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Abstract: This paper deals with the evolution monitoring of biomass colonization and mechanical
properties of 3D printed eco-materials/mortars immersed in the sea. Measurements of tensile
strength, compressive strength, and Young’s modulus were determined on samples deployed along
the Atlantic coast of Europe, in France, United Kingdom, Spain, and Portugal. The samples were
manufactured using 3D printing, where six mix designs with a low environmental impact binder
were used. These mortars were based on geopolymer and cementitious binders (Cement CEM III), in
which sand is replaced by three types of recycled sand, including glass, seashell, and limestone by
30%, 50%, and 100% respectively. The colonization of concrete samples by micro/macro-organisms
and their durability were also evaluated after 1, 3, 6, 12, and 24 months of immersion. The results
showed that both biomass colonization and mechanical properties were better with CEM III compared
to geopolymer-based compositions. Therefore, the mixed design optimized according to mechanical
properties show that the use of CEM III should be preferred over these geopolymer binders in 3D
printed concrete for artificial reef applications.
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1. Introduction

Since the Roman Empire and ancient Greece, artificial reefs (AR) were built for strategic
military purposes, such as maritime blockades or to damage and sink enemy ships [1].
Nevertheless, artificial reefs now have more specific purposes related to the restoration of
fisheries resources and ecosystem biodiversity, and their deployment often aims to mitigate
the effects of resource exploitation, including destructive practices such as trawling [2]. As
marine biodiversity provides beneficial ecosystem services such as commercial fisheries and
tourism, particularly recreational underwater diving [3,4], it is imperative to conserve and
restore marine ecosystems. Increased knowledge of artificial reef design and deployment
is also being applied to the ecological enhancement of other coastal structures [5]. To
summarize, Figure 1 shows the different countries represented in dark color that have
artificial reefs.

Moreover, natural reefs (NR) are considered one of the most diverse ecosystems on
Earth. Natural reefs have been disappearing due to a combination of factors such as
overfishing, pollution, and pathogen decreases. However, this problem can be minimized
by developing artificial reefs capable of attracting as much biodiversity as natural reefs,
improving not only the environment, but also the economy. In Europe, most of the artificial
reefs have been developed in the Mediterranean Sea (in France, they represent 95% of the
total artificial reefs) and they have commonly been constructed with concrete to ensure
a high level of stability and allow the realization of modules of various shapes and sizes.
However, although many reef deployment such as Nienhagen, Germany, in 2003 [6], Pedaso,
Italy, in 2005 [7], Bay of Marseilles, France, in 2008 [8], and Nazaré, Portugal, between 1990
and 2010 [9] show an improvement in the biodiversity, the materials generally used are
not sustainable due to the high carbon footprint of Portland cement (commonly used to
fabricate concrete).

Moreover, the techniques used to manufacture AR is the common framework system
which does not allow the reproduction of NR contours. Moreover, innovations of “3DPARE”
project are new sustainable materials designed specifically to enhance marine life and
marine biodiversity; new construction techniques, a 3D printer, capable of reproducing
the enormous variety of Atlantic marine and coastal environments; and original and
innovative approaches combining several thematic (materials science, marine science, and
3D numerical modeling).

In fact, additive manufacturing is a technology developed in the 1980s [10] which can
be defined as “the process of joining materials to create objects from three-dimensional (3D)
model data, usually layer by layer”. This technology reduces product design constraints
through its flexibility, its ability to produce shapes with complex geometries, and its
process optimization. All these advantages increase the functionality of the product and
thus reduce the amount of energy, fuel, and natural resources required for production [11].
Programming and numerical optimization make it possible to optimize the various elements
to be produced upstream and thus to use the raw material efficiently while generating a
minimum of waste [10,12].

Additive manufacturing enables new developments in the sector of constructions
based on cementitious materials, in terms of the complexity of shapes, the possibility of
building elements without formwork and the associated cost reductions, the possibility
of building in highly polluted environments without endangering human beings, and to
consider the construction for settlement in space [13,14]. The most common method of
digital concrete manufacturing is based on 3D printing technology [15].

Many studies and projects have developed 3D printers on industrial and site scales [14,16].
In order to do so, several constraints must be overcome [14,17-19]. The first type of constraint



Sustainability 2022, 14, 9353

3of 14

is related to the 3D printing manufacturing process: ensuring the bond between the layers,
the size of the shapes which is related to the dimensions of the printer, and ensuring the
stability of the object during and after printing. The second type of constraint concerns
the formulations used for the material, which must meet different criteria: pumpability,
extrudability, constructability, workability, and mechanical resistance. The addition of these
constraints generates a paradox: the formulation must be sufficiently fluid to pass through the
print head [20], but also stiff enough to support its own weight and that of the upper layers,
while ensuring the mechanical stability of the structure.

Figure 1. Countries possessing artificial reefs, Céplamar report online, 21 April 2015 [21].

The 3DPARE project is part of the environmental transition recommending the use of
materials with low environmental impact and advanced construction techniques notably
3D printing and its main goal to improve marine species colonization by encouraging
greater diversity and biomass. For this purpose, ARs are manufactured with several
complex forms designed to mimic a habitat that will attract marine life. The realization of
these complex-shaped reefs requires a highly advanced manufacturing technique which is
3D printing. Moreover, knowledge of the durability properties of the materials used is of
primary importance to realize a resistant and durable reef that withstands the aggressive
marine environment. The objective of this study is to investigate the durability properties of
materials vis-a-vis the marine environment at the material scale. This has been achieved by
monitoring the mechanical properties and biomass colonization of cementitious materials
compatible with 3D printing. Firstly, different materials with substitutes (binder and fine
aggregates) were made in Spain and immersed in four different areas (France, Portugal,
Spain, and the United Kingdom). Secondly, the characterization of the colonized biomass
on the surface of the samples as well as the mechanical properties were studied at different
ages (1, 3, 6, 12, and 24 months). The characterization protocol in the hardened state is
presented below. The optimal composition will contribute to life cycle analysis to decide
which formulation should be used to create 3D printed AR.

2. Experimental Program
2.1. Raw Materials

To assess the effect of binder and filler on the mechanical and durability properties, six
mortars containing geopolymer and cement binders were analyzed. In fact, the geopolymer
binder (G) was manufactured with fly ash as the main binder, sodium hydroxide (14 M
of NaOH) for the alkaline activation, and the cement used (C) is a CEM. III/B 32.5 N-SR
containing 31% of clinker and 66% of steel slag. The mineralogical composition of CEM III
used is showed in Table 1.
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Table 1. Mineralogical composition of CEM III used.

Composition C3S C2S C3A C4AF
CEMIII/B 67% 11% 10% 8%

The acronyms attributed to the formulations were as follow: GL, GG, and GS refer to
mortar with geopolymer binder based on fly ash (592.5 kg/m?®) and NaOH as an alkaline
activator (267 kg/m3) + water (26.7 kg/m?) + a partial mass replacement of fine aggregate
by 30% of glass sand, 50% of seashell sand, or 100% of limestone, respectively; whereas CL,
CG, and CS mean mortar based on cement (521.6 kg/m?) + water (278.5 kg/m?) fly ash
and kaolin as additions (260.8 and 21.7 kg/m3, respectively) + the same fine aggregates
used for the geopolymer mortars, respectively. The particle size analysis of the sands used
is shown in Figure 2. Indeed, the glass powder presents a higher fineness than the other
types of fine aggregates.
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Figure 2. Granulometric analysis of sands used.

To obtain a similar printability for all the tested formulations, the rheology is the first
criterion to be respected. The superplasticizer is used in the cement-based formulations
and varies from 3.7, 4.4, and 3 kg/ m?3 for CL, CS, and CG respectively. Indeed, the rheology
was tested by means of a torque rheometer. The rheology results of the mortars studied
show a linear behavior represented by the Bingham model (T =1 X 7 + Tp) such that the
slope n ~ 15 Pa/s and it shows the plastic viscosity and 7 = 300 Pa represents the initial
shear stress. These results were reported in [22].

2.2. Sample Manufacturing

The fresh mortars were poured to prepare the samples via 3D printer type Delta-
WASP 3MT based on EMS technology. The pouring was done layer by layer in order to
produce blocks whose maximal printing volume is 1 m by edge. In this case study, plates
manufactured measured 40 x 51 X 6.4 cm. These plates were divided to create 20 prismatic
specimens of 4 x 4 x 16 cm. Our printer has a head composed of a nozzle and a 3-axis screw
wheel inside which, by turning, via an electric motor, drains the material to be printed
towards the nozzle (cf. Figure 3a). In our study, mortar plates were printed with the six
formulations selected as defined below. After several preliminary sensitivity tests in terms
of printing speed and orientation, nozzle diameter and mixing speed of the fresh mortar
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contained in the printer tank and their impact on the final shape of the printed plates,
the different parameters given below are recommended for 3D printing using this type of
material. In fact, the printing process starts with the wall line of the entire perimeter of the
plate. After that, there is the filling phase where the area was filled with lines inclined at
45° which alternate layer after layer (cf. Figure 3b). Moreover, the nozzle used for printing
had a diameter of 20 mm, the speed of the printed head was limited to 100-300 mm/s and
the rotation speed of the worm drive dedicated to extruding the fresh mortars varied in the
range 100-300 rpm depending on the speed of printed head and the zone to be printed as
shown in Figure 3c,d.

,;\langi.t)
\Varﬁrivc 6 (

Wall Line

Prismatic ~ Spech

Figure 3. 3D printer detail (a), mortar plate printed and cutting scheme (b) [23], and plate printed in
fresh state (c,d).

After curing in the air of the laboratory environment, in which the temperature and
relative humidity ranged from 15.7 to 18.3 °C and 42.9 to 69% between night and day,
respectively, the resulting plates were cut into 20 prismatic specimens using a saw with
a diamond disk and respecting the printing orientation (cf. Figure 4). Once the cutting
was completed, the upper printing face of the prismatic specimens were identified and
arranged on the platform to be immersed, with a distance of 1 cm of space between and
below the samples.
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Figure 4. (a) Printed plates. (b) Samples are cut, referred, and organized before being delivered to
the immersions areas.

2.3. Immersion and Monitoring

For logistical reasons, we chose small prismatic samples (4 x 4 x 16 cm) to facilitate the
transport between the international partners of the project and to be able to easily recover
the samples immersed in the different immersion areas and then return them to ESITC Caen
for an eventual characterization in the laboratory. The distribution of prismatic specimens
was as follows: four partners (France FR, Spain SP, Portugal PT, and United Kingdom
UK)); six different formulations; five immersion periods (1, 3, 6, 12, and 24 months); three
replicates per formulation. This led to a total of 540 prismatic specimens regrouped and
fixed as shown in Figure 5. Then, samples were immersed in the four immersion zones
shown in Figure 6. More precisely, the depth of the immersion area was about 1.2 m of
depth in the Deportivo Harbor at 43°27'44.6” N 3°47'42.0” W for the Spanish immersion,
in the open sea in front of the bay of Saint Malo at 48°39'18.47” N, 2°03/39.61” W and
at 6 m depth for the French immersion, at 3 m depth near to the Poole Harbor in the
United Kingdom at 50°42'32.1” N 1°59'11.1” W, and 3 m depth near to the Matosinhos
Harbor in Portugal at 41°10'35.1” N 8°42'14.2” W. After the immersion period, samples
were recovered containing biomass colonization as shown in Figure 7 from Poole Harbor
in the UK.

| Limestone Glass Seashell
LEFT |
O
L4
Gu l | 6G1 | l @51 !

& .
. i w1 w [ = 51
| RIGHT t

é . RIGHT |

GL3 I | GG3 | ] 653

ek I | €G3 | I cs3
o2 | | G2 | | cs2
w I [ (61 | I 1

Cement

Figure 5. Positions and fixation of the samples in the cages.
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¢._ Bournemouth University (UK)

Figure 7. (a) Samples immersed in the United Kingdom area. (b,c) Biomass colonized after 1 month
and 3 months of immersion, respectively.

2.4. Experimental Protocol

After receiving the samples at the laboratory, each sample was manually scrubbed
with a brush under distilled water with the purpose of scraping and collecting all micro-
and macro-organisms attached to the sample surfaces. The water used in this process
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containing the biomass was then filtered through 25 um filter papers to retain organisms (cf.
Figure 8) which were weighed after being dried at 105 °C. Wet mass of the filters was noted.
This mass is measured according to the protocol at wet state reported by Ly et al. [23].
We were able to collect the results of the biomass at different locations and at different
deployment ages. The mechanical properties of specimens were investigated according to
the French standard EN 196-1 [24]. The corresponding loading rates of the compressive and
flexural strength were 2400 £ 200 N/s and 50 4 10 N/s, respectively. Indeed, the sample
size was 4 x 4 x 16 cm for the flexural strength and 4 x 4 x 4 for the compressive strength
and Young’s modulus. These two were measured simultaneously.

Samples recovered

Biomass measurements
using the 25 pm filters

Compressive strength and
Young’s modulus tests

Flexural test

Figure 8. The approach taken in this study.

3. Results and Discussion
3.1. Biomass Weights Results of All Immersion Time

Figure 9 shows an increase in biomass of 8, 15, and 48 times after 3, 6, and 12 months,
respectively, compared with the results after 1 month of immersion. Nevertheless, this
parameter decreased after 24 months of immersion by 58% compared to the results of
12 months of immersion. Regrettably, the French samples dedicated to the study after
24 months of immersion were lost due to seabed movements. In general, the biofouling
which is characterized by the mass colonization was different depending on the immersion
region. In fact, the biomass was much higher in the southern part of the Atlantic (Portuguese
and Spanish northern coasts) compared to its northern part (British and French coasts).
Results may appear mitigated for French samples, for which the colonization was visually
difficult to assess [23]. In fact, seawater is a complex environment and salinity depends
on the region [25]. The chemical composition of seawater together with the variation in
immersion depth could affect the pH of samples and influence the bio-colonization [26].
The average biomass measurement versus the time of immersion is shown in Figure 10. The
regression curves with an R? of nearly 1 are also plotted using a polynomial distribution of
degree 2. Indeed, the formulations CL, CS, GL, and GS presented maximum values after
one year of immersion. Beyond that, a decrease was observed. Concerning the CG and GG
formulations, the colonized biomass did not stop increasing with the immersion time.
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Figure 9. Biomass values at 1, 3, 6, 12, and 24 months.

3.2. Mechanical Properties Results

Concerning the mechanical results, we observed that the CL and CG formulation
presents the maximum values in tensile/compressive strengths and Young’s modulus.
This can be explained by the pozzolanic reaction on portlandite with the silica contained
in limestone and glass [27,28]. In addition, a decrease in these three parameters was
also observed according to the formulations used, in this case the CS, GL, GG, and GS
respectively. An increase of the tensile strength was noticed according to the immersion
age at the sites in Portugal, the United Kingdom, and Spain, contrary to France which
presented a decrease (cf. Figure 11). In addition, a good agreement between the results
of the compression strength and those of the tensile strength was observed. Indeed, the
CEM 1II/B cement used contained 33% clinker plus ground granulated blast furnace slag
(GGBS). This cement type is particularly recommended for marine environments due to its
microstructure after hydration. Moreover, seawater is the transport vector for aggressive
agents that affect the properties of materials notably the calcium silica hydrate (CSH)
formation and alter durability [29]. It contains mainly dissolved sodium chloride and
magnesium sulfate. These can lead to the formation of secondary ettringite and secondary
gypsum and thus cause expansion and damage to the concrete. However, CEM III/B
presents a good resistance to sulfate attack [30] due to a denser microstructure and its
high amount of blast furnace slag (>66%) which give reducing conditions in the pore
solution [31]. This interstitial solution is strongly alkaline of order > 13, which is favorable
for maintaining Ca(OH); precipitation despite a lower hydroxyl (OH™) concentration [30].
GGBS hydrates more slowly than Portland clinker and the increase in compressive strength
occurs later in the curing process [32]. In the very long term, the strength of CEM III can
reach up to 180% of the 28-day strength under normal conditions.
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Figure 10. Biomass evolution over time of immersion.

Figures 12-14 show the regression model of flexural strength, compressive strength,
and Young’s modulus, respectively. The regression model of the average of all the samples
represents very well the behavior of the studied materials. These models present the
attenuation in term of mechanical strengths and the Young’s modulus with the time of
immersion. Regarding the tensile strength, an increase was observed for CL and CS while
a decrease was noted for the other formulations generally. For CL and CS formulations, a
slight decrease was noted after one year of immersion for CL and after 6 months for CS.
Concerning the compressive strength, an increase was noted after 3 months of immersion
by 27%, 33%, 37%, 25%, 10%, and 20% compared to the results of 1 month of immersion
for CL, CG, CS, GL, GG, and GS respectively. This increase is explained by the pozzolanic
activity of the binders used. Beyond that, a decrease was noted and may be explained by
the change in pH of the samples which affects the hydration process. In general, a decrease
was observed according to the time of immersion and this can vary up to —25% for CL
and CG, —67% for GL, and —40% for GL and GS which show the same behavior. While CS
showed an increase of 16% at 3 months of immersion compared to the results of 1 month,
this was followed by a decrease of 6% at 6 months of immersion compared to the results of
1 month. After 6 months, a stabilization was noticed along the time immersion.
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Figure 12. Tensile strength evolution during the immersion of studied materials.
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Figure 14. Young’s modulus of studied materials.

4. Conclusions

An experimental study was carried out on the properties evolution of eco-material
dedicated to manufacturing artificial reef via 3D printing. This experimental campaign
considers the effect of raw materials and region of immersion on its mechanical and
durability properties, namely the tensile and compressive strengths, the Young’s modulus,
and the biomass colonization. The relevant conclusions can be drawn:
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e CL and CG formulations show the higher value in terms of mechanical properties and
bio-colonization mass.
Formulations based on CEM III presented better results than those based on geopolymer.
A decrease of the mechanical properties with the immersion duration was observed.
Due to the interaction between the cementitious materials and marine environment,
an increase of bio-colonization mass was noticed until one year of immersion, after
which a decrease was noted.

The experimental characterization campaign reported in this work has not only en-
riched the database of material properties but has also supplied the formulation optimized
to manufacture the artificial reefs. Therefore, further investigation will be achieved to high-
light the advantages of using these materials in terms of durability and the environmental
impacts.
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