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Abstract

This study investigates the reuse of mussel shell waste as a secondary raw material in
bio‑cement mortars designed for the additive manufacturing of artificial reefs for marine
habitat restoration. The novelty of the research lies in combining a high recycled shell con‑
tent (60 wt.%), low‑clinker cement, and two 3D‑printing techniques: Extruded Material
Systems (EMS) and Powder‑Based Systems (PBS). Mechanical performance was evaluated
through flexural and compressive tests after 7, 28, and 91 days under both air and fresh‑
water curing conditions, while environmental impacts were assessed through Life Cycle
Assessment (LCA). The LCA evaluated both the environmental performance of shell‑based
mixtures compared with conventional materials and the impacts associated with the inves‑
tigated fabrication techniques. The best‑performing bio‑mixtures achieved compressive
strengths up to 46.01 MPa and flexural strengths up to 9.91 MPa after freshwater curing,
demonstrating the suitability of shell‑based mortars for submerged applications. LCA re‑
sults showed reduced impacts in land use and mineral resource depletion compared with
conventional mixtures, despite slightly higher energy and water demands associated with
shell pre‑treatment. The results demonstrate the technical and environmental feasibility
of integrating aquaculture waste into sustainable 3D‑printed marine restoration solutions.

Keywords: mussel shell recycling; bio‑cement mortar; circular economy; additive
manufacturing

1. Introduction
The search for more sustainable materials and the use of secondary raw materials

within waste valorization and resource recovery frameworks in the construction sector
are increasingly central topics in a context where waste management and the reduction of
natural resource extraction are global priorities [1,2]. This is particularly relevant for the
cement industry, which has seen significant growth in recent decades [3].

According to the World Cement Association, global cement production could reach
8.2 billion tonnes by 2030, confirming the key role of this material in building both the
present and the future [4]. Cement production is a pillar of the global economy, essential

Recycling 2026, 11, 95 https://doi.org/10.3390/recycling11050095

https://crossmark.crossref.org/dialog?doi=10.3390/recycling11050095&domain=pdf&date_stamp=2026-05-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/recycling
https://www.mdpi.com
https://orcid.org/0009-0004-5375-097X
https://orcid.org/0000-0001-9332-2372
https://orcid.org/0000-0001-9147-468X
https://orcid.org/0000-0002-7010-2649
https://doi.org/10.3390/recycling11050095


Recycling 2026, 11, 95 2 of 22

for infrastructure in emerging economies and urbanization in developed countries. How‑
ever, this sector is also one of the main sources of CO2 emissions, responsible for over 7% of
global greenhouse gas emissions, significantly contributing to climate change [4]. Cement
production generates large amounts of carbon dioxide, mainly due to the high tempera‑
tures required for the calcination of materials such as limestone and clay, a process that
occurs at about 900 ◦C [5].

In recent decades, the search for alternative low‑environmental‑impact materials in‑
dependent of virgin raw materials has become a priority, fostering the development of
innovative strategies to reduce the sector’s environmental footprint [6]. In this context,
the circular economy emerges as an important ally, capable of radically transforming the
way production processes are conceived, overcoming the linear model of extraction, use,
and disposal [7]. The goal of the circular economy is to overcome the linear consumption
model by transforming material and energy flows into virtuous and sustainable cycles in
which the waste of one system becomes a resource for another. In this way, the extraction
of natural resources is reduced and waste production is minimized through closed mate‑
rial cycles [1,8]. To reduce the environmental impact of the construction sector, research
focuses on two main areas: reducing the clinker content in cement through the use of alter‑
native materials with a lower carbon footprint and replacing primary natural aggregates
with recycled aggregates; these strategies promote more sustainable solutions for concrete
and cement mortars within a circular economy perspective [9–13].

Recent studies have further highlighted the environmental and technical potential of
recycled materials in cementitious composites. Recycled aggregates and recycled powders
can significantly reduce the consumption of virgin raw materials and construction waste
generation while improving resource efficiency and contributing to carbon neutrality tar‑
gets in the concrete sector [14]. Emerging approaches based on biomaterials offer further
opportunities to improve material durability, extend the service life of structures, and re‑
duce CO2 emissions associated with maintenance interventions in sustainable construc‑
tion systems [15]. Recent advances have also explored the use of marine‑based materials
in advanced cementitious composites for coastal and offshore applications, with the aim
of reducing resource consumption and dependence on conventional natural aggregates,
while improving the sustainability and resilience of marine infrastructures [16].

To address the need to make the cement industry more circular and sustainable, this
research proposes the reuse of mussel shells, a by‑product of the fishing industry often
destined for landfill. Through recycling and recovery processes, these waste materials can
be used as secondary raw materials in the formulation of bio‑cementitious mixtures con‑
taining a recycled percentage of shell‑derived material, thus contributing to the reduction
of environmental impacts [17]. This circular process is possible thanks to the composition
of bivalve mollusk shells, which consist of more than 90% calcium carbonate (CaCO3), a
fundamental material for numerous industrial applications, including the cement indus‑
try [18,19]. In 2022, global mussel production reached 1.927 million tonnes [20]. In the same
year, global exports of bivalve mollusks totaled USD 6.0 billion, accounting for about 3% of
the total value of aquatic product exports, confirming this as a growing sector [21]. Consid‑
ering that the shell represents about 60–70% of a mussel’s weight, huge amounts of shell
waste are generated annually [22]. This significant expansion of the sector, together with
the large amount of waste produced, makes it necessary to develop recycling and reuse
supply chains capable of transforming a by‑product into a resource and reducing the as‑
sociated economic and environmental costs [23,24]. Among the various circular economy
models, several studies in the literature have proposed the integration of shells into ce‑
ment mortars. Numerous studies have highlighted both the reuse opportunities and some
critical issues, mainly related to shell supply and regulatory restrictions [25].
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The integration of shells into cementitious mixtures has been the subject of research
for years, highlighting both reuse opportunities and some critical issues, mainly related to
the final material’s strength, shell sourcing, and legislative restrictions [26–29].

To overcome the limitations related to shell supply, this study focuses on the reuse of
shells in a cementitious mixture specifically formulated for an innovative application field:
the construction of artificial marine reefs. In fact, the integration of bivalve shells into large‑
scale cement production would be difficult to implement due to the enormous quantities
required by the global cement industry and the transport and treatment processes needed
to make the shells suitable for such extensive use. However, the use of this mixture in
a specific application context, such as the construction of artificial barriers, facilitates its
implementation, enhances its environmental benefits, and opens new opportunities for
the creation of value chains and emerging market sectors [30].

Artificial reefs are structures designed to enhance marine biodiversity, providing shel‑
ter and substrates for the colonization of marine organisms [31]. They mimic natural habi‑
tat characteristics, encouraging the growth of corals, algae, and the presence of fish and
invertebrates [32]. The continuous decline in marine biodiversity, exacerbated by direct
and indirect human impacts, pollution, overfishing, and habitat destruction, has made the
adoption of innovative conservation and restoration strategies essential [33].

The innovation of this study in proposing the reuse of shells in a cementitious mor‑
tar lies in several key aspects. First, the developed mortar incorporates 60% by weight
of recycled aggregates derived from mussel shells, a significantly higher percentage than
those commonly reported in shell‑based cementitious mixtures [34]. This approach pro‑
motes virtuous recycling mechanisms while ensuring adequate technical performance for
specific applications, such as the construction of artificial reefs. Secondly, the material was
specifically formulated for additive manufacturing applications and the construction of
regenerative artificial barriers, combining circular waste valorization, low‑clinker cemen‑
titious systems, and 3D printing technologies aimed at restoring marine ecosystems.

The aim of this research, in fact, is to develop a bio‑cementitious mortar formulated for
the production of artificial barriers through 3D printing, intended to support the restora‑
tion of marine ecosystems. In particular, the bivalve shell‑based mortar is designed to
promote the recovery of the European flat oyster (Ostrea edulis), a species severely affected
by human activities and climate change [35]. The study therefore promotes the reuse of
bivalve shells to support the repopulation of other species through 3D‑printed reefs, while
also enhancing their bio‑attractiveness and colonization capacity [36].

3D printing is particularly suitable for the creation of marine structures within a cir‑
cular perspective, as it allows the reproduction of complex shapes and diversified habi‑
tats by adapting the design to specific environmental needs, seabed conditions, and target
species for repopulation [37–39]. Moreover, 3D printing, which enables the creation of ob‑
jects from a three‑dimensional model through the superposition of thin layers of material,
reduces the excessive use of raw materials by employing only the amount necessary for
construction [40]. This approach optimizes resources, minimizes waste, and makes the en‑
tire production cycle more efficient, in line with the principles of the circular economy [41].

Given the growing interest and research development in the field of 3D printing, this
study also provides an innovative comparison between two extrusion technologies: Ex‑
truded Material Systems (EMS) and Powder‑Based Systems (PBS), in relation to specimens
produced through traditional moulding. The aim is to provide a comprehensive and spe‑
cific comparison to identify the most suitable technique for this type of application.

In the past, artificial barriers were built without particular attention to the sustainabil‑
ity of the materials used [42]. Today, however, it is possible to adopt a more conscious
approach based on the principles of the circular economy through the use of inert mate‑
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rials and the promotion of structural complexity, an area in which 3D printing plays a
fundamental role [43]. In this context, the design and construction of 3D‑printed artifi‑
cial barriers using bio‑cementitious mixtures represent a promising solution, capable of
addressing the need for more sustainable materials, enabling the creation of complex and
diversified geometries, and reducing the environmental impacts associated with the se‑
lected materials [44].

To assess the environmental sustainability of the bio‑cementitious mixture, the study
proposes a Life Cycle Assessment (LCA) aimed at evaluating the environmental impacts as‑
sociated with the reuse of shell waste compared to conventional construction materials [45].
Particular attention is given to impact categories related to resource extraction and use,
water consumption, and climate change. In addition, the LCA also evaluates the environ‑
mental impacts associated with the different fabrication techniques investigated (Mould‑
ing, EMS, and PBS), in order to assess not only their technical performance but also their
environmental sustainability. The objective of this study is therefore to evaluate and select
the mussel shell‑based bio‑cementitious mixture that best satisfies ecological requirements
together with the technical demands of strength and workability for 3D extrusion.

Through laboratory chemical‑physical characterization, flexural and compressive
tests, and a subsequent LCA analysis, the aim of this study is to evaluate and select the
mussel shell‑based bio‑cementitious mixture that best meets the technical requirements
for the production of reefs through 3D printing and that exhibits sustainability character‑
istics making it preferable to a conventional mixture. This research aligns with emerging
trends in sustainable construction, where bio‑based and circular materials are integrated
into additive manufacturing processes to reduce the carbon footprint of the building sec‑
tor [44,45]. By positioning itself within the specific field of habitat restoration through the
construction of 3D‑printed reefs, this study also responds to European regulations such as
the Nature Restoration Law, which aims not only to protect existing ecosystems but also
to restore them through targeted interventions [46].

Through the valorization of shell waste from the aquaculture industry for the fabri‑
cation of 3D‑printed artificial barriers, this study proposes a systemic approach to sustain‑
ability that is technically relevant for mortar development and environmentally sustain‑
able. This approach simultaneously supports the restoration of marine ecosystems, fitting
within a perspective that is not only circular but also regenerative.

2. Materials and Methods
2.1. Materials

To develop the bio‑cementitious mortar mix, several formulations were tested in or‑
der to identify the one that best met both environmental and technical requirements for
the construction of artificial reefs. Two different samples of mussel shells (Mytilus gallo‑
provincialis) were used as recycled aggregates:

• one sample from the central Mediterranean basin, referred to as Aggregate “S”,
• another sample from the European Atlantic coast, referred to as Aggregate “G”.

These two types of shells were selected to evaluate potential differences in chemical
composition and behavior within the cementitious matrix, also considering the distinct
marine growth environments in terms of temperature, salinity, and habitat [47].

Mussel shells were selected because they are an abundant aquaculture waste charac‑
terized by a high calcium carbonate (CaCO3) content, making them chemically compatible
with cementitious matrices. Their reuse also represents a promising strategy for reduc‑
ing landfill disposal and virgin aggregate extraction while promoting circular economy
approaches in sustainable construction.
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The main binder used was a type III/B 32.5N‑SR cement with a low clinker content
(31%), the remainder being ground granulated blast‑furnace slag. This choice was made
to reduce the environmental impact compared to traditional cement production [48], signif‑
icantly lowering CO2 emissions while maintaining adequate mechanical performance [49].
CEM III/B 32.5N‑SR cement was selected not only for its low clinker content and reduced
environmental impact, but also for its sulfate resistance and suitability for marine exposure
conditions, which are relevant for artificial reef applications.

In a reference mix, a traditional limestone sand aggregate was used instead of mussel
shells. Additionally, to enhance technical performance, all mixtures included a limestone
filler with a particle size passing through 0.065 mm.

Table 1 summarizes the dry composition and nomenclature of the investigated mix‑
tures. The mixtures were identified according to both the aggregate origin and the produc‑
tion method adopted. In particular, the letters “S” and “G” refer, respectively, to mussel
shells sourced from the Mediterranean Sea and the Atlantic Ocean, while “M”, “P”, and
“D” indicate the fabrication technique: conventional moulding “M”, Extruded Material
Systems (EMS) “P”, and Powder‑Based Systems (PBS) using D‑Shape technology “D”, re‑
spectively. The reference mixture (RB) was produced using conventional limestone sand
instead of shell aggregates and was used as a benchmark mixture.

Table 1.Quantities in percentage of the dry components used for the different mixtures.

MIX Mediterranean
Mussel Shells

Atlantic Ocean
Mussel Shells Limestone Sand Limestone Filler Cement

MS
PS
DS

60 ‑ ‑ 10 30

MG
PG
DG

‑ 60 ‑ 10 30

RB ‑ ‑ 60 10 30

All shell‑based mixtures were designed with the same dry composition, consisting of
60 wt.% mussel shell aggregates, 30 wt.% CEM III/B 32.5N‑SR cement, and 10 wt.% lime‑
stone filler. The limestone filler was incorporated to improve particle packing, rheological
behavior, and printability during the additive manufacturing process. A polycarboxylate‑
based superplasticizer was also used in all mixtures to improve workability and rheolog‑
ical performance, particularly for the additive manufacturing processes. Unlike the shell‑
based mixtures, the conventional RB mixture contained limestone sand instead of recycled
shell aggregates.

2.2. Methods

This section describes the methods used for the preparation, characterization, and
testing of bio‑based cement mortar incorporating mussel shells produced using three dif‑
ferent techniques. As a preliminary assessment of the raw materials, the physico‑chemical
properties of two types of mussel shells used as aggregates were analyzed: one sample
from the central Mediterranean basin (referred to as aggregate “S”) and one from the Eu‑
ropean Atlantic coast (aggregate “G”). For each aggregate, specific tests were carried out
to evaluate their composition and suitability for use in cement mixtures.

Subsequently, test specimens were produced using three manufacturing techniques:
conventional mixing with casting in molds, 3D printing using Powder‑Based Systems
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(PBS), and 3D printing with Extruded Material Systems (EMS). The resulting samples were
subjected to a series of tests to determine their chemical, physical, and mechanical properties.

2.2.1. Characterization of Mussel Shells

Before being used in the cementitious mixture, the mussel shells underwent a non‑
invasive thermal treatment at 120 ◦C for a duration of 2 h. This process aimed to remove
residual moisture and reduce the presence of organic matter, ensuring greater stability and
compatibility with the cement matrix. After drying, the shells were ground using a Los
Angeles mill machine until an appropriate particle size was obtained for use as aggregate
(Figure 1).

Figure 1. Processing steps transforming mussel shells from waste into a secondary raw material.

To characterize the shells and assess their suitability as an aggregate in cement mortar,
the following laboratory tests were performed:

• Size distribution (EN 12620:2008) [50]
• Determination of organic matter content (ASTM D2974:2020) [51]
• Water content (EN 1097‑5:2008) [52]
• Carbonate content (EN 196‑2:2013) [53]

Preparation of Specimens by Mixing and Casting in Moulds

For each mixture, the preparation of the specimens for casting into molds was carried
out in accordance with the standard EN 196‑1, 2016 [54]. The process began by placing the
dry components, as listed in Table 1, into a paddle mixer (Figure 2). The superplasticizer
(SP) additive and the required amount of water for cement hydration were then added.
Mixing was conducted according to the GITECO method: the materials were dry‑mixed
at low speed for 15 s, after which the water was gradually added, and mixing continued
for 2 min. The superplasticizer additive was then introduced, the speed was increased to
a medium level, and mixing continued for an additional 2 min.

Figure 2. Fabrication methods for the specimens: (a) 3D printing via Powder‑Based Systems (PBS);
(b) 3D printing via Extruded Material Systems (EMS); (c) traditional moulding.

The resulting mixture was then cast into standardized prismatic molds
(40 mm × 40 mm × 160 mm), in accordance with the EN 196‑1:2016 standard [54]. The
specimens were then demolded and stored in a controlled environment until testing, in
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order to evaluate strength parameters. The specimens for the MS, MG, and RB mixtures
were prepared using this technique.

Specimen Fabrication via 3D Printing

Additive Manufacturing (AM), more commonly known as 3D printing, is one of the
most recent technologies introduced into the construction sector [55]. In recent years, it has
also been applied to the development of marine structures, particularly for the creation of
artificial reefs [56].

To gain a more comprehensive understanding of the performance of the mussel shell‑
based cementitious mixture in additive manufacturing processes, two different 3D printing
techniques were tested: one based on extrusion and the other on powder layering.

# Production According to Extruded Material Systems (EMS)

The Extruded Material Systems (EMS) method, when applied to cementitious mate‑
rials, is a 3D printing technique for construction based on continuous extrusion. A print
head (or nozzle) deposits a layer of cementitious paste along a path defined by a digital
model, forming the structure layer by layer. The material used must possess specific rhe‑
ological properties: it must be viscous enough to be pumpable, yet self‑supporting, so it
maintains its shape once deposited, without the need for formwork. To guarantee that the
mortar can be extruded and it can bear its own weight while stacking up layers, printing
tests have to be done to fine tune the formulations (Figure 3). Alternatively, formwork can
be used, opting for a hybrid printing approach that combines the principles of EMS with
those of the Powder‑Based Systems (PBS) method.

 

Figure 3. Printability tests of EMS mortars.

# For this study, a “WASP 3MT” printer was used, equipped with a 20 mm diameter
nozzle (Massa Lombarda, Italy). The print head operates at a feed rate between 100
and 200 mm/s, while the screw extruder runs between 100 and 400 revolutions per
minute. Specimens of the PS and PG mixtures were produced using this technique.
Production According to Powder‑Based Systems (PBS)

Powder‑Based Systems (PBS) production is a 3D printing technology used in the field
of construction materials, primarily for creating architectural structures using cementitious
materials. The process is based on a powder bed system, in which a layer of inert material
(such as sand or cement powder) is spread horizontally. A chemical binder is then selec‑
tively deposited by a print head, solidifying the material only in the areas defined by the
digital model [57].

This process is repeated layer by layer until the three‑dimensional structure is formed.
At the end of the printing process, the unbound material is removed, leaving only the
final product.
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In this study, a D‑Shape printer was used, characterized by an aluminum lattice struc‑
ture that supports up to 1200 nozzles with a diameter of 10 mm. The print head selectively
deposits the binder only in the areas defined by the digital model. Specimens of the DS
and DG mixtures were produced using this technique.

2.3. Testing of Specimens

Following the EN 196‑1:2016 standard, the mechanical compression and flexural tests
were conducted to evaluate the structural properties of the developed cementitious mortar,
ensuring its suitability as a material for artificial reefs in marine environments. These tests
enabled the analysis of the material’s performance both under standard conditions (in air)
and under submerged conditions, simulating real‑world usage scenarios.

For both tests, standardized prismatic samples (40 mm × 40 mm × 160 mm) were
prepared (Figure 4) and subsequently cured under controlled conditions of temperature
(20 ◦C) and relative humidity (≥90%) and subjected to two maturation procedures:

• Air curing for 91 days to assess the behavior under standard conditions.
• Freshwater curing for 91 days after an initial 28 days in air. This method simulated

the real‑life placement of the structures in seawater, allowing for an analysis of the
immersion’s impact on mechanical properties.

The tests were performed using a universal test machine, Zwick/Roell Z100 (Ulm,
Germany), following these procedures:

• Flexural test: Prismatic samples were subjected to a three‑point loading configuration.
Force was applied gradually until fracture occurred, and the flexural strength was
calculated by relating the maximum load to the sample’s geometry.

• Compression test: The two halves of the samples broken during the flexural test were
subjected to progressively increasing loads until failure. Compression strength was
determined by dividing the maximum load by the loaded surface area.

Figure 4. Overview of the seven specimens (DS, DG, PS, MG, RS, PG, MS) produced from various
mixtures and printing methods, as detailed in Table 2.

Table 2. Printing method adopted for each of the mixtures produced.

METHOD MS PS DS MG PG DG RB

Mould X X X
EMS X X
PBS X X

2.4. LCA Analysis of the Mixtures

In order to assess the environmental performance of the developed cementitious mix‑
tures, a Life Cycle Assessment (LCA) was performed in accordance with ISO 14040:2006
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and ISO 14044:2006 standards [58,59]. The analysis followed the four standard phases of
the LCA framework: (i) goal and scope definition, (ii) life cycle inventory (LCI) (Table 3),
(iii) impact assessment, and (iv) interpretation of results [60].

Table 3. Life Cycle Inventory (LCI) used for the LCA analysis, based on the defined functional unit
of 1 kg of cement mortar mixture.

Inventory Step

INPUT Traditional Mix (RB) Mussel Mix (MS, PS, DS, MG, PG, DG) Unit

Cement, CEM III/B (blast furnace) 0.47 0.47 kg
Limestone filler 0.16 0.16 kg
Limestone sand (natural aggregate) 1 ‑ kg
Sand, limestone (extracted, crushed) 1.16 0.16 kg
Mussel shells ‑ 1 kg
Water (for mixing) 0.24 0.24 kg
Water (for mussel shell washing) ‑ 0.20 kg
Superplasticizer 0.01 0.01 kg
Electricity (EU mix)‑ Moulding 0.30 0.30 kWh
Electricity‑shell drying (120 ◦C) ‑ 0.05 kWh
Electricity‑grinding (Los Angeles mill) ‑ 0.10 kWh

Inventory Step 2

INPUT Moulding PBS EMS Unit

Electricity 0.3 0.7 0.5 kWh

The primary goal of this study is to evaluate the environmental performance of in‑
novative cementitious mixtures containing mussel shells, developed for the production of
artificial reefs via additive manufacturing. Specifically, the assessment aims to:

1. Compare the impacts of using recycled mussel shells versus conventional natural
aggregates (limestone sand).

2. Evaluate the environmental differences between three production methods: tradi‑
tional moulding, 3D extrusion (EMS), and 3D powder‑based printing (PBS).

The analysis considers a functional unit (FU) of 1 kg of cement mortar mixture. The
system boundaries are defined as cradle‑to‑gate, encompassing raw material extraction,
processing, transport, and manufacturing activities, including mixing and either mould‑
ing or 3D printing. End‑of‑life is excluded, as the mixtures are intended for permanent
deployment as artificial reefs. The study reflects laboratory‑scale production conditions in
a European context, using EU‑average electricity and transport data, and is based on the
processes carried out during the experimental period.

Primary data were collected from laboratory‑scale production and testing, while sec‑
ondary data were sourced from the Ecoinvent database [61]. The modeling was carried out
using SimaPro software (version 9), and the impact assessment followed the Environmen‑
tal Footprint (EF) method, with particular attention to the categories of Global Warming
Potential, Resource Use, Water Use and Land Use [62].

3. Results
3.1. Physicochemical Characterization of the Shells

The two mussel shell samples analyzed, one from the Central Mediterranean basin
(referred to as aggregate “S”) and the other from the European Atlantic coast (referred to
as aggregate “G”), exhibited the physicochemical characteristics detailed in the following
sections.
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3.1.1. Particle Size Distribution

The granulometric analysis of the sand samples was carried out in accordance with
the EN 12620:2008 [50] standard, with the objective of determining the particle size distri‑
bution (Figure 5). A set of sieves with calibrated mesh sizes was employed, specifically:
#5 (4.0 mm), #10 (2.0 mm), #18 (1.0 mm), #35 (0.5 mm), #60 (0.25 mm), #125 (0.125 mm),
#230 (0.063 mm), along with the residue collected at the bottom. The sieving process was
conducted using a mechanical sieve shaker, for a duration of 5 min, ensuring proper sepa‑
ration of particles according to the specified size ranges.

Figure 5.Particle size distribution curves of the two mussel shell samples (Aggregate “S” and Aggre‑
gate “G”) and the reference limestone sand obtained through sieve analysis according to the UNE‑EN
933‑1 standard [50].

3.1.2. Calcium Carbonate Content

In accordance with the EN 196‑2:2013 standard [53], the calcium carbonate content
was determined using a Dietrich‑Fruhling calcimeter (Gabbrielli Technology S.r.l., Calen‑
zano, Italy). Two samples of 10 g each were analyzed for each biofiller. The samples were
placed in a glass container, into which a test tube containing a hydrochloric acid (HCl) and
water mixture (in a 2:1 ratio) was carefully inserted. The solution was then poured into the
container and stirred to promote the reaction with the filler. The release of carbon dioxide
(CO2) resulting from the reaction caused a displacement in the water column of the de‑
vice, allowing for the measurement of its stabilized height. The amount of CO2 produced
was then used to calculate the calcium carbonate (CaCO3) content in the analyzed samples.
The results, presented in Table 4, showed a CaCO3 content of 90.3% for aggregate “S” and
92.1% for aggregate “G”.

Table 4.Calcium Carbonate Content (%) of the two different Mussel Shell Samples.

Sample CaCO3 (%)

S 90.30
G 92.10
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3.1.3. Water Content

The water content was measured by oven drying according to the standard procedure
EN 1097‑5:2008 [52]. The biofiller samples were initially weighed and then placed in a
ventilated oven at 105 ◦C ± 2 ◦C until a constant weight was achieved. After cooling in
a desiccator, the samples were weighed again to determine the mass loss due to water
evaporation. The difference between the initial and final weights allowed the calculation
of the moisture content of each biofiller. The results are shown in Table 5.
Table 5.Water Content (%) of the two different Mussel Shell Samples.

Sample Water Content (%)

S 0.60
G 0.39

3.1.4. Organic Matter

To determine the organic matter content in a 200 g sample of shell mixture, the stan‑
dard from [51] was followed. The shells were subjected to thermal treatment at 440 ◦C, as
prescribed by the standard. This temperature removes the organic matter without caus‑
ing calcination of the material, meaning it does not decompose calcium carbonate (CaCO3)
into calcium oxide (CaO), known as quicklime, and carbon dioxide (CO2), which would
be released as a gas. The results shown in Table 6 highlight an organic matter content of
6.10% for sample “S” and 3.00% for sample “G”.

Table 6.Organic matter (%) of the two different Mussel Shell Samples.

Sample Organic Material (%)

S 6.10
G 3.00

3.2. Test Results on Specimens

Tests on prismatic specimens, prepared with mixtures of different compositions, were
carried out through flexural and compressive strength tests to evaluate the mechanical
properties over time (Figure 6). The results are presented for different curing conditions:
after 7, 28, and 91 days of air curing and after 7, 28, and 91 days of water immersion. Com‑
pressive strength values are reported in Table 7, while flexural strength values are pre‑
sented in Table 8.

For the PS blend, no test results are available because the 3D‑printed plate fractured
prematurely due to excessive brittleness. This prevented the proper execution of the
planned mechanical tests, making it impossible to obtain meaningful data. Such behav‑
ior clearly indicates that the material is not suitable for applications requiring a minimum
level of structural strength or a controlled mechanical response.

Below, in Figure 7, the same results previously shown in Tables 7 and 8 are pre‑
sented in graphical form. This visual representation provides a more immediate and
intuitive overview of the mechanical behavior of the different blends under both com‑
pression and flexion. The use of graphs highlights performance differences more clearly
among the tested samples, allowing for a direct comparison between the various formula‑
tions and contributing to a deeper understanding of how each material affects the overall
structural response.
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Figure 6.Representative photographs of the experimental mechanical tests performed on the devel‑
oped bio‑cementitious mixtures: (a1) flexural strength test setup, (a2) flexural specimen after failure,
(b1) compressive strength test setup, and (b2) specimen after compressive failure.

Table 7.Compressive strength values of prismatic specimens at different curing times and conditions
(air curing and water immersion).

COMPRESSION AIR [MPa] WATER [MPa]

MIX 7 Days 28 Days 91 Days 7 Days 28 Days 91 Days

RB 60.09 68.41 68.38 67.29 68.41 67.80
MS 0.72 2.03 3.73 5.78 14.65 25.69
MG 32.11 37.29 37.13 31.72 43.44 46.01
PS ‑ ‑ ‑ ‑ ‑ ‑
PG 30.59 37.45 36.73 24.47 32.83 38.50
DS 1.24 2.79 3.11 2.28 3.63 6.46
DG 3.54 4.06 2.75 2.64 4.39 6.69

Table 8. Flexural strength values of prismatic specimens at different curing times and conditions (air
curing and water immersion).

FLEXION AIR [MPa] WATER [MPa]

MIX 7 Days 28 Days 91 Days 7 Days 28 Days 91 Days

RB 6.54 9.00 10.20 9.45 9.56 6.89
MS 0.39 1.34 2.01 2.50 4.63 5.32
MG 6.11 7.52 7.52 6.41 7.09 7.84
PS ‑ ‑ ‑ ‑ ‑ ‑
PG 4.36 7.15 8.88 5.27 6.50 9.91
DS 0.68 1.60 1.10 1.65 1.62 2.42
DG 1.54 2.19 1.49 1.27 1.49 2.21
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Figure 7.Cont.
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Figure 7.Mechanical behavior of the mixtures analyzed: flexural behavior is shown on the left, and
compressive behavior on the right. Each graph highlights the response under standard conditions
(black curve) and in the presence of water (blue curve).

3.3. Results of the LCA Analysis of the Mixtures and 3D Printing Methods

As a first step, the LCA results shown in Figure 8 and Table 9 compare the environ‑
mental performance of the mussel shell‑based mixture (“Mussel Mix”) with the conven‑
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tional reference mix (RB), using the Environmental Footprint (EF) method. The results
are presented in both characterization (with absolute values in Table 9 and percentage val‑
ues in Figure 8 with the related unit of measurement) and normalization (as dimensionless
scores for comparison). It is important to visualise both characterisation and normalisation
because the former quantifies the actual impact for each environmental category, while the
latter allows, in a more intuitive and simple way, to contextualise and compare these im‑
pacts with each other.

Figure 8.Results of the Life Cycle Assessment comparing the Mussel Mix and the Conventional Mix
(RB), evaluated using the Environmental Footprint (EF) method. The graph displays normalized
values on the left and characterized results on the right.

Table 9.Life Cycle Assessment results for the Mussel Mix and the Conventional Mix (RB), calculated
using the Environmental Footprint (EF) method. The table presents both normalized and character‑
ized values.

Normalisation Characterisation

Impact
Category

Conven.
Mix (RB)

Mussel
Mix

Conven.
Mix (RB)

Mussel
Mix Unit

Climate
Change 6.59 × 10−5 6.83 × 10−5 0.533 0.553 kg CO2eq

Land use 1.52 × 10−6 1.35 × 10−6 1.248 1.107 Pt

Water use 2.37 × 10−5 2.41 × 10−5 0.271 0.276 m3

Resource use,
Mineral 4.04 × 10−6 2.36 × 10−6 2.57 × 10−7 1.5 × 10−7 kg Sb eq

All results reflect a laboratory‑scale system. The overall environmental impacts are
therefore relatively small in absolute terms due to the limited quantities of material and
energy involved in small‑scale experimental production.

The Mussel Mix performs slightly better in two key impact categories: land use and
mineral resource use, where it shows measurable reductions compared to the conventional
mix. These benefits are largely due to the replacement of virgin raw materials, such as quar‑
ried limestone sand in the RB mix, with recycled mussel shells, avoiding the environmen‑
tal burdens of extraction and primary processing. However, for climate change and water
use, the Mussel Mix registers marginally higher values than RB. These differences remain
very small in absolute terms, but they reflect the additional energy and water demands
associated with shell pre‑treatment processes, including washing, drying, and grinding.

For the purposes of this analysis, all mussel‑based formulations were grouped into a
single representative mix (“Mussel Mix”), as they share the same percentage composition
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of cement, filler, and shells. Although the origin of the shells (Mediterranean or Atlantic)
may affect their physicochemical properties, it does not lead to meaningful differences in
life cycle impacts and was therefore not considered as a distinguishing factor in the LCA.

As part of the second step of the analysis, the focus shifted from the comparison of
material compositions to the comparison of the production techniques adopted for the
shell‑based mixtures (Table 10). In this case, the LCA evaluates the environmental impacts
associated with the three fabrication methods investigated: conventional moulding, EMS
(extrusion‑based 3D printing), and PBS (powder‑based 3D printing). Among these tech‑
niques, conventional moulding showed the lowest environmental impacts, followed by
EMS, while PBS presented the highest impacts (Figure 9).

Table 10. Life Cycle Assessment results for the EMS, Moulding, and PBS techniques, calcu‑
lated using the Environmental Footprint (EF) method. The table presents both normalized and
characterized values.

Normalisation Characterisation

Impact
Category EMS MOULDING PBS EMS MOULDING PBS Unit

Climate
Change 2.4 × 10−5 1.4 × 10−5 3.3 × 10−5 1.9 × 10−1 1.2 × 10−1 2.7 × 10−1 kg CO2eq

Land use 6.3 × 10−7 3.8 × 10−7 8.8 × 10−7 5.1 × 10−1 3.1 × 10−1 7.2 × 10−1 Pt

Water use 3.9 × 10−6 2.3 × 10−6 5.4 × 10−6 4.4 × 10−2 2.7 × 10−2 6.2 × 10−2 m3

Resource use,
Mineral 1.6 × 10−7 9.9 × 10−8 2.3 × 10−7 1.0 × 10−8 6.3 × 10−9 1.5 × 10−8 kg Sb eq

Figure 9. Results of the Life Cycle Assessment comparing the EMS, Moulding, and PBS techniques,
evaluated using the Environmental Footprint (EF) method. The graph displays normalized values
on the left and characterized results on the right.

4. Discussion
The physicochemical properties of the mussel shell aggregates “S” and “G”, originat‑

ing, respectively, from the Central Mediterranean and the European Atlantic coasts, reveal
some noteworthy differences that may influence their behavior when used as aggregates
in cement mortar. While both aggregates exhibit high CaCO3 purity, the organic matter
content varies substantially, with sample “S” reaching 6.10% compared to 3.00% in “G”.
This variation could be attributed not only to environmental and biological factors affect‑
ing shell formation in different marine habitats, but also to differences in the pre‑treatment
procedures adopted by the respective shell suppliers, particularly regarding the thorough‑
ness of mussel flesh removal.
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These evaluations are essential as a first step toward the standardization of shell‑based
aggregates, particularly considering the influence of organic residues on the mechanical
performance of composites, such as flexural and compressive strength. This aspect is par‑
ticularly relevant from a recycling perspective, as waste‑stream variability directly affects
the reproducibility and industrial applicability of secondary raw materials.

The mechanical tests conducted under different curing conditions and at different cur‑
ing times reveal clear differences in performance among the mixtures, strongly influenced
by both the printing technique and the aggregate used.

As expected, the conventional mix (RB) consistently shows the highest strength in
both compression and flexion, serving as the reference benchmark. Among the shell‑based
alternatives, mixtures containing aggregate “G” (from the Atlantic coast) generally outper‑
form those with aggregate “S”, suggesting a possible correlation with the lower organic
content observed in the physicochemical analysis.

Interestingly, freshwater curing leads to a consistent increase in strength across all
shell‑based mixtures over time, with the sole exception of the reference mix (RB), whose
performance remains stable or slightly declines. This suggests a synergistic effect between
the type IIIB cement and the presence of mussel shells, potentially enhancing long‑term
hydration and densification of the composite, a particularly positive outcome for this case
study. One possible explanation is the higher porosity of the shell‑based mortars, which
may promote continued cement hydration during prolonged water exposure. It will also
be interesting in the future to study the evolution of the strength of mortars in samples
immersed in seawater. If the strength increases, as is expected based on previous investi‑
gations of mortars made with the same cement, this would allow the ARs to be immersed
shortly after construction, following 7 days of curing, when they already have sufficient
strength for transport and deployment.

The powder‑based printing technique (PBS) delivers less competitive strength results
compared to EMS extrusion printing, likely due to the lack of prior mixing, an intrinsic
limitation of the method. Nevertheless, PBS remains a valid option due to its ability to
fabricate large and geometrically complex structures. Therefore, its potential applications
should be evaluated on a case‑by‑case basis.

Extrusion printing showed very promising results for the PG mixture containing At‑
lantic shells, while it was not possible to complete the analysis for the PS mixture, as the
samples failed immediately after printing. This behavior may be related to the rheological
requirements of the extrusion process, particularly the viscosity of the fresh mix, which
could in turn be influenced by the presence and amount of organic material in the shells.
Further investigation would be needed to clarify this potential relationship.

Finally, the Moulding technique proves to be a consistently effective approach, capa‑
ble of delivering high mechanical performance regardless of the shell type used, making it
a robust and versatile solution among the tested methods. Its limitation lies in the inability
to produce complex geometries, as it requires molds or negative forms to be filled. As such,
it is more suitable for serial production rather than for unique or custom‑made elements.

With the exception of the PS and DS mixtures, which showed limited or inadequate
mechanical performance, all other combinations delivered encouraging results, particu‑
larly in terms of compressive strength, where several formulations reached values ap‑
proaching those of conventional materials. These findings confirm the technical feasibility
of using mussel shell waste in structural applications, especially when coupled with suit‑
able printing techniques.

Although developed for marine habitat restoration, the proposed bio‑cementitious
mixture and 3D printing approach highlight the broader potential of integrating bio‑
based resources and circular economy principles into sustainable construction. The use
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of mussel shell waste as a calcium‑rich aggregate represents a scalable innovation for low‑
carbon binder systems, offering a model for alternative materials in eco‑efficient infras‑
tructure and nature‑inspired design. From a waste recycling perspective, this approach
also demonstrates an effective pathway for the valorization and resource recovery of
aquaculture by‑products.

A noteworthy outcome of the Life Cycle Assessment is that the mussel shell‑based
mixture demonstrates competitive environmental performance compared to the conven‑
tional mix (RB), particularly in terms of land use and mineral resource use, where it shows
clear advantages. These results are relevant considering that mussel shells, although re‑
quiring additional treatment steps, such as washing, drying, and grinding, still lead to
lower impacts in some categories due to the avoided extraction of virgin raw materials.
However, in other categories such as climate change and water consumption, the Mussel
Mix registers slightly higher impacts, largely attributable to the energy and water inputs
required for shell processing. In summary, the Mussel Mix demonstrates encouraging en‑
vironmental performance in certain impact categories and performs comparably in others,
confirming its potential as a sustainable alternative to conventional mixtures, while ac‑
knowledging the specific energy inputs required for shell treatment.

From a broader recycling and industrial implementation perspective, the scalability of
shell treatment, pre‑treatment standardization, and transport logistics remain key aspects
for future large‑scale applications.

In addition, the large‑scale application of mussel shell‑based mixtures may be limited
by the regional availability of shell waste, seasonal variability in supply, and the logistics
associated with collection, cleaning, drying, and grinding processes. For this reason, the
proposed material is currently more suitable for specialized and regenerative value chains,
such as the fabrication of artificial reefs, where the environmental benefits of waste val‑
orization can outweigh logistical and processing constraints. These benefits are also linked
to the avoidance of landfill disposal costs and waste transport requirements associated
with shell waste management. From a logistical perspective, future large‑scale implemen‑
tation should rely on strategic industrial symbiosis frameworks, in which mussel farming
waste streams are geographically connected to cement plants and aggregate‑processing
facilities in order to reduce transport‑related impacts and improve resource efficiency.

From a technological standpoint, the EMS system presents an interesting case as a 3D
printing approach: its environmental footprint remains relatively low, making it a promis‑
ing solution for automated and material‑efficient construction. As expected, the Mould‑
ing technique, which involves minimal energy consumption and relies on passive shaping
through negative molds, results in the lowest overall environmental impacts among the
printing methods tested. Together, these findings support the potential of mussel shell‑
based composites not only as a structurally viable alternative, but also as an effective waste
recycling and resource recovery pathway for the valorization of aquaculture by‑products,
fully aligned with circular economy principles and sustainable construction goals.

5. Conclusions
This study demonstrated the feasibility of producing bio‑cementitious mixtures con‑

taining 60 wt.% recycled mussel shell aggregates for additive manufacturing applications
in marine habitat restoration. The developed mixtures achieved promising mechanical per‑
formance, with compressive strengths up to 46.01 MPa and flexural strengths up to 9.91
MPa after 91 days of freshwater curing, confirming their suitability for submerged applica‑
tions. Mixtures containing Atlantic mussel shells generally outperformed Mediterranean‑
shell mixtures, likely due to their lower organic matter content (3.00% compared with
6.10%). The results also highlighted the beneficial effect of water curing on long‑term me‑
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chanical performance, suggesting a positive interaction between shell aggregates and the
CEM III/B cement matrix under marine conditions. Among the investigated fabrication
methods, the EMS extrusion‑based technique provided the best balance between print‑
ability and mechanical performance, while PBS printing enabled the production of more
geometrically complex structures despite lower strength values. From an environmental
perspective, the LCA results showed reduced impacts in land use (1.107 Pt compared with
1.248 Pt for the reference mix) and mineral resource use (1.5× 10−7 kg Sb eq compared with
2.57 × 10−7 kg Sb eq), supporting the environmental potential of mussel shell valorization
within circular economy strategies, despite slightly higher impacts associated with shell
pre‑treatment processes.

This study explored the feasibility of integrating mussel shell waste into
bio‑cementitious mixtures for use in 3D‑printed artificial reefs, combining circular econ‑
omy principles with digital fabrication. Beyond confirming the mechanical and environ‑
mental viability of the proposed formulations, the findings reveal how marine‑derived
waste can actively contribute to the development of low‑impact construction strategies.

The compatibility of mussel shells with various manufacturing techniques, especially
extrusion and moulding, demonstrates that bio‑waste can be adapted to existing digital
fabrication processes, although formulation‑process matching remains critical. Notably,
the interaction between type IIIB cement and shell aggregates in water‑curing conditions
resulted in enhanced mechanical performance, offering an unexpected advantage for sub‑
merged structures.

Environmental analyses further support the approach: while mussel shell reuse in‑
volves additional processing steps, the resulting mixtures demonstrated lower or compa‑
rable impacts in several key categories. Benefits were particularly clear in land use and
mineral resource depletion, although trade‑offs were observed in climate change and wa‑
ter consumption due to the energy and water demands of shell treatment. These results
highlight both the potential and the limitations of waste valorization, while reinforcing the
high environmental cost of virgin aggregate extraction.

Taken together, the results support a vision of material innovation grounded in lo‑
cal waste streams, tailored manufacturing, and ecological restoration. This preliminary
study, with promising results from both technical and environmental perspectives, lays
the groundwork for the next phases of artificial reef development. The bio‑based cemen‑
titious mixture presented here was specifically formulated with the restoration of the Eu‑
ropean flat oyster (Ostrea edulis) in mind, and the outcomes achieved so far support its
continued advancement.

Nevertheless, some limitations remain, particularly regarding shell‑source variability,
organic residue content, and the reproducibility of mechanical performance across differ‑
ent waste streams. These aspects are especially relevant in view of future scale‑up and
industrial implementation.

Building on these findings, future research will move toward full‑scale reef produc‑
tion and deployment, enabling further, more systemic evaluations not only in terms of
structural and environmental performance, but also in relation to economic viability and
biological effectiveness. Real‑world testing of printed reef modules will provide crucial
insights into long‑term durability, colonization dynamics, and overall suitability of this
approach for marine habitat restoration within a circular economy framework, including
the environmental implications of industrial‑scale shell recycling processes.
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