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A B S T R A C T

The purpose of this paper is to study the long-term durability and bio-colonization of concrete in marine envi-
ronment. In this work, concrete formulations were developed and optimised by varying the type of cement (CEMII
and CEMV) and introducing shellfish by-products (Oyster Shells) into their composition (by substituting 20% by
weight of 4/10 aggregates). Four concrete formulations were thus studied.

The durability of these materials upon bio-colonization were tested after 90 days, 180 and 360 days of im-
mersion in natural seawater. The monitoring of the photosynthetic activity of biofilms and the biomass on the
materials surface showed a better acclimatisation of the microphytobenthos in CEMII 20% Shells concrete than in
other concretes despite a lower colonization on this concrete. It was also noticed that the chlorophyll biomass was
the highest in concrete CEMV 20% Shells after 360 days. During immersion, the mechanical strengths of CEMII
0% Shells, CEMII 20% Shells and CEMV 20% Shells increased. At long term of immersion, the chloride ions
diffusion was more reduced, in natural seawater, for CEMII 0% Shells, CEMII 20% Shells and CEMV 20% Shells
concretes than for concrete CEMV 0% Shells. these results lead to the assumption that the accumulation of biofilm
plays a role as protective barrier against the action of chloride ions. Finally, it appears that the concrete CEMII
20% Shells is the most suitable concrete mix design for marine infrastructure amongst the tested designs.

1. Introduction

Coastal areas play a crucial role in the economic, social and political
development of most countries. As a result, the maritime coasts are
increasingly urbanized. Indeed, human activities (ports, tourism, fishing
…) require maritime structures and infrastructures which are often made
of concrete. These coastal developments are responsible for the loss of
many marine species habitats (Firth et al., 2013, 2014). It is therefore
important to offset such impacts by generating an equivalent gain in
biodiversity.

This study is carried out within the framework of the European
Marineff project, which partially targets this context. One of its objectives
is the design of maritime infrastructures for flat oysters (Ostrea edulis
Linnaeus, 1758) restoration in the Channel. Indeed, the European flat
oyster is an endangered species. This species is also considered as an
ecosystem engineer. According to Jones et al. (1994), ecosystem engi-
neers are “organisms that directly or indirectly modulate the availability of
resources to other species, by causing physical state change in biotic or abiotic

materials”. The implementation of so-called biomimetic infrastructures is
to be favoured in order to lead to a natural process in which these species
allow the creation of new habitats.

Cementitious materials are bio-receptive in the marine environment.
Guillitte (1995), defines the concept of bioreceptivity as “the ability of a
material to be colonized by one or more groups of living organisms without
necessarily inducing bio-deterioration”. Bioreceptivity depends on the
intrinsic properties of the cement matrix such as porosity and roughness
(Ammar et al., 2015; De Muynck et al., 2009; Manso et al., 2015).

Over the years, a new approach has emerged, in the aim of enhancing
marine infrastructure by varying surface condition (smooth or rough),
structure, orientation or/and composition to promote ecological succes-
sion (Firth et al., 2014; De Muynck et al., 2009; Glasby, 2000; Ly et al.,
2020; Perkol-Finkel and Sella, 2014; Sella and Perkol-Finkel, 2015).
Indeed a modification of the material can have an impact on the
recruitment of many intertidal marine organisms. Thus, the term
“ecological engineering” emerged (Firth et al., 2014, 2016; Bergen et al.,
2001; Dennis et al., 2018; Pioch et al., 2018; Strain et al., 2018). The
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effectiveness of eco-engineering interventions varies according to habi-
tats and marine biological communities. Indeed, each marine organism
has a different response depending on the infrastructure (Jones et al.,
1994; Coombes et al., 2015; Hanlon et al., 2018; Vivier et al., 2021).

One of the solutions could therefore be the design of bio-receptive
and sustainable concrete for the implementation of these in-
frastructures. Concrete immersed in the marine environment will un-
dergo chemical (Jakobsen et al., 2016; Yi et al., 2020), physical (Mehta,
2019) and biological attacks that can lead to its deterioration (Bastida-
s-Arteaga et al., 2008; Chlayon et al., 2020; Cwalina, 2008; Jayakumar
and Saravanane, 2009, 2010; Sanchez-Silva and Rosowsky, 2008). It is
therefore important to design concrete that is as durable as possible in
order to ensure its sustainability in its immersion environment.

This study aimed to develop and optimize concrete formulations and
select the most suitable for marine infrastructure manufacturing. For that
purpose two types of cement were used and a partial substitution of
natural gravels by shell aggregates (mollusc shells from oyster species)
has been carried out. In order to determine which concrete mix design is
the most bio-receptive, the surface colonization was studied using a Ju-
nior Pam. Durability tests such as chloride ions diffusion were also con-
ducted on immerged samples to determine which concrete mix design is
the most sustainable.

2. Materials and methods

To study concretes’ durability and bio-colonization in marine envi-
ronment, two types of 11 cm diameter cylindrical samples (5 and 22 cm
in height) were elaborated and subjected to chloride ions diffusion and
compressive tests (Fig. 1). Slump and entrapped air tests (NF EN 12350-2,
2019; NF EN 12350-7, 2019) were operated during optimization of the
different concrete design. Once optimization finished, the manufacturing
of the different concrete mix design was under taken. After demoulding,
the specimen were cured in controlled room for 90 days at 100% of
Relative Humidity (RH) and at temperature of 19 !C. At this stage,
thermogravimetric and compressive strength measurements were prac-
ticed on one third of the samples, as a reference state, while the
remaining samples were immersed in either Artificial or Natural Sea-
Waters (ASW and NSW respectively). After 90, 180 and 360 days of
immersion, colonization monitoring, compressive strength, chloride ion
profiles and thermogravimetry measurements were carried out on each
sample.

Before the concrete mix design optimization, physical tests were
conducted to characterize the raw material (Table 2). The absolute
density of oyster shell aggregates is 2725 kg.m" 3 (NF EN 1097-6, 2014).
Their water absorption coefficient (4.58%) (NF EN 1097-6, 2014) is high
compared to other aggregates used for concretes. The Granular
compactness was also determined (NF EN 932-2, 1999). The mix design
is optimised for environmental exposition XS3 (NF EN 206þA1, 2016).
The obtained concrete formulations are presented in Table 3.

2.1. Concrete's formulations

For this study, 4 concrete mix were designed with 2 types of cement
(Calcia), CEMII/A-LL 42.5 R CE PM-CP2 NF and CEMV/A (S–V) 32.5 N-
LH CE PM-ES-CP1 NF. These types of cement are suitable for marine
environment applications. Their chemical compositions is given in
Table 1.

A siliceous alluvial 0/2 mm sand was used. Alluvial aggregates were
also used and are composed of sandstone and quartz, with two main
mean sizes of 4/10 mm and 10/20 mm (Fig. 2). We operated a substi-
tution of 20% of the 4/10 mm aggregates mass with oyster shell aggre-
gates (6/12 mm) in order to study the effect of this biomineralized by-
product on potential oyster larvae recruitment. Indeed, different
studies demonstrated that an introduction of seashell aggregates into
concrete composition favors their bio-receptivity by providing an ideal
substrate for the settlement of marine organisms (Hanlon et al., 2018;
Graham et al., 2017). However, to maintain sufficient mechanical
strengths, ground seashell can replace not more than 20% of fine ag-
gregates in concretes (Eziefula et al., 2018; Cuadrado et al., 2016a).

2.1. In situ experimental set-up

After 90 days of curing at 100% of RH, samples were placed in cages
made of iron grids (Fig. 3a) and then placed in the Rance river close to
Dinard (GPS 84 : 48!655224/2!061009, France) in June 2019 (Fig. 3a).
The immersion site is situated at the Rance Bay which is influenced by
the marine tidal currents (Axe North/South) enforced by Rance Estuary
dam's. The biological diversity of the bay consists of different species of
macroalgae (mainly Rhodophyta and Heterokontophyta), Porifera and
Mollusca (Gallon et al., 2013).

After 90 days of immersion (September 2019), another set of samples
were recovered and placed in semi-enclosed mesocosms (tanks filled

Fig. 1. Experiments set-up of research work.
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with circulating seawater, Fig. 3b) for additional 90 and 270 days (cor-
responding to 180 days and 360 days immersion in NSW). These meso-
cosms are installed at the CREC-Unicaen Marine Station in Luc-sur-Mer
(France). The NSW is directly pumped from the Seine Bay into the tanks.
It is collected by the marine station using an intake installed in the
subtidal area of the bay and passes through a 20 μm filter. This system
allows the development of macro-algae and other micro-organisms.

For ASW condition, samples were immerged in tanks containing
Artificial SeaWater made from salt Instant Ocean©, Spectrum Brand
dosed at 33.3 g.L"1 (Atkinson and Bingma, 1997). These samples will
make it possible to distinguish the effect of seawater chemical attack
from the effect of bio-colonization on the concrete durability.

2.2. Tests for concrete durability under marine environment

2.2.1. Compressive strength
The compression tests were carried out on the 11 $ 22 cm cylindrical

samples using a 3R press (4000 kN) after 90 days of curing (reference
concrete) and after 90, 180 and 360 days of immersion in NSW and in
ASW. The tests were operated in accordance with the NF EN 12390-3
standard (NF EN 12390-3, 2019).

2.2.2. Natural chloride ions diffusion
In order to measure the chloride ions diffusion into concrete, 11 $ 5

cm cylindrical samples were immersed in NSW and in ASW for 90, 180
and 360 days. Before immersion, an epoxy resin was applied to the side
surface and the bottom of the samples to ensure the direction of diffusion
in the specimen (resin-coated samples) (Fig. 1). The exposed surface
corresponds to the smooth one without resin.

Ion chromatography was used to measure chloride ions concentra-
tions for a total depth of 1 cm into the samples (using a 2 mm step). The
chloride ions diffusion monitoring was realised following a specific
protocol. The chloride ions were extracted from the powder produced by
grinding. The extraction is carried out by dissolving this powder in ul-
trapure water and filtrating the leachate. The obtained solution is diluted
in a 50 mL flask. The final solution was analyzed by an 883 Basic Ion
Chromatograph using standard preparation procedures.

Table 1
Chemical oxide contents in % of the studied cement (Calcia).

SiO2 Al2O3 Fe2O3 TiO2 MnO CaO MgO SO3 K2O Na2O P2O5 S" Cl"

CEMII 19.4 4.5 3.8 0.3 0 63.7 1 2.6 0.86 3 0.3 0.1 0.03
CEMV 30.3 10 3.9 0.5 0.1 46.3 2.5 3.0 0.99 0.32 0.3 0.25 <0.007

Table 2
Characteristics of used aggregates.

Aggregates
Characteristics

Sand
0/2
mm

Gravels
4/10
mm

Gravels
10/20
mm

Oyster shells 6/
12 mm

Absolute density (kg.m¡3) 2740 2699 2704 2725
Water absorption
coefficient WA24 (%)

0.54 0.62 0.79 4.58

Granular compactness (%) 66 58 58 38

Table 3
Concrete's formulations (in kg/m3 of concrete).

Formulations
Components

CEMII 0%
Shells

CEMII with
20% shells

CEMV 0%
Shells

CEMV with
20% shells

Cement 350 350 350 350
Sand 800 800 800 800
Gravel 4/10 600 479 600 479
Gravel 10/20 500 500 500 500
Shell 0 121 0 121
Water 175 175 175 175
Superplastifier 4.50 7 4.50 7

Fig. 2. The various types of aggregates used to elaborate the concretes of this study.

Fig. 3. a): immersion of concrete specimens for 90 days in NSW (Dinard Bay, France) and b): their subsequent immersion in NSW mesocosms.
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The monitoring of the penetration of free Cl" ions was carried out on
one sample for each concrete mix design.

2.2.3. Thermogravimetric analysis (TGA)
Thermogravimetric analyses provide information on the evolution of

the material mineralogical composition. These analyses were carried out
using an STA 449 F5 (Netzch). Tests were performed over a temperature
range of 20 !C–1000 !C, with a heating rate of 10 !C/min and a 50 mL/
min nitrogen sweep. These tests were carried out on powder specimens
obtained from the grinding of the surface layer (0–2 mm) of reference
concrete (after 90 days of curing) and on the immersed samples (NSW
and ASW).

2.3. Colonization monitoring by PAM measurements

Photosynthetic parameters of the biofilms were assessed using Pulse
Amplitude Modulation (PAM) measurements. The quantum efficiency of
the photosynthetic charge separation (Fv/Fm) is widely used as an indi-
cator of the nutrient stress of microphytobenthos cells (Juneau et al.,
2005). To perform these measurements, a Junior PAM (Walz
Teaching-PAM fluorometer) was used. The fluorometer is connected to
the sample by a single plastic fibre (50 cm long and 1.5 mm in diameter).
After 10 min of dark acclimation which was sufficient for the oxidation of
the Quinone A (QA) pool, the measurement of the photosynthetic pa-
rameters is performed directly on the material surface.

The sample was excited by a weak blue light (1
μmol.photons.m"2.s"1. 450 nm, 0.6 kHz) to record minimum fluores-
cence (F0). The F0 is an index of the chlorophyll biomass. It is expressed
on the basis of arbitrary units of relative absorbance (a.u). Maximum
fluorescence (Fm) was obtained during a saturating light pulse (0.6s,
1500 μmol.photons.m"2.s"1, 450 nm) allowing all the Quinone A pool to
be reduced. Fv/Fm was calculated according to Genty et al. (1989)
(equation (1)):

Fv

Fm
¼ ðFm " F0Þ

Fm
(1)

The samples were exposed to nine irradiances (E) from 0 to 420 μmol
photons m"2 s"1 for 80 s at each step. Thus, steady-state fluorescence (Fs)
and maximum fluorescence (Fm’) were measured for each irradiance.
The relative ETR (Electron Transport Rate) is calculated according to
equation (2):

rETRðEÞ¼F 0

m " Fs

Fm
0 $ E (2)

To estimate the photosynthetic parameters, the rETR values were
plotted as function of E. The mechanistic model developed byWebb et al.
(1974), applied to fit the data to estimate α (μmol electrons.(μmol pho-
tons"1) and Ek (μmol photons.m"2.s"1) with α the initial slop of the FLC
and Ek the light saturation index (equation (3)):

rETR¼α$ Ek $ ð1" e"
E
EkÞ (3)

Then the maximum of relative Electron Transport Rate (rETRmax.
μmol electrons.m"2.s"1) is calculated in accordance with equation (4):

rETRMAX ¼ α$ Ek (4)

The measurements were carried out on triplicates on the mortar
surface (11 $ 5 cm cylindrical samples) (Fig. 1). The average of tripli-
cates allows to obtain an estimation of the biofilm photosynthetic
capacity.

3. Results and discussion

3.1. Colonization of the different concrete mix designs

After only 90 days of immersion in NSW, all the samples exhibit
colonization by sessile fauna and somemacroalgae. We could count some
bryozoans, sponges, serpulid and spiral tubes of Spirorb on the 11 $ 22
cm cylindrical samples. At this immersion stage, the measurements of the
photosynthetic activity of the biofilm were not carried out on the 11 $ 5
cm cylindrical samples due to the low colonization by micro-
phytobenthos. The fluorescence signal was too much weak, due to sedi-
mentation on the concrete specimens (Fig. 4a). Some larvae of flat oysters
(Ostrea edulis) were fixed on a few samples (Fig. 4a). The disparity of this
fixation on the different concretes does not indicate which formulation is
the most favourable for the recruitment of this species. However, it is
interesting to observe the behaviour of the material following the accu-
mulation and growth of marine species attached to its surface such as
Risinger (2012) demonstrated a better strength in part to the biological
oyster growth over time that encapsulates the concrete.

For longer immersion times and as early as 180 days, including 90
days in situ, many species of macroalgae have developed on the concrete
specimens surface (Fig. 4b) with mainly macroalgae of the genus Ulva.
The studied long-term period allowed to show the seasonality impact on
the material bio-colonization and on the biofilm photosynthetic param-
eters which depend thus on the environmental conditions (temperature,
light intensity, nutrients …).

The chlorophyll biomass index F0 after 180 and 360 days of immer-
sion (Fig. 5a) clearly shows that all concrete samples have been colo-
nized. Furthermore, for each type of cement (CEMII or CEMV) regardless
of the aggregate type (whether with or without shellfish incorporation),
concrete does not show the same bio-colonization at long term. The
obtained results show that F0 values varies according to cement type for
the different concrete mix designs. The F0 values after 180 days indicate a
larger biomass development on CEMV concretes than on CEMII concretes
(greater than 150 a.u). This tendency is confirmed after 360 days of
immersion. Furthermore, an increase by 50% of biomass is registered for
the CEMV 20%S concrete after 360 days with values increasing from 150
a.u (180 days) to 276 a.u (360 days) (Fig. 5a). The standard deviations
are nevertheless relatively high which is explained by the disparity of
colonization on the concrete specimens surface.

The results illustrated in Fig. 5b show that the maximum quantum
efficiency of PSII (Fv/Fm), which represents the physiological state of the
cells, is high (with an average of 0.55) and indicates a very good physi-
ological state. However, the evolution of the Fv/Fm as function of
immersing period (180 and 360 days) is not very pronounced for the
different concrete mix designs. Thus, the micro-phytobenthos has accli-
matized well to the environment conditions and its substrate.

The maximum photosynthetic capacity (rETRmax) (Fig. 6) of biofilm
algal specie varies very slightly between concrete CEMII and CEMV after
180 days with an average of 48.5 μmol.electrons.m" 2.s"1. Large differ-
ences were noticed in their electron transport activity after 360 days for
the biofilm formed on CEMII 20%S concrete. Indeed, CEMII 20%S shows
an increased capacity up to 126 μmol.electrons.m" 2.s"1 (Fig. 6) even if
the standard deviation is much larger for this concrete type compared to
the other without shells. Therefore, we may suppose that the photosyn-
thetic capacity of the biofilm on CEMII shell concrete varies greatly with
the studied area, a behaviour observed in other samples too. Despite
these observations, there is no cause and effect of concrete composition
on the photosynthetic capacity of microalgae because it depends on the
light energy required to saturate photosynthesis. This parameter depends
on the species composition of the algal community and their individual
photosynthetic capacity. The photosynthetic capacity of microalgae can
also be influenced by other abiotic factors such as temperature or
nutrient availability. Therefore, it is important to know the species of the
biofilm in order to evaluate the primary productivity.

From all these results, it can be concluded that CEMV concrete mixes
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seems to be more bio-receptive than the CEMII concretes. The coloni-
zation kinetics seem to depend more on the type of cement than on the
presence of shells in the concrete. Cuadrado et al. (2016b), and Souche
et al. (2016), found that the incorporation of shell had no influence on
the bio-receptivity of concrete. Moreover, the biofilm activity depends
more on extrinsic factors of the surrounding environment than on the
substrate composition.

The choice of the best formulation for the conception of newmaritime
infrastructure thus requires to encompass other factors.

3.2. Compressive strength

Mechanical strength mesurements (Fig. 7a) show that the compres-
sive strength obtained after 90 days of curing is significantly larger for
the CEMV type concrete (70.53 MPa) compared to that of CEMII (46.3
MPa). A decrease in compressive strengths is noticed when substituting
20% of 4/10 aggregates by shell ones, with values decreasing to 49 MPa
and 32 MPa respectively. The decrease in strength for shell-containing
concretes is due to several factors. First, the intrinsic stiffness of oyster

shells, which are calcitic biocomposites, is lower than those of gravels.
Furthermore, oyster shell is caraterised by foliated and prismatic calcite
layer microstructure. Second, calcite is strongly mechanically aniso-
tropic. If such microstructures are unproperly oriented within the con-
crete, they can easily offer weak mechanical resistance by clivage under
mechanical stress. This mechanical behaviour can be also affected by the
important oyster shell water absorption and the presence of organic
impurities (Cuadrado et al., 2016b). In addition, the introduction of
shells also increases the total porosity which decreases the concrete
mechanical properties.

A compressive strength increase is observed for all concretes after
immersion in natural and artificial seawaters compared to the respective
reference concretes, except for CEMV without shells (Fig. 7b). Thus,
despite a high strength at 90 days of curing, CEMV 0%S is less resistant in
the seawater environment compared to other concretes. Furthermore,
this mechanical loss increases with time in NSW (Fig. 7a).

The compressive strength increase for the concretes CEMII 0%S,
CEMII 20%S and CEMV 20%S, after immersion in salty environment, can
be explained by carbonation.

To investigate the carbonation hypothesis, thermogravimetric anal-
ysis were carried out. An example of the obtained results (CEMII con-
cretes) is shown in Fig. 8.

It can be noticed that, after immersion, the CEMII concretes exhibit an
increase in calcium carbonate (decomposition peak between 600 and
900 !C (Villain et al., 2007). This phase formation is due to the phe-
nomenon of carbonation of the cementitious material. Indeed, the MgCl2,
naturally present in seawater, can induce the release of Ca2þ from the
hydrate Ca(OH)2, to form CaCO3 (Zhu et al., 2012). Bier (1986)
demonstrated that carbonation induces a modification of the cementi-
tious materials pore structure. He showed that this modification depends
on the cement type. Indeed, a reduction of capillary pore volume is
observed when the cement contains high clinker rate. Thus, we can as-
sume that the increase of compressive strength recorded for CEM II
concretes is due to carbonation. Indeed, the CEMII cement used in this
study is composed of a large quantity of clinker (81.9%). Other studies
(Bier, 1986; Song and Kwon, 2007) showed that the precipitation of
CaCO3 closes the pores of the concrete which reduces the porosity
leading to an enhancement of the mechanical resistance as observed in
this study (Fig. 7ab). However, when the cement containes slag,

Fig. 4. a): Photograph of CEMII 0% S specimens immersed after 90 days and b): after 180 days.

Fig. 5. a): Average of the chlorophyll biomass F0 index and b): Average of the Fv/Fm ratio, for 180 and 360 days of immersion at the surface of concretes.

Fig. 6. Average of the Maximum photosynthetic capacity (rETRmax) of the
different concretes immerged after 180 and 360 days.
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carbonation generates a coarser capillary pore system. Therefore, the
mechanichal strength decrease obtained for the CEM V 0%S concrete
(Fig. 7b), can be attributed to carbonation according to Bier study (Bier,
1986). Indeed, the blended cement CEMV used in this study, containes
22% of slag and 22% of fly ash. Once carbonated, the materials manu-
factured whith this type of cement are subjected to an increase of
porosity (Song and Kwon, 2007) resulting in a loss of durability (Mor-
andeau et al., 2014; De Ceukelaire and Van Nieuwenburg, 1993).
Furthermore, the compressive strength loss can be explained by the
carbonation of C–S–H which is the main phase responsible of mechanical
strength (Cahyadi and Uomoto, 1995; Thiery et al., 2007). As previously
mentioned, this change in mechanical performance is even more pro-
nounced in natural seawater (Fig. 7a). Fig. 9 shows the concrete speci-
mens after immersion during 360 days. A biofilm as well as the
development of macroalgae can be observed on all the materials surfaces.
The aggressive biological agents, produced as a result of the
micro-organisms and macro-algae metabolism, embrittle the concrete
structure (Bastidas-Arteaga et al., 2008; Jayakumar and Saravanane,
2009, 2010). When the cementitious material is characterized by a high
porosity, these aggressive elements can penetrate more deeply into its

structure. This explains the more pronounced decline of CEMV 0%S
concrete mechanical properties when it is bio-colonized.

Concerning the CEMII concretes, the obtained results showed that the
increase in mechanical strength was maintained when samples were
immersed in natural seawater (NSW) until 180 days. However, after 360
days, for the CEMII 0%S concrete, the bio-colonization improved its
mechanical performance. Therefore, bio-colonization associated with
carbonation can be considered as beneficial for this concrete. The accu-
mulation and development of marine organisms on the surface of the
CEMII 0%S (Fig. 9) may then act as protective, particularly after 360 days
of immersion.

The limited and non-homogeneous quantity of oyster larvae attached
after 90 days of immersion in the Dinard bay, does not allow to conclude
that the growth of these bivalves, which were clearly visible after 180
and 360 days of immersion (Fig. 9), had a real impact on the resistance of
the different concretes. Nevertheless, it is important to take into account
the fixation of these calcareous colonizers. Indeed, previous studies
(Perkol-Finkel and Sella, 2014; Sella and Perkol-Finkel, 2015; Kawabata
et al., 2012; Shuying and Xiaoning, 2018) have shown that such colo-
nization could contribute to protect the structure and thus promote the

Fig. 7. a): Compressive strength of the concretes after 90 days of curing and after 90, 180 and 360 days immersed in ASW and NSW, and b): Relative difference
between the respective compressive strengths of immersed and reference concretes.
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durability of the concrete in the long term. The biogenic growth of oys-
ters canmake concrete ten times stronger over the long term compared to
concrete without oyster attachment (Risinger, 2012).

We observe (Fig. 7b) an increase of the gain in mechanical strength
for both types of concretes containing shells when immersed in marine
environment. This mechanical performance enhancement can be
explained by a higher carbonation rate than for the other studied con-
cretes which is explained by extra-voids generated by shell aggregates.
This phenomenon counter-balanced the registered decrease of the
reference concretes mechanical properties when siliceous aggregates
were substituted by shell ones thanks to a more dense structure.

3.3. Chloride ions diffusion tests

In order to study the durability of the different concretes in the ma-
rine environment, chloride ions diffusion tests were carried out. (Fig. 10).

The chloride ions diffusion in CEMII concretes measured in the two
environments does not differ between the concretes with and without
shells (Fig. 10a and b). An increase of chloride ions concentration is
observed in the first millimeters of the materials down to around 6 mm of
depth from which it tends to stabilize. In the short terms (90 and 180
days), free Cl-concentrations are overall larger for samples immersed in
NSW (dashed lines) at all depths and whatever the shells content in the
samples. Therefore, it can be concluded that bio-colonization decreases
the durability of theses concretes. However, at 360 days, larger chloride

Fig. 8. Thermogravimetric analyses (DTG) of the first milimeters of reference concrete CEMII and immersed in artificial and natural seawater after 90, 180 and
360 days.
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ions content is found in samples immersed in ASW compared to those in
NSW. This result significates that bio-colonization have, for long terms, a
protective action against chloride ions penetration.

We can notice that, when immersed in artificial seawater for 360
days, the presence of oyster shell aggregates in CEMV concrete enhances
chloride ions content by a factor of nearly 2 in the first millimeters
compared to concrete without shells (Fig. 10c and d, solid lines). This
result can be explained by a higher carbonation rate in CEMV 20%S
concrete than that in CEMV 0%S one, when exposed to ASW, which is
due to the extra-voids generated by shell aggregates. Indeed, the
carbonation reduces the chloride-binding capacity of the cementitious
matrix (Balonis et al., 2010; Jakobsen et al., 2016; Zibara, 2001) thus
leading to a higher free chloride ions concentration in pore solution in
CEMV 20%S concrete than in CEMV 0%S one.

The biomass growth was larger on the surface of the CEMV 20%S
sample (Fig. 5a) at 360 days of immersion, which may explain the
decrease in the diffusion of chloride ions compared to the CEMV 0%S
concrete. Indeed, at 4 mm of depth, the registered value for CEMV 20%S
was 2165mg/kg of concrete while a free Cl-concentration of 2964mg/kg
of concrete was obtained for CEMV 0%S. Moreover, ionic profiles for the
specimens immersed in ASW and thus not colonized show an increase of
the chloride ions concentration in the cementitious matrix up to 8 mm.
These results are also observed after 360 days of immersion of CEMII type
concretes (Fig. 9a and b). It can then be hypothesized that the accumu-
lation of biofilm on the long term in natural seawater plays a role of
protective barrier against the action of chloride ions, as observed

previously by Shuying and Xiaoning (2018).
Other studies have shown that, in the long term, the diffusion of

chloride ions is less important when the material is covered by numerous
sessile organisms (Chlayon et al., 2020; Chlayon et al., 2018; Coombes
et al., 2013; Coombes et al., 2017; La Marca et al., 2015). These results
mainly concern concretes immersed in the intertidal zone, which is not
the case in our study. Furthermore, Lv et al. (2015), showed that oyster
larvae have a protective effect on concrete by limiting the penetration of
chloride ions thanks to their secretions. Indeed, they secrete a biological
cement (bio-organic calcareous-based adhesive proteins) to attach to the
surface of a material (TibabuzoPerdomo et al., 2018). Hence the
importance of creating bio-receptive materials for these target species.

The study of concretes durability against chloride ions diffusion leads
to an important point: the total chloride ions content in concretes varies
more according to the cement type than the presence of shells. Indeed, in
the first 6 mm, whatever the used conditions (with and without shells,
seawater) the CEMII based concretes are more sustainable than those
elaborated with CEMV. For CEMII, chloride ions concentration does not
exceed 1500 mg/kg of concrete in the first millimeters in natural
seawater (Fig. 10a and b), while in CEMV (Fig. 10c and d) this concen-
tration is at least twice this amount (up to 3300 mg/kg of concrete).

4. Conclusion

This study's main objective was to develop and optimize different
concrete mix designs and determine the most sustainable during its

Fig. 9. Colonization of concrete specimens after 360 days in natural seawater on 11 $ 22 cm cylindrical samples (1: Biofilm; 2: Flat oyster larvae; 3: Rhodophyta; 4:
Chlorophyta; 5: Calcareous tubeworms).
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immersion in a marine natural environment. These findings open the way
to a better understanding of the links between the concrete properties
both on its microstructure and durability and the effects of its immersion
in natural seawater. Variation of the type of cement or the addition of
shell aggregates has a significant effect on the durability and strength of
these materials.

The monitoring of the photosynthetic activity of biofilms and their
biomass on the materials surface showed a better acclimatisation of the
microphytobenthos in the substrat CEMII 20%S than in other concretes
despite a lower colonization on this concrete. The chlorophyll biomass
was higher in concrete CEMV 20%S after 360 days with a total of 276 a.u
than the other concretes.

The presence of shells considerably reduces the strength of the ma-
terial after 90 days of curing. During immersion (ASW or NSW), the
mechanical strengths of CEMII 0%S, CEMII 20%S and CEMV 20%S
increased. This behaviour can be explained by their carbonation.

With regard to the chloride ions diffusion at long term, Cl" ions
content was reduced in concrete CEMII 0%S, CEMII 20%S and CEMV
20%S when they were immersed in natural seawater. We can conclude
that bio-colonization protects the concrete against chloride ions aggres-
sion. Moreover, biotic and abiotic factors are different depending on the
immersion zone and have a major impact on the material. The impact of
organisms on durability of concrete could depend on the organism type
attached on the specimen surface. This study also highlighted that the
chloride ions diffusion seems to depend more on the cement type than on
the quantity of shells.

Finally, it appeared from this study that the concrete CEMII 20%S is
the most suitable concrete mix design for the marine infrastructure
manufacturing especially if they should contain frames.

This study reveals also the importance of small-scale testing and long-
term monitoring before the conception of marine infrastructures.
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