.20 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 60
Barium (µg/L) 10 12 10 15 14 14 28 28 28 27 1000

Molybdenum (µg/L) 0.2 0.25 0.23 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 500
Selenium (µg/L) <0.50 0.9 0.6 <8.3 <8.3 <8.3 5 5 5 5 100

SS30

Parameter 1 2 3 4 5 6 7 8 9 10 Threshold

Chlorides (mg/L) 35.4 42.9 37.4 51 51 50 59 75 75 52 200
Sulfates (mg/L) 28 51.2 41.2 90 85 82 122 126 123 110 150

Fluorides (mg/L) 0.18 0.21 0.21 0.3 0.3 0.3 0.4 0.4 0.41 0.4 0.7–1.7
Arsenic (µg/L) <5 <5 <5 <11 <11 <11 <11 <11 <11 <11 50

Cadmium (µg/L) <5 <5 <5 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 5
Chromium (µg/L) <5 7 <5 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 50

Copper (µg/L) 30 40 30 34 16 16 17 18 18 20 1000
Nickel (µg/L) <5 <5 <5 <4.7 <4.7 <4.7 13 12 12 12 400
Lead (µg/L) <5 <5 <5 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 50
Zinc (µg/L) 20 20 20 18 8.6 8.8 22 23 20 20 5000

Antimony (µg/L) <0.20 <0.20 <0.20 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 60
Barium (µg/L) 13.3 24.6 21.1 20 21 21 43 43 44 40 1000

Molybdenum (µg/L) 0.28 0.39 0.25 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 500
Selenium (µg/L) <0.50 1.87 0.73 <8.3 <8.3 <8.3 10.5 10 9.1 9.5 100

SS40
Parameter 1 2 3 4 5 6 7 8 9 10 Threshold

Chlorides (mg/L) 43.4 40.3 38.3 49 44 43 59 50 74 45 200
Sulfates (mg/L) 52.4 47.1 40.6 83 75 70 122 126 125 90 150

Fluorides (mg/L) 0.31 0.2 0.21 0.3 0.3 0.3 0.4 0.43 0.41 0.4 0.7–1.7
Arsenic (µg/L) <5 <5 <5 <11 <11 <11 <11 <11 <11 <11 50

Cadmium (µg/L) <5 <5 <5 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 5
Chromium (µg/L) <5 <5 <5 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 50

Copper (µg/L) <5 30 30 31 7.2 7.6 15 19 16 15 1000
Nickel (µg/L) 40 <5 <5 <4.7 <4.7 <4.7 12 12 12 12 400
Lead (µg/L) <5 <5 <5 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 50
Zinc (µg/L) 60 50 30 7.6 <1 2.2 20 22 37 18 5000

Antimony (µg/L) <0.20 <0.20 <0.20 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 <5.7 60
Barium (µg/L) 25.9 23.2 20 21 19 19 43 43 43 42 1000

Molybdenum (µg/L) 0.43 0.34 0.24 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 <8.8 500
Selenium (µg/L) 1.72 1.61 0.8 <8.3 <8.3 <8.3 <8.3 8.7 8 6 100

In the case of the SS30 formulation, chlorides increase slightly at the beginning of
the period (35 to 50 mg/L), before stabilising between 70 and 126 mg/L towards the end
of the monitoring period. Sulfates, conversely, exhibited a comparable trend, attaining a
maximum of 126 mg/L during the ninth campaign. Fluoride levels remained low, below
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0.5 mg/L. Concentrations of arsenic, cadmium, chromium, and lead were predominantly
below the limits of detection. The average concentrations of elements such as copper and
nickel ranged from 10 to 15 µg/L. Zinc levels ranged from 5 to 10 µg/L, while barium levels
reached a maximum of 18 µg/L. The concentrations of specific trace elements (antimony,
molybdenum, and selenium) were found to be below 1 µg/L, indicating an absence or
paucity of these elements.

The SS40 formulation exhibited chloride concentrations ranging from 31 to 56 mg/L
at the commencement of monitoring, reaching 126 mg/L in the final campaign. Sulfate
concentrations ranged from 32 to 125 mg/L, exhibiting a comparable trend to that observed
in SS30. Fluoride concentrations remain below 0.4 mg/L. Heavy metals such as arsenic,
cadmium, and lead were not detected in quantities that exceeded the limits of detection.
The levels of copper, nickel and zinc remained comparable to other formulations, ranging
from 10 to 20 µg/L, 10 to 15 µg/L, and 5 to 8 µg/L, respectively. Barium levels exhibited a
range from 8 to 16 µg/L, while molybdenum and selenium levels remained below 1 µg/L
for the duration of the measurement periods.

Overall, the results show three main trends: (i) all measured concentrations remained
below the regulatory thresholds considered for interpretation; (ii) anions exhibited a gradual
increase before stabilizing, which is typical of an initial wash-off stage followed by chemical
equilibration; and (iii) trace metals remained consistently low, without any systematic
amplification with shell content. No significant anomalies were detected for anions or trace
metals. These results confirm the overall chemical stability of the materials during the
monitoring period, regardless of the rate of substitution with scallop shells.

2.7.1. Changes in Anions (Chlorides, Sulfates, and Fluorides)

Chloride and sulfate concentrations gradually increase over the course of sampling
campaigns before stabilizing, reflecting an initial leaching phenomenon typical of cementi-
tious materials subjected to watering or runoff cycles [35].

During the initial weeks of the setting process, soluble salts such as CaCl2 and CaSO4

present in the cement are eliminated through washings. Thereafter, the system attains a
state of chemical equilibrium between the cement matrix and the percolating water [21].

The SS30 and SS40 formulations exhibit marginally elevated chloride and sulfate
contents in comparison to the reference concrete. This behavior is consistent with the
increased presence of scallop shells, composed mainly of CaCO3, which promotes the
release of calcium ions and the secondary formation of soluble salts [41]. However, it is
notable that all values remain below the regulatory thresholds (200 mg/L for Cl− and
150 mg/L for SO4

2−) for these elements, thereby confirming the low solubility of the
compounds and the good chemical inertia of the matrix.

Fluoride levels remained stable, with a mean value of less than 0.4 mg/L, suggesting
that the carbonate materials present within the shells do not result in substantial fluoride
ion release. This finding is consistent with the observations reported by Martínez-García
and González-Fonteboa (2017) [26].

2.7.2. Behavior of Heavy Metals

Heavy metals such as As, Cd, Cr, Cu, Ni, Pb, and Zn were detected in concentrations
well below regulatory thresholds, demonstrating the cement matrix’s high retention capac-
ity. The predominant mechanisms encompass precipitation in the form of hydroxides at
elevated pH (>11), sorption on C–S–H (calcium silicate hydrate) phases, and encapsulation
within the pores of the concrete [13].

No significant increase was observed with the addition of shells, indicating that replac-
ing natural aggregates with shell waste does not alter the material’s chemical stability [22].
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Copper, nickel, and zinc exhibited minimal fluctuations (≤20 µg/L), which can be at-
tributed to the inherent variability of water-matrix interactions rather than active leaching.
Analogous trends were observed in concrete exposed to marine environments by McManus
et al., 2018 [42].

Antimony, molybdenum, and selenium have been found to be virtually undetectable,
thus indicating that there is a strong immobilization of non-essential trace elements by the
cementitious matrix. This finding has been demonstrated in leaching tests on oyster shells
by Kong et al. (2022) [21].

2.7.3. Influence of Shell Substitution Rate

The increase in the substitution rate (from 20% to 40%) does not result in a linear
relationship between shell content and the concentration of leached elements. Despite a
marginal increase in anions (Cl− and SO4

2−) observed in formulations with the highest
shell content, these values remain well below environmental limits.

These observations confirm the good chemical and mineralogical inertia of scallop
shells, which are dominated by calcite (CaCO3) and aragonite, two stable phases at basic
pH [35].

Furthermore, the presence of shells has been demonstrated to have a buffering effect
on pH, thereby limiting the mobility of metal ions (as evidenced by Zelloufi et al., 2024
in the context of shell concrete exposed to seawater [43]). These results corroborate the
findings of Peceño et al., 2019 [41], and Martínez-García et al., 2017 [26], which demonstrate
that partial replacement of aggregates with marine shells enhances durability without
compromising environmental compatibility.

2.7.4. Comprehensive Environmental Assessment

The results obtained in this monitoring exercise demonstrate that:

• All measured parameters are below the limit values set by the Decree of 11 January
2007, and the Decree of 12 December 2014 (criteria for inert waste).

• Concentrations remain stable over time, indicating controlled leaching.
• The promotion of metallic elements and the neutralization of acidic species is promoted

by basic pH values (>11). This has been confirmed by Chen et al., 2023 [13], and Kong
et al., 2022 [21].

Consequently, concrete incorporating scallop shells can be designated as a material
with minimal environmental impact, compatible with sustainable resource management
and the regulatory requirements for inert materials. It is important to note that the simulated
exposure corresponds to a concentrated accumulation of precipitation over time and
does not reflect the full range of aging mechanisms in concrete over several decades.
Nevertheless, this approach allows for a conservative examination of the environmental
behavior of a material already subjected to progressive surface degradation, representative
of a pre-demolition state.

3. Materials
3.1. Cement

Portland cement (CEM II/A-LL 52.5R) is utilized as a binder. This high-strength
cement is distinguished by its rapid hardening properties and is frequently employed in the
field of building construction. The cement’s chemical composition and physical properties
are delineated in its technical data sheet, which encompasses data on fineness, density, and
compressive strength. Detailed information on cement’s properties can be found in Table 6.
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Table 6. Cement characteristics.

Chemical characteristics [%]

SO3 2.5
MgO 0.7
Na2O 0.2
Cl− 0.02

Fire loss 1.1

Physical properties Blaine surface area [cm2/g] 3850
Absolute Density [kg/m3] 3030

Compressive strength [MPa]
1 d 21–28
2 d 34–42

28 d 56–66

3.2. Limestone Filler

The utilization of limestone filler in the majority of regional precast plants is predomi-
nantly driven by its cost-effectiveness. This selection is informed by economic imperatives,
while concurrently ensuring that the fundamental properties essential for concrete pro-
duction are maintained. For a comprehensive understanding of the characteristics of the
limestone filler employed, detailed product characterization is presented in Table 7.

Table 7. Limestone filler characteristics.

Component

CaCO3 98.2%
Cl− 0.003%

Sulfates 0.01%
Total silica 0.02

Others ≈1.77%

Blaine surface area [cm2/g] 6110

Particle size
Particles < 0.125 mm 98%
Particles < 0.063 mm 90%

Density Density 2700 kg/m3

3.3. Sand

Sand constitutes a fundamental component of concrete mixes, assuming a crucial role
in shaping the properties and performance of the final product. The sand utilized in this
study is 0/4 washed sand. The physical properties of fine particles are delineated in Table 8.

Table 8. Sand characteristics.

Properties Washed 0/4 Sand

Density 2630 kg/m3

Water absorption 0.1%
Sand equivalent 81.3
Fineness modulus 2.3

3.4. Coarse Aggregate

The concrete preparation stage employs semi-crushed washed stone as coarse aggre-
gate, with a maximum size of 12.5 mm. Local materials are utilized and incorporated into
the mixture in order to meet the requisite specifications. The physical properties of coarse
particles are described in the following Table 9.
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Table 9. Coarse aggregate characteristics.

Properties Semi-Crushed Washed Stones

Density 2460 kg/m3

Water absorption 2.4%
Freeze/thaw resistance 0.2
LOS Angeles 16.0

3.5. Scallop Shell Aggregate

Scallop shells used in this study were collected from local fishing industries after the
shellfish processing stage. Before use, the shells were stored outdoors for three months, al-
lowing natural cleaning under rain exposure and progressive removal of macro-debris and
microorganisms. They were then crushed, screened to obtain a particle size ranging from 2
to 20 mm, and finally washed to remove any remaining impurities before incorporation
into the concrete mixtures as presented in Figure 4.

The characterization of the shells was carried out mainly according to the standards
applicable to natural aggregates. Only the main physical properties relevant to this study
are reported in Table 10. The scallop shells exhibited an absolute density of 2713 kg/m3,
a water absorption coefficient of 2.93%, an acid-soluble chloride content of 0.055%, and a
Los Angeles coefficient of 15.1, indicating acceptable resistance for use as coarse aggregate
in concrete. The particle size distribution of the processed scallop shell aggregate was
controlled after crushing and screening to comply with the target 2/20 mm grading.

Table 10. Scallop shell characteristics.

Parameters Scallop Shell

Acid-soluble chloride content (%) 0.055

Absolute density (kg.m−3) 2713

Water absorption coefficient (%) 2.93

Coefficient Los Angeles LA 15.1

Figure 4. Scallop shell preparation.
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Subsequently, the proportions of the chemical elements in Table 11 constituting the
shells were analyzed by ICP-AES according to the following protocol:

1. Sample preparation

■ The shells were dried.
■ The shells were then pulverized using a pestle in a ceramic mortar, yielding

0.2 g of dry material.

2. Hot mineralization

■ The crushed samples were placed in a Teflon spray can.
■ Next, 6.66 milliliters of hydrochloric acid (HCl, 30%) and 3.33 milliliters of nitric

acid (HNO3, 69%) were added.
■ The Teflon spray was introduced into a Berghof Speedwave MWS-2 microwave

mineralizer, following a predefined program.
■ The sample was prepared for analysis. The digest was transferred to a 50 mL

flask and made up with ultrapure water.
■ The solution was stored at 4 ◦C in the dark until analysis.
■ The solution was then filtered through a 0.45 µm filter into a polypropylene tube.

3. Chemical analysis

■ Determination of elemental composition was conducted by the ICP-AES method.

Table 11. Elemental shell compositions.

Concentration
(g/kg)

Ca S Na Sr Mg Fe K Ni Al Mn

373.2 8.7 6.9 0.611 0.643 0.213 0.084 0.105 0.083 0.046

Concentration
(mg/kg)

As Zn Ba Mo Cu Co Pb Cd Se Si

7.83 6.15 6.15 1.84 2.17 1.28 1.18 <DL <DL <DL

Mineralogical characterizations of the shells were determined by DRX on a Siemens
D5000 diffractometer using copper Kα radiation (1.5418 Å wavelength) and by thermo-
gravimetric analysis (TGA) coupled with differential scanning calorimetry (DSC) on a
Netzsch Sta 449 F3 Jupiter® simultaneous thermal analyzer. For these analyses, the shells
were ground to a fine powder (less than 80 µm).

The outcomes of the mineralogical analysis, as determined by XRD, are illustrated in
Figure 5. The mineralogical composition of the shells is dominated by calcium carbonate,
specifically the form of calcite as observed in scallops. Assuming that the calcium quantified
by ICP-AES analysis originates from calcium carbonate (see Table 11), a semi-quantitative
mineralogical composition can be established. The mineralogical composition of scallops is
mainly calcium carbonate, with calcite predominating at 96.1% by mass.

3.6. Additive

In order to enhance the workability of self-compacting concrete, a superplasticizer
is incorporated into the mixture. Moreover, within the industrial process, an accelerating
admixture is utilized to facilitate the early demolding phase.
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Figure 5. Diffractograms of scallop shells (C: Calcite).

4. Experimental Methods
This section offers a synopsis of the investigative protocol established to evaluate the

technical and environmental performance of scallop-shell concretes. The tests conducted to
assess mechanical properties, physical characteristics, and chemical properties, as well as
potential environmental impacts, are presented herein.

4.1. Water-Accessible Porosity

The measurements of water-accessible porosity were carried out in accordance with
the standard NF EN 18-459 [44]. The principle of this method is to saturate concrete samples
under vacuum for 48 h, and then proceed with the various weightings: These included
hydrostatic weighing (Mwater), mass in air (Mair), and dry mass (Mdry).

The water-accessible porosity, denoted by P, is then calculated based on these mea-
surements using the following equation:

P =
Mair − Mdry

Mair − Mwater

4.2. Immersion Water Absorption

The immersion water absorption (Abs) test is a standardized procedure used to assess
the permeability and durability of concrete in accordance with NBN B 15-215:1989. The test
involves immersing a concrete sample in water at 20 ± 2 ◦C for a minimum of 48 h and
up to constant wet mass. Mass is considered constant when two successive weightings,
24 h apart, do not give a difference of no more than 0.1%. The amount of water absorbed is
then measured.

Abs =
Mwet − Mdry

Mdry

4.3. Compressive Strength

The evolution of the compressive strength of concrete was evaluated through tests
on cylindrical specimens at varying ages (24 h, 7 days, and 28 days), in accordance with
standard NF EN 12390-3 [45]. Prior to conducting the test, the concrete specimens are pre-
faced to ensure that their surfaces are perfectly flat. The experimental procedure involves
the execution of three replicates for each formulation.
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4.4. Total Shrinkage

Total concrete shrinkage is assessed in accordance with standard NF P 18-427 [46],
which describes the method for measuring the change in length of hardened concrete
specimens. The test involves the use of prismatic specimens fitted with studs to facilitate
accurate measurement of the change in length. The standard dimensions of the specimens
used in this test are 7cm × 7 cm × 28 cm. The test is carried out at a temperature of 20 ◦C
and a humidity of 65%.

4.5. Chloride Ion Migration

Accelerated electric-field chloride ion migration tests were carried out. The concrete’s
position is between two compartments as shown in Figure 6. The compartments are filled
with a chloride-containing solution on the upstream side and a chloride-free solution on
the downstream side. The voltage applied to the sample terminals was 30 volts to migrate
chloride ions from the upstream compartment to the downstream compartment. The
effective diffusion coefficient De (m2/s) was determined in accordance with the standard
XP P 18-462 [47].

Figure 6. Chloride ions migration.

4.6. Accelerated Carbonation

The experiment involves the observation of the depth of carbonated concrete in cylin-
drical concrete specimens as they are exposed to an atmosphere containing carbon dioxide
in accordance with XP P 18-458 [48]. The specimens are placed in a sealed carbonation
chamber where the CO2 concentration is maintained at 3%, the temperature is set at 20 ◦C,
and the relative humidity is kept at 70%. The depth of carbonation is measured periodically.

Concrete specimens were then immersed in a 1% alcoholic phenolphthalein solution
immediately following their removal from the carbonation chamber. This method was
employed to ascertain the thickness of the carbonated zone. The measurements were
obtained at three distinct intervals: after seven days, after 28 days, and after 70 days.

4.7. Environmental Monitoring Under Simulated Rainfall

During their lifetime, which can extend over several decades, materials present a risk
of releasing substances into water, mainly through leaching. The intrinsic composition of
certain raw materials can have various adverse environmental and health effects.

The study of leaching is generally based on specific laboratory tests designed for
mineral wastes. These tests characterize the properties of the material. However, leaching
is also influenced by several factors, in particular the environment in which the structure
is located.

In addition, this study uses an environmental monitoring system (Figure 7), which
consists of exposing samples, known as test plates, to artificially accelerated precipitation.
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Figure 7. Environmental monitoring system.

The aim of environmental monitoring is to measure changes in pollutants over time
using a specific run-off collection system (Figure 7). The test beds (Figure 8) are concrete
structures exposed to artificial rainfall to simulate as closely as possible the conditions in
which the product will be used.

For this study, the evaluation includes daily watering with 12 L of water from the drinking
water for six months (see Table 12) and a total of 10 samples (see Table 13). The simulated
rainfall protocol implemented aims to reproduce cumulative rainfall exposure equivalent to
approximately nine years of natural rainfall, based on local climate data. It does not claim
to reproduce the entire service life of a structure, but rather constitutes an accelerated and
conservative approach designed to assess surface runoff and potential leaching phenomena.

Table 12. Environmental monitoring data.

Fixed Input Data Value Unity

Rainfall for 2023 700 L/m2/an

Volume of rainwater applied per day 12 L/0.25 m2/j

Follow-up time 6 months = 26 weeks = 130 days

Figure 8. Sample subjected to environmental monitoring.
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Table 13. Sampling date.

Sampling Date 9 April 11 April 16 April 24 April 8 May 24 May 7 June 6 June 3 August 1 September

Collection number 1 2 3 4 5 6 7 8 9 10

Period between P
(n-1) and P 24 h 48 h 72 h 7 d 14 d 14 d 14 d 28 d 28 d 28 d

Exposure time [d] 1 3 6 13 27 41 55 83 111 139

The sampling phases are as follows:

- Collection of water in the collection tank.
- Filling of special vials for environmental analysis.

In order to interpret the results, the innovative concretes are compared with a control
concrete using the same test and analysis protocol, and the analyses of the recovered
water are compared with the environmental quality standards (EQS) in force, in particular
those defined by the decree of 11 January 2007 on the quality limits of surface fresh water
intended for the production of drinking water (excluding conditioned spring water), in
application of articles R.1321-38 [49] to R.1321-41 [50]. This normative choice is justified by
a more rigorous and demanding approach to the processing of the results. The following
analytical parameters have been selected:

- Anions: sulfates, chlorides, nitrates and fluorides.
- Trace heavy metals.
- TOC (total organic carbon)
- PCBs (polychlorinated biphenyls).
- PAH (polycyclic aromatic hydrocarbons).
- BTEX (benzene, toluene, ethylbenzene and xylenes).
- COD (chemical oxygen demand).
- DB05 (biochemical oxygen demand after 5 days).
- TSS (suspended solids).
- HCT (total hydrocarbons).
- Phenol index.
- Total nitrogen.

However, the decree of 11 January 2007 does not specify limits for the following
chemical elements:

- BTEX.
- TOC.
- PCB.
- Molybdenum.
- Nickel.
- Antimony.

For these parameters, the reference thresholds on the basis of which the results are
interpreted are those defined in the Decree of 12 December 2014 on the conditions for
the admission of inert waste to facilities classified under headings 2515, 2516, 2517 and
to storage facilities for inert waste classified under heading 2760 of the nomenclature of
classified facilities [51].

If the analyzed parameters remain systematically below the defined thresholds, their
monitoring is suspended. However, analyses of heavy metals and anions will continue
until the end of the monitoring program.
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5. Conclusions
This study investigated the feasibility of recycling scallop shells as a partial substitute

for natural coarse aggregates in concrete through an integrated experimental program
combining mechanical response, physical properties, durability indicators, and six-month
environmental monitoring under simulated rainfall.

The main technical results show that shell incorporation progressively altered the
concrete properties. Mechanical tests revealed a progressive decrease in the compres-
sive strength and compactness of the concrete with increasing shell substitution rates.
The 28-day compressive strength decreased from 33.7 MPa for the reference concrete to
27.9 MPa and 28.1 MPa for substitution rates of 20% and 30%, respectively, and reached
26.7 MPa for 40% shells. This trend remains compatible with non-structural or lightly loaded
applications up to 30% substitution, provided that appropriate design is implemented.

The durability indicators showed contrasting effects. Chloride ion migration was
reduced by 8 to 15% for formulations containing 20 to 30% shells and by up to approximately
36% for 40% substitution, despite a concomitant increase in water-accessible porosity from
7.8% to 9.9%. Conversely, the carbonation depth after 70 days of accelerated exposure
increased from 6.2 mm for the reference concrete to 8.2 mm, 9.5 mm, and 12.8 mm for
the formulations with 20%, 30%, and 40% shells, respectively, highlighting the need for
formulation control in reinforced structures.

From an environmental standpoint, the six-month runoff monitoring protocol
showed low release levels for all formulations. Chloride concentrations remained at or
below 74 mg/L, sulfates at or below 126 mg/L, fluoride at or below 0.43 mg/L, and the
analyzed trace metals generally remained below 20 µg/L or below the analytical detection
limits. These values stayed below the regulatory thresholds considered in this study and
support the chemical stability of the shell-based concretes during service-like exposure.

Under the conditions investigated here, substitution rates up to 30% appear to provide
the most balanced compromise between waste valorization and technical performance,
whereas 40% replacement leads to more pronounced losses in compactness, shrinkage
resistance, and carbonation resistance. From an industrial perspective, the proposed route
is compatible with a simple processing chain based on shell collection, outdoor maturation,
crushing, and sieving to a coarse 2/20 mm fraction, which makes it relevant for non-
structural or lightly loaded concrete products.

This work nevertheless has several limitations. Sulfate resistance, fresh-state work-
ability, detailed particle size distribution of the processed shells, and microstructural
characterization of the pore network and interfacial transition zone were not directly mea-
sured. These aspects should be addressed in future work to strengthen the interpretation
of the observed mechanisms and extend the field of application.
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