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Abstract: This work proposes a green material for artificial reefs to be placed in Galicia (northwest
Spain) taking into account the principles of circular economy and sustainability of the ecosystem.
New concrete formulations for marine applications, based on cement and/or sand replacement by
mussel shells, are analyzed in terms of resistance to abrasion. The interest lies in the importance of the
canning industry of Galicia, which generates important quantities of shell residues with negative envi-
ronmental consequences. Currently, the tests to determine the abrasion erosion resistance of concrete
on hydraulic structures involve large and complex devices. According to this, an experimental test
has been proposed to estimate and compare the wear resistance of these concretes and, consequently,
to analyze the environmental performance of these structures. First, a numerical analysis validated
with experimental data was conducted to design the test. Subsequently, experimental tests were
performed using a slurry tank in which samples with conventional cement and sand were partially
replaced by mussel shell. The abrasive erosion effect of concrete components was analyzed by
monitoring the mass loss. It shows an asymptotic trend with respect to time that has been modeled by
Generalized Additive Model (GAM) and nonlinear regression models. The results were compared to
concrete containing only conventional cement and sand. Replacing sand and/or cement by different
proportions of mussel shells has not significantly reduced the resistance of concrete against erosive
degradation, except for the case where a high amount of sand (20 wt.%) is replaced. Its resistance
against the erosive abrasion is increased, losing between 0.1072 and 0.0310 wt.% lower than common
concrete. In all the remaining cases (replacements of the 5–10 wt.% of sand and cement), the effect
of mussel replacement on erosive degradation is not significant. These results encourage the use of
mussel shells in the composition of concrete, taking into account that we obtain the same degradation
properties, even more so considering an important residue in the canning industry (and part of the
seabed) that can be valorized.

Keywords: marine construction; artificial reefs; concrete; abrasive erosion test; computational fluid
dynamics modeling; degradation; statistical learning; GAM; functional data analysis

1. Introduction

Marine habitats can be modified through the use of artificial reefs that provide many
functions: improvement of fishery production, conservation of resources, restoration of
the marine substrate, and new applications such as tourism and recreational use of the
sea [1,2]. The traditional material for the construction of these structures is concrete due to
its high durability, stability, and low cost [3]. Concrete is basically composed of cement,
sand, and gravel. Sixty to eighty percent of the concrete volume corresponds to natural
aggregates (sand and gravel), which leads to a pressure on the surrounding ecosystems.
The use of aggregates in concrete can be reduced through the use of waste from maritime
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industries. To this end, they must be processed in such a way that they can be used to
replace fine and coarse aggregate. The chosen materials used in its construction must not
pollute the environment by leaching and erosion in contact with seawater in accordance
with the Oslo and Paris (OSPAR) Convention for the Protection of the Marine Environment
of the Northeast Atlantic [4]. Consequently, this new type of concrete will be an interesting
option in other marine applications [5–8].

A specific case of marine structures are the artificial reefs, a potential field of appli-
cation of the present study. Although the use of submerged structures to increase the
catch of fish and other animals seems to be a very old practice, it was not until the 1960s
that these structures began to be studied from a scientific point of view [9]. Since this
decade, the number of studies on artificial reefs has grown exponentially, largely due to the
growing needs of marine biodiversity regeneration. This means that the field of study is
relatively new and highly demanding of new studies due to socioeconomic needs, and the
largest proportion of studies about artificial reefs corresponds to recent years. As indicated
in [9], studies about artificial reefs are currently developed in the frameworks of ecology,
engineering, socioeconomics, management, animal behavior, environmental impact, and
oceanography. Within the field of engineering (the scope of this study), the choice of mate-
rials is very important. The most used material is concrete, as shown above (in addition,
it tends to provide greater fixation for organisms), above others such as wood, metal, poly-
mers, or rocks, among others. It is important to note that, in recent times, there has been a
trend to add industrial by-products [10,11] and biogenic material such as bivalve shells to
concrete [12–14]. This is the case of the present study, where mussel shells, residues of the
can industry, are introduced in concrete. It is also important to highlight that one of the
challenges of this domain is to reduce the gap between theory and practice and increase the
interdisciplinary studies that include models [9]. Works such as [15] and the present study
(involving numeric analysis, statistics, material science) intend to contribute to achieve this
objective.

Concrete is mainly made of cement, sand, and gravel. An alternative is the use of
waste from the canning industry such as mussel shells. Carral et al. [13,16] analyzed this
possibility and established the alternative to substitute up to 10% cement or 20% sand.
Galicia (northwest Spain) is the first shell producer in Europe and the third in the world,
thus generating an important quantity of shells each year [17]. Mussel shells currently
represent a problem in this region, so there is a great interest in reusing them. Before use,
a series of treatments must be carried out that consists of washing with fresh water to
eliminate its saline content, heating at high temperatures to eliminate moisture and organic
matter, and grinding into different sizes depending on its subsequent use [18].

The mussel shell is characterized by having a high content of calcium carbonate
(>95% in weight). This compound occurs mainly in the form of calcite with significant
amounts of aragonite. Various studies have shown that the size of the CaCO3 particles is
smaller than those of Portland cement, so that the porosity and permeability of concrete
to marine aggressive ions (chloride and sulphate) would decrease if these were used as a
filling material in concrete [19–21]. However, the incorporation of these residues has its
limitations. Various studies have concluded that the density and compressive strength of
concrete decrease with increasing weight percentage of marine shells incorporated [22,23].

An important aspect to take into account regarding artificial reefs and marine struc-
tures in general is their degradation by abrasive–erosive wear. This phenomenon is accen-
tuated in the marine environment by the presence of aggressive ions for concrete such as
chloride and, to a lesser extent, sulfate and the existence of cyclical mechanical impacts
with abrasive particles in suspension (silt, sand, pebbles, cobbles). The resistance to wear
depends on the hardness of the concrete, which is determined by the type of cement,
aggregate nature, granulometry, water/cement ratio, and cement/aggregate adherence.
Resistance to abrasion erosion is determined by the ease of formation of microcracks in
its structure, apart from the ones that appear naturally in it. The area most vulnerable to
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cracking during wear processes is the interfacial transition zone (ITZ), where the porosity
of the cement is greater than in the rest of the matrix [24,25].

According to [8], the mass loss promoted by the abrasive erosion in concrete comprises
three stages. (1) First, the pressure of the water molecules promotes an initial abrasion. (2)
Then, the impacts of solids transported by water promote a removal of the material. (3)
Finally, the removement of aggregates takes place due to scratching and shearing.

The deterioration of concrete structures is palpable over a relatively long period of
time (months or years). For this reason, laboratory tests are needed to speed up the process
to evaluate the durability of concrete to erosion.

For a certain time, it was considered that the wear resistance of concrete could be de-
termined from its compressive strength through a potential function WR = σcX, where WR
is the weight loss due to wear, σc the compressive strength, and x a constant. Currently,
this assertion is questioned by several studies [25,26].

The study of the underwater erosion of concrete structures by abrasive particles in
suspension can be carried out through the American Society for Testing and Materials
(ASTM) C1138 [27] standard. However, this standard is used to evaluate wear caused by
friction, but not by impact of the particles. In addition, the dimensions of the specimens
(305 mm radius and 102 mm high cylinders) make handling difficult. Various authors
have tried to develop alternative tests to ASTM C1138 [28–33]. Their results differ from
one another depending on how they simulate actual service conditions. They also involve
large and complex devices. Regarding the service conditions, it is important to note that
materials submerged in the seabed or riverbed may be subjected to the abrasive–erosive
effect of three types of sediment layers. Depending or their size, from the smallest to
largest transported particles, these layers are bed load, suspended load, and wash load.
The movements of the particles (salting, rolling, and sliding) that compose the bed load are
the cause of the most important wear phenomena.

2. Materials and Methods

The main objective of the present work is to analyze the resistance to abrasion of
different types of concrete made by mussel shells as potential substitutes of cement and
sand. For this purpose, we need to define an erosive abrasion test that allows us to compare
the different concretes, by simulating the impact of particles in marine environment.
The application is focused on marine constructions, specifically artificial reefs.

Taking into account the important amount of mussel shell residues generated by the
Galician canning industry, mussel shells are proposed as alternative materials to partially
substitute cement and sand. A computational fluid dynamics (CFD) model was conducted
to design the test. Subsequently, the experimental analysis to analyze the abrasive erosion
release of concrete components was carried out in the laboratory. It consists of a slurry tank
in which samples with conventional cement and sand partially replaced by mussel shell
were tested. The results were compared to concrete containing only conventional cement
and sand.

The present experimental setup differs from ASTM C1138 by replacing the steel balls
with an abrasive material (silica sand), whose characteristics are similar to those found in
seabed particles. In addition, the geometry of the specimens has been modified to resemble
that used in the artificial reef to take into account the existence of edges that are not present
in the ASTM standard. Therefore, this experimental testing is defined for the specific case
of our artificial reefs prototypes and, in order to design and validate that the testing set-up
reproduce the real marine ambient conditions, a computational fluid dynamics model
was conducted.

2.1. Methodology

The following four concrete samples with different compositions were analyzed.
Three repetitions, with initial sample weights ranging from 2127 g to 2368 g, were realized.

• B: conventional concrete basically made by cement, sand, and gravel.
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• C: 10 wt.% of the cement is substituted by shells.
• A: 20 wt.% of the sand is substituted by shells.
• AC: 4–5 wt.% of the cement is substituted by shells, and 10 wt.% of the sand is

substituted by shells.

The same materials were used in all of them: cement IV/A(V) 52.5N/SR (LafargeHol-
cim, Madrid, Spain), aggregates of 0–20 mm and 0–40 mm, and Sika® Visconcrete-3425
(Sika, Alcobendas, Spain).

Concrete B is a traditional one with cement, water, and aggregates in the proportions
indicated in Table 1. In concrete C, 20 wt.% of the concrete B cement was replaced by
mussel shell in powder form. In concrete A, 10 wt.% of the aggregates were replaced by
crushed mussel shell with a granulometry similar to that of the substituted aggregates.
Finally, in concrete AC, part of the cement (5 wt.%) and part of the aggregates (10 wt.%)
were replaced by mussel shell powder. The same amount of plasticizer was added to all
the concretes.

Table 1. Concrete compositions (wt.%).

Concrete B Concrete C Concrete A Concrete AC

Water 7.69 7.69 7.69 7.69
Fine aggregates (sand) 33.90 33.90 27.12 30.51

Coarse aggregates (gravel) 44.94 44.94 35.95 40.45
Cement 13.47 12.12 13.47 12.79

Mussel shell aggregate 0.00 0.00 15.77 7.88
Mussel shell cement 0.00 1.27 0.00 0.68

Total 100.00 100.00 100.00 100.00

Before using the mussel shells, a series of treatments must be carried out: washing
with fresh water to eliminate its saline content, heating at high temperatures to eliminate
humidity and organic matter, and crushing them into different sizes depending on their
later use. Table 2 shows the particle size distribution after crushing determined by a
Micromeritics laser granulometer. Specific area was 5.7 cm2/g and density was 2.70 g/cm3.
Both were determined by an ASAP 2020 Micromeritics BET (Micromertrics Instruments
Corporation, Barcelona, Spain) analyzer. All the concrete samples were cured for 28 days
immersed in water at 20 ◦C.

Table 2. Particle size distribution of crushed mussel shell.

Particle Size Interval
(µm) <2 2–5 5–10 10–20 20–45 45–63 63–125 125–250

wt.% 22.0 10.9 6.4 9.6 23.1 14.0 13.8 0.2

Once the curing process is completed, the concrete is tested in a slurry device as
shown in Figure 1. Four baffles oriented 90◦ to each other are added in order to increase
the turbulent regime of the fluid. The tank is 293 mm in diameter and 196 mm in height.
The samples are cubic with edges of 100 mm. They are placed in the center of the bottom
of the tank with the edges in front of the baffles. The samples are held to the bottom to
prevent their movement during the test and impact with the walls of the tank. The rod
stirrer is placed 20 mm from the upper face of the sample. Solutions of 350 g of NaCl per
liter of water are prepared to reproduce the salinity of seawater. Silica sand with a particle
size of 0.1–0.6 mm with a pulp density of 1286 kg/m3 is used as abrasive, corresponding to
a solid weight fraction of 35.7%.
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Figure 1. Slurry device.

The test time took 11 h. The wear was determined by a loss of mass. Sample weight
was measured at 1 h, 2 h, 4 h, 7 h, and 11 h. The duration of the test is 11 h because it was
previously observed that above this time, there was a significant loss of mass.

The data obtained were analyzed through a statistical analysis. The first step is to
define the variable that best defines the degree of erosive degradation, such as the mass loss
measured in percentage with respect to the initial mass. Specifically, the response variable
is the concrete weight loss percent due to erosive degradation (measured in an interval
between 0 and 11 h) of a specific accelerated life testing program developed in a laboratory.
In this way, the effect of erosion degradation can be compared independently of the initial
mass of the specimen. On the other hand, the independent variables or predictors are the
time and a factor that accounts for the proportion of sand and cement replaced by mussel
shells at four levels:

• B: The control level, defined by 0 wt.% cement and sand substitution.
• C: 10 wt.% of cement is replaced by mussel.
• A: 20 wt.% of sand is replaced by mussel.
• AC: 5 wt.% of cement and 10 wt.% of sand are replaced by mussel.

2.2. Validation of the CFD Model

The design of the tank used in this work is based on the device used by Messa
et al. [28] in the study of the erosion–abrasion of a waterborne particle on submerged
concrete. Figure 2 shows the experimental setup, which consists of a steel cylindrical tank
filled with water. A concrete specimen is placed at the bottom. An agitator keeps the
water and the abradant in rotary motion. Four lateral baffles are introduced in order to
enhance turbulence. The abradant consists of 1% volume fraction of silica sand particles
with 1.5 mm diameter.
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Figure 2. Experimental setup.

The liquid-particle flow was modelled based on the Euler–Euler approach. The mass
and momentum equations for each phase are given by Equations (1) and (2), respectively.
The turbulence was modeled through the k-ε model:

∂

∂t
(αqρq) +∇ · (αqρq

→
v q) = 0 (1)

∂

∂t
(αqρq

→
v q) +∇ · (αqρq

→
v q
→
v q) = −αq∇p +∇ · τq + αqρq

→
g (2)

where αq, ρq, vq, and τq are the volumetric fraction, density, velocity, and stress-strain tensor
of phase q, fluid, or particles, respectively.

Turbulence was treated through the k-ε turbulence model. The CFD computations
were performed using the software Ansys Fluent. The Pressure-Implicit with Splitting
of Operators (PISO) algorithm was chosen for pressure–velocity coupling, and a second
order upwind scheme was employed to discretize the governing equations. The temporal
treatment was solved through an implicit method. The computational mesh is shown in
Figure 3. Several size meshes were tested in order to verify its adequacy. The mesh size
was refined near the blades. Two zones were differenced, rotating and static. The rotating
zone, indicated in yellow color in Figure 3, is a cylinder that embraces the blades. The static
zone, in black color, is the remaining region. A sliding mesh technique was adopted to
interpolate the values at the boundary between the rotating and static domains.

Figure 3. Computational mesh.

The velocity field corresponding to 600 rpm is shown in Figure 4. As can be seen,
important velocities are promoted on the surface of the concrete specimens, which will
cause abrasion.
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Figure 4. Velocity field in the A-A middle plane.

The experimental results are shown in Figure 5, which shows consistency with the
experimental results. As can be seen, an annular zone where particle impingements are
likely to occur is observed.

Figure 5. Surface of specimen after 24 h (reprinted from ref. [20]).

2.3. Application of the CFD Model to the Present Analysis

In order to reproduce the wear mechanisms of marine environments, it is necessary to
analyze regions in which the particles impinge against the samples. The numerical model
will be employed to analyze how the blades are capable of pushing the particles against
the sample. Figure 6a shows the geometry of the test employed to realize the experiments
and Figure 6b the computational mesh to simulate them numerically. The experiments
were realized under 450 rpm and using a 0.00113 initial volume fraction. The results of
the CFD model application (Figure 7) show that this specific experimental setup is able to
reproduce the ambient conditions of materials submerged in marine environment.
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Figure 6. (a) Geometry of the experimental test; (b) computational mesh.

Figure 7. Velocity field in the A-A middle plane.

3. Statistical Methods

In this work, parametric and nonparametric regression models will be applied, in ad-
dition to analysis of variance techniques using univariate and functional data analysis
(FDA) approaches.

Regression modeling allows us to describe and measure the relation of dependence
between two or more variables. The response variable is always quantitative, whereas the
independent variables can be quantitative or qualitative. This set of statistical techniques is
used to measure the dependence between the degree of degradation of concrete for artificial
reefs, on the one hand, and time and concrete formulation, on the other hand. The aim is to
estimate the effect of time and formulation on the concrete erosive degradation, measured
with the concrete weight loss percent variable. We intend to replace the concrete sand
and/or cement with other more environmentally friendly materials such as mussel shells
(waste product of the canning industry), taking into account that concrete will be used to
develop artificial reefs.

A regression model can be described by:

yi = m(xi) + εi, i = 1, 2, . . . , n, with E(εi) = 0 (3)

where yi is the response variable values, estimated by the regression function m as a
function of the values of the independent variable, ti, whereas εi is the difference between
the actual values and the fitted model, independent and identical distributed residuals
with zero mean independent and identical distributed residuals.
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For parametric models, we can define the regression function as M = {mθ(•)/θ ∈ Θ},
where θ is the vector of parameters, and Θ is a subset of Rk. The goal of parametric
regression is to provide a transfer function to estimate the response variable, which depends
on a vector of parameters with physical–chemical meaning [26–31].

The relation between quantitative variables can be modeled by nonlinear functions
such as an asymptotic function, which follows the expression:

y = Asym + (resp0− Asym) exp(− exp(lrc)x) (4)

where resp0 is the initial value of Y, in this case corresponding to a time 0, Asym is the final
horizontal assymptote, and lrc is the natural logarithm of the rate constant (the half-life
would be t0.5 = log 2/ exp(lrc)). This model has been used in other domains to explain the
relationship between polymer mass loss and pH [34] or even to fit the learning curve of
expanded Panama Canal [35]. Figure 8 shows the role of each parameter in the asymptotic
model trend. In the present work, the asymptotic model is used to explain the mass loss as
a function of time; in other words, it is used to fit the concrete degradation paths.

Figure 8. Role of the parameters within the nonlinear asymptotic regression model.

The above-mentioned parametric models are fixed effect models. We can add random
effects to those parameters than can vary due to changes on the level of a factor. Namely,
if we assume that there are different populations for which the regression trends are
different (although they follow the same model type), we can estimate the population
effects apart from the model residuals. In this work, the application of the so-called mixed
effect regression models allows us to estimate the effect of the concrete formulation on the
degradation and compare the degradation paths [34–38].

Nonparametric models are those that assume smooth effects of the independent
variables on the response. They can be used when the underlying model of dependence is
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complex or unknown. Semiparametric models are also available, such as the generalized
additive models (GAM). They predict the value of a response variable Y (Gaussian, weibull,
gamma, t, among many other distributions) as a function of parametric linear effects and
smooth effects of the covariates, estimated by a wide range of spline basis [39]. If we
assume that the response variable is Gaussian distributed, a GAM model of main effects
(without interactions between variables) can be expressed by

Ŷ = β0 +

k

∑
i=1

βiXi +

l

∑
j=1

sj
(
Tj
)

(5)

in which Ŷ is the estimated values of the response variable, whereas Xi is the covariables,
predictors, or independent variables that have a linear effect on the response through the
βi parameters. In addition, we assume smooth effects of Tj independent variables on the
response, sj

(
Tj
)
. These smooth effects can be fitted by a spline basis. Moreover, this family

of models can also include the effect of the interaction of the different predictors.
In addition to regression analysis, techniques of analysis of variance (ANOVA) have

been applied to identify, with statistical evidence, those concrete formulations for which the
erosive degradation paths are different [40,41]. When each experimental result (response
variable) is a curve, as the present case, we can use all the information obtained in the
laboratory by using functional data analysis (FDA) approaches for the ANOVA test, also
called FANOVA [37]. In the current work, the application of FANOVA tests is recommended
from the fact that a response variable is also functional: smooth curves of weight loss as
a function of time. When FANOVA is applied, following the Cuevas et al. [41] scheme,
each functional datum is Xij(t) with t ∈ [a, b], with i the level of the factor and j the run
number (j = 1, 2, . . . , ni, and i = 1, 2, . . . , k). In this case, X is the weight loss, t the time,
and the factor is the concrete formulation.

Taking into account that E(Xi(t)) = mi(t) and the covariance between two times s
and t is Ki(s, t), the null hypothesis to test is H0 = m1 = m1 = . . . = mk, whereas the test
statistic is Vn = ∑i<j ni ||Xi − X j ||2. Its probability distribution is estimated by nonpara-
metric bootstrap procedures as shown in Cuevas et al. [42] and Tarrío-Saavedra et al. [37].
If Vn is greater than a specific critical level Vα, where α is the signification level, we will
reject the null hypothesis, i.e., at least one group is different in terms of mass loss.

All the above-mentioned techniques have been applied using R software [43], specifi-
cally the mgcv [39] (https://cran.r-project.org/web/packages/mgcv/, accessed on 20 Au-
gust 2021), ggplot2 [44] (https://cran.r-project.org/web/packages/ggplot2/, accessed on
20 August 2021), fda.usc [45] (https://cran.r-project.org/web/packages/fda.usc/,
accessed on 20 August 2021), nlme [46], and stats [35,43] packages.

4. Results

A comprehensive statistical analysis of the concrete erosive degradation results has
been performed. The aim is to study the concrete resistance against erosion when different
proportions of sand or/and cement are replaced by mussel shell. Indeed, apart from the
chemical degradation, erosive degradation can play an important role in the durability of
concrete structures under the sea such as artificial reefs. Consequently, developing experi-
mental tests that evaluate the erosive degradation of concrete artificial reefs is necessary
to measure their performance and, thus, to choose the best option before operational use.
That is the case of the present study, where an experimental procedure is proposed, defined,
and characterized.

One of the goals of the present methodology is to estimate the path of erosive degra-
dation for each different concrete composition. To this regard, Figure 9 shows the mass loss
percent with respect to time corresponding to each specimen. Each panel accounts for the
erosive degradation paths for each level of mussel shell replacement. At least two replicates
have been performed by factor level. Moreover, in order to estimate the degradation path,

https://cran.r-project.org/web/packages/mgcv/
https://cran.r-project.org/web/packages/ggplot2/
https://cran.r-project.org/web/packages/fda.usc/
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a GAM regression model based on shrinkage cubic regression splines [37] has been fitted
to each degradation path.

Figure 9. Degradation paths due to abrasive erosion of the different concrete formulations that are
fitted by GAM models.

Figure 9 shows that the degradation paths tend to follow functional, asymptotic-type
trends. We can also observe that the curves inside each panel (replicates for each level of
the factor) tend to be closer to each other than to the curves of the other levels (in terms of
scale, variability, and shape). Therefore, some differences in erosive degradation could be
expected depending on the replacement with mussel shell. Figure 10 shows the GAM model
fittings to the mass loss corresponding to each level of mussel replacement. The erosive
degradation paths corresponding to the AC and C levels are quite similar to the B control
level (standard concrete without mussel shells). Otherwise, the erosive degradation trend
for A factor seems to have a lower scale, i.e., the samples where the 20 wt.% of sand is
replaced by mussel shells tend to have a higher resistance against erosive degradation.

We can observe a rapid mass loss at the beginning, but the degradation rate continu-
ously decreases until the curve tends to saturate (see Figures 9 and 10). This fact tends to be
more pronounced in the cases where sand and/or cement is replaced by mussel, above all
in the specific case of A treatment, when the aggregate is replaced. The causes of these
trends can be related to the abrasive erosion stages in hydraulic concrete described in Liu
el al. [8]. They state that the mass loss caused by abrasive erosion in hydraulic concrete
is a three-stage process. Initially, the pressure of the water molecules causes peeling of
the concrete surface, prior to the abrasion. Subsequently, the impacts of the solids trans-
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ported by the water cause the removal of the mortar and the subsequent exposure of the
coarse aggregates. Finally, aggregate removal occurs due to scraping and shearing actions.
The described process could be affected by the proposed substitution of aggregate (fine
and coarse) and cement by mussel shell. Thus, the effect of the shells (aragonite and calcite
mixture) could affect the abrasion resistance (3rd stage). In addition, the shell precipitation
due to gravity and shape could promote a surface layer of fine aggregate and cement that
could be more easily abrasible (this could affect to the 1st and 2nd steps). Moreover, the loss
of binder cement that provides cohesion to the mixture with shells could also promote the
degradation during the three mentioned stages. The mass loss in the third stage could be
defined by a small degradation rate.

Figure 10. GAM model fittings to the weight loss corresponding to each level of mussel replace-
ment factor.

The next step is to estimate a model able to estimate the effect of the time, on the one
hand, and mussel addition, on the other hand, over the weight loss of the concrete used
as artificial reef. The GAM models provide the goal of including both smooth and linear
effects of quantitative and qualitative variables on the response. Therefore, the following
GAM model based on four cubic regression splines has been fitted, obtaining the expression

̂Weight loss = 0.2374− 0.0691× A− 0.0085× AC− 0.0303× C + s(Time) (6)
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with R2 = 0.84, where A, B, C, and AC are the linear effects of the levels of the treatment
factor that accounts for the sand or/and cement mass replaced by mussel shell. The s(Time)
term is the nonparametric smooth effect of time on the weight loss percent. Table 3 shows
the estimates and their signification analysis. The smooth effect of time and the linear
effect of replacing the 20 wt.% of sand with mussel shells are significantly different from
zero (p-value < 0.05). Thus, the effect of time on erosive degradation (mass loss) seems
to be asymptotic (see Figure 11a), whereas replacing 20 wt.% of sand by mussel tends
to reduce the mass loss percent in 0.0691 wt.% with respect to the standard concrete (B).
We also observe that replacing cement or cement and sand with mussel shells slightly
tends to decrease the concrete weight loss, but the effect of these factors is not big enough
to be significantly different from the control level (B), the concrete without mussel shells,
as shown in Figure 11b (the confidence intervals for AC and C parameters include the zero
value). Therefore, concrete resistance against erosive degradation seems to depend on the
concrete component partially replaced, on the one hand, and the replaced amount, on the
other hand.

Table 3. Parameter estimates of GAM model for weight loss percent as a function of the concrete
formulation and time, including signification analysis of parameters and goodness of fit measure-
ments (R2).

Predictors Estimates Conf. Interval p-Value

(Intercept) 0.2374 0.2079–0.2670 <0.001
A −0.0691 −0.1072–−0.0310 0.001

AC −0.0085 −0.0502–0.0333 0.685
C −0.0303 −0.0721–0.0114 0.151

Smooth term (Time) <0.001

Observations 54
R2 0.840

Figure 11. Effects time and concrete formulation on the weight loss percent estimated using the
GAM model. (a) Smooth effect of the time (adding a 2 standard error width confidence bands. (b)
95% confidence intervals for the linear effects of concrete formulation, assuming the B level (concrete
without mussel) as the reference. The A formulation is the treatment where the 20 wt.% of sand is
replaced by mussel shells, the B level is the control treatment, in the C treatment, the 10 wt.% of
cement has been replaced, whereas in the AC treatment, we replace the 10 wt.% of sand and the 5
wt.% of cement.
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Since an asymptotic effect of time on weight loss has been identified, an asymptotic
nonlinear parametric regression model is fitted. Its main advantage is to characterize
the degradation of concrete and to compare the different formulations by studying their
fitting parameters. Figure 12 shows the fittings of the asymptotic model to the degradation
paths corresponding to each concrete formulation, including the model expression, the R2,
the fitted values, and the 95% confidence and prediction intervals for the fitted regression
model. The parameters are significant from zero and the goodness of fit is high in terms of
R2 (>0.95). This support of the erosive degradation of concrete, using this experimental test,
is asymptotic type; thus, the degree of degradation can be estimated by this parametric non-
linear model. We can compare the degradation paths of the different concrete formulations
by developing the 95% confidence intervals for the parameters of the fitted asymptotic
model, as shown in Figure 13. We can observe that the Asym parameter (it accounts for the
horizontal asymptote for very large times) is significantly lower for A level with respect
to the other formulations. In fact, the corresponding interval is not overlapped with the
remaining. In other words, the weight loss percent is significantly lower when 20 wt.% of
sand is replaced by mussel shells. Otherwise, the logarithm of the degradation rate, lrc,
seems to be the same for all the formulations, but concrete of A level tends to degrade
faster than the control concrete and the remaining formulations.

Figure 12. Fittings of the parametric nonlinear model based on the asymptotic function of the concrete weight loss (y) as a
function of time (x). The expression of the transfer function for weight loss and R2 are included, in addition to the estimation
and prediction confidence intervals for regression line and mass loss observations, respectively. The (a,b) panels correspond
to the B formulation, the (c,d) fittings accounts for the C composition, the fittings to the A level curves are plotted in the
(e–g) panels, whereas the (h,i) panels correspond to the fittings of the degradation paths of the AC formulation.
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Figure 13. Ninety-five percent confidence intervals for the parameters of the asymptotic models
fitted to the concrete mass loss as a function of time, for each concrete formulation. The A formulation
is the treatment where the 20 wt.% of sand is replaced by mussel shells, the B level is the control
treatment, in the C treatment, the 10 wt.% of cement has been replaced, whereas in the AC treatment,
we replace the 10 wt.% of sand and the 5 wt.% of cement.

Figure 14. Graphical output of the mixed effect nonlinear asymptotic regression model. The fitting to
the mass loss vs. time using all the observations is blue, whereas the fittings including the random
effect for each concrete formulation are in pink.
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Taking into account that the main differences among concrete formulations are in the
Asym parameter, we can fit a nonlinear regression model based on asymptotic function
with the addition of random effect on the Asym parameter. This random effect is connected
with the concrete formulation. This model allows us to compare the different degradation
paths with respect to the fixed effect trend (expected value of weight loss estimated by
fitting all the data). Figure 14 shows the graphical output of mixed effect regression model.
The fixed effect model fitting is in blue, whereas the fitting including the random effect of
each formulation of concrete is shown in pink. Formulations B and AC tend to lose more
weight, while formulations C and mainly A tend to lose less weight. All the differences
between the formulation trends and the fixed effects fitting are very slight, except that
corresponding to the A formulation.

In order to clearly identify the above-mentioned differences in degradation paths,
analysis of variance (ANOVA) statistical techniques are usually applied. Taking into
account the functional nature (curves) of the degradation data, a FANOVA test has been
applied [45].

The goal of FDA is that it allows us to use all the information of the degradation path,
not only one feature extracted from the curve as in the univariate approach. Before the
application of FANOVA, we need to estimate the underlying model of the degradation
paths, in other words, to estimate a continuous and soft curve for each degradation path.
Therefore, we use the curves fitted by the asymptotic regression models as a functional
response variable, whereas the independent variable is the factor dealing with the mussel
shells replacement. The null hypothesis is H0 = mA = mB = mAC = mC, where mi,
with i = A, B, C, AC are the functional mean for each level of the factor. It is tested using
the Vn statistic, Vn = ∑

i<j
ni ||Xi − X j ||2, where each functional datum is noted by Xij(t),

with time t ∈ [0, 11], i accounts for the level of the factor (i = 1, 2, . . . , k), and j is the run
number (j = 1, 2, . . . , ni, with ni = 2 or 3). Figure 15 shows the results of the test, the
left panel accounts for the functional means of mass loss corresponding to each level of
the factor, whereas the center panel also shows the 100 bootstrap curves from which the
distribution of Vn statistic is estimated (see the right panel). The p− value = 0.03 < 0.05;
thus, we can reject the null hypothesis at a confidence level of α = 0.05. Thus, we can
assume that at least one level of mussel replacement is different from the others. In this
case, if the functional means for the weight loss vs. time are observed (Figure 15a,b), we
infer that the A group (20 wt.% sand replaced with mussel shells) is significantly more
resistant against erosive degradation.

Concrete mass loss follows an asymptotic trend. There is a rapid initial mass loss, but
the degradation rate gradually decreases until the mass loss tends to reach a horizontal
asymptote. This trend is similar to that of the wear depth with respect to time reported by
Scott and Safiuddin [47] or the surface chloride concentration studied by Huang et al. [48].
The reasons for this trend are related to the characteristics and stages of the erosion
process in the experimental test, which tries to emulate the marine environment. Thus,
the rapid initial mass loss could be related to the first two stages of the erosion degradation
(peeling by water molecules and mortar removal). The third stage, related to the removal of
fine and coarse aggregates, could correspond to the part of the curves where the rate of mass
loss is significantly reduced. There are differences in the shape of the curves depending
on the concrete studied. As already noted, they may be due to the different hardness
and resistance to permeability of the concrete formulation. The case of the concrete A in
which a large amount of sand (20 wt.%) is replaced by mussel shell stands out. It loses
significantly less mass. This may be related, apart from what has already been pointed out,
to the decrease in permeability by adding a significant amount of mussel shells [6,13,19,21],
which slows down the loss of aggregates.
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Figure 15. Results of the application of FANOVA test. (a) Functional means for the degradation paths
corresponding to each concrete formulation. (b) Functional means in addition to all the degradation
curves obtained by bootstrap resampling (100 resamples). (c) Estimates of the density function of the
test statistic, value of the sample statistic (in red), and corresponding p-value. The A formulation is
the treatment where the 20 wt.% is replaced by mussel shells, the B level is the control treatment, in
the C treatment, the 10 wt.% of cement has been replaced, whereas in the AC treatment, we replace
the 10 wt.% of sand and the 5 wt.% of cement by shells.

5. Conclusions

The present work intends to evaluate the introduction of mussel shells in concrete to
be applied on artificial reefs in the Spanish coast. On the one hand, this material is more
environmentally friendly, and on the other hand, it is an important residue of the canning
industry in Galicia that it is necessary to reuse. For this purpose, we need to measure the
erosive degradation behavior of the different types of concrete. Thus, a methodology to
evaluate the erosive degradation performance in the maritime environment of concrete
has been developed. It involves experimental testing, validated by CFD, and data analysis
techniques to estimate and compare the degradation paths. A specific abrasive experi-
mental testing has been developed to estimate the erosive degradation performance of
concrete applied to new artificial reefs, which could be also used in other marine structures.
The wear mechanisms involved in the present accelerated life test have been successfully
modeled by CFD. The experimental conditions, involving the liquid–particle flow that
can cause wear damage, have been defined. These conditions are in line with the actual
conditions to which submerged materials may be subjected in marine environments.

The erosive degradation paths of different formulations of concrete have been obtained
from the proposed experimental testing. The degree of degradation has been measured by
the weight loss variable (wt.%), and its trend with respect to time has been monitored.

A statistical semiparametric GAM regression model has been fitted, and the effect of
time and the addition of mussel shells have been estimated. As a result, the effect of time
in the weight loss by erosion is asymptotic type. Moreover, the effect of replacing sand
and/or cement by mussel shells is only significant when the replaced quantity of sand is
relatively high (20 wt.%). In this case, the resistance against erosive degradation is slightly
high. The mass loss is between 0.1072 and 0.0310 wt.% lower than the corresponding to
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the control treatment B. This can be connected with a reduction in permeability to water,
among other possible causes that should be studied in more detail. The results of FANOVA
application have supported that only the replacement of relatively high quantities of sand
produces slightly significant differences in erosive degradation. In fact, these samples tend
to lose less quantity of mass (between 0.2080238 wt.% and 0.2686441 wt.%, at a confidence
level of 95%) and at a higher rate (in the first stage of degradation), as shown by, mainly,
the Asym (final mass loss) and also lrc (degradation rate) parameters of the fitted nonlinear
asymptotic regression models.

In all the remaining cases (replacements of the 5–10 wt.% of sand and cement), the ef-
fect of mussel replacement on erosive degradation is not significant. These results encour-
age the use of mussel shells in the composition of concrete, taking into account that we
obtain the same degradation properties, even more so considering an important residue in
the canning industry (and part of the seabed) that can be valorized.
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