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Abstract: The purpose of this paper is to propose a methodology to optimise the granular skeleton
assembly of cementitious materials containing non-spherical aggregates. The method is general and
can be applied to any granular skeleton whatever the aggregate shape, size, or composition because
it is simply based on the direct minimisation of the intergranular porosity to consequently increase
the skeleton’s compactness. Based on an experimental design approach, this method was applied
to and validated for bio-based oyster shell (OS) mortar with 100% aggregate replacement. First,
the best combination of seven crushed oyster shell particle classes was determined and compared
with a standardised sand skeleton (0/4 mm) and three other non-optimised OS gradings in terms of
intergranular porosity. In particular, it is shown that simply mimicking a reference grading curve
initially designed for spherical particles with non-spherical particles led to poor performances. Then,
different mortars were cast with the standardised sand skeleton, the optimised OS grading, and the
three other non-optimised OS gradings by keeping the water-to-cement ratio (0.5), the aggregate bulk
volume, and the cement paste content constant. Mechanical tests in compression confirmed the higher
performance of the optimised OS mortar, validating the global optimisation approach. However, the
high elongation of the oyster shell aggregates led to high skeleton intergranular porosities—even after
optimisation—and the cement paste content needed to be adapted. For a given granular skeleton and
for a constant aggregate bulk volume, the increase of the cement paste content led to an increase of
both the filling ratio and the mechanical properties (compressive and flexural strengths). Finally, it
is shown that the proposed skeleton optimisation and a cement paste content adjustment allowed
recovering good mechanical properties for an oyster shell mortar with 100% aggregate replacement,
especially in flexural tension.

Keywords: bio-based materials; by-product valorisation; oyster shell; granular skeleton optimisation;
full aggregate replacement; cement paste content

1. Introduction

Sustainability in construction and building materials involves various aspects, in-
cluding raw materials, durability, and life cycle assessment. Concrete is a widely used
material that is in high demand worldwide. However, the production of raw materials for
concrete, including cement and aggregates, has numerous environmental impacts, such as
climate change and resource depletion. To design more sustainable concrete, we can reduce
the amount of traditional cement in the mix, use clinker-free cement, or replace extracted
aggregate with recycled industrial waste. In particular, the construction industry has shown
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an interest in the circular economy concept by using wastes as by-products in concrete.
In addition, combining the natural properties of bio-based materials with conventional
construction materials can enhance environmental quality and performance [1,2]. It is,
therefore, logical to recycle and use industrial biological wastes in cementitious material.
Crushed seashell waste is a great option because commercial mollusc farming is a vital part
of the global aquaculture industry, accounting for 23% of the world’s total production [3].
These farms produce a large amount of waste, with up to 90% of the mollusc’s weight being
represented by its shell [4]. Additionally, some seashells exhibit unique and outstanding
mechanical properties [5–7], which make them ideal for use.

According to Robert et al. [8], in the 2010s, Europe produced 800,000 tons of molluscs
per year, with a turnover of EUR 1100 million. This led to 37,000 direct employments
and accounted for 50% of global EU aquaculture production by weight and 30% of the
value. The main farmed species are oysters, mussels, and clams. In 2010, France produced
194,000 tons of molluscs, comprising 59% oysters, Crassostrea gigas (113,000 tons), 39% mus-
sels, and 2% other molluscs such as cockles, clams, the King scallop, and the flat oyster [8].
(In 2017, the World Register of Marine Species (WoRMS) renamed Crassostrea gigas to Maga-
llana gigas, but this name change is still debated in the community (see, e.g., [9,10]). In this
paper, we will keep the former nomenclature, Crassostrea gigas.) Crassostrea gigas oysters
are widely cultivated in France, with the region of Nouvelle-Aquitaine being the largest
contributor (33.6%). Oyster farming generates a significant amount of waste (dead or
diseased oysters, cleaning of parks), along with that from food consumption. The careless
disposal of oyster seashell waste may cause several environmental problems such as soil
contamination and a strong odour due to the organic matter or the microbial decomposition
of salts into gases (NH3 and H2S) [11].

Oyster shell (OS) by-products have been valued in different activities such as heavy metal
removal (e.g., [12]), soil supplement in agriculture (e.g., [13]), bio-applications (e.g., [14,15]),
or construction and building materials. Regarding construction and building materials, sig-
nificant research has been conducted in the last few years on utilising OS by-products as a
supplementary cementitious material, alkaline-activated material, or aggregate replacement,
and several review papers have been published recently (e.g., [16–20]). Yang et al. [21,22]
examined the mechanical properties and durability of concrete with up to 20% crushed OS
replacing fine aggregate. Eo and Yi [23] presented several concrete mixtures in which they
substituted crushed OS for fine aggregate (ranging from 0 to 50%) and coarse aggregate
(ranging from 0 to 100%), while considering various water–cement ratios. The replacement
of conventional aggregate was examined individually for both fine and coarse aggregates in
these concrete mixtures. Kuo et al. [24] conducted an analysis on the replacement of sand
with OS (ranging from 5% to 20%) to create controlled low-strength materials. Meanwhile,
Wang et al. [25] suggested an OS mortar that incorporated fly ash, with different replacement
rates of traditional fine aggregate (sand): 5%, 10%, 20%, and 30%. Liao et al. [26] conducted
experiments where they used a mixture of natural river sand and crushed waste oyster shells
with varying particle sizes as fine aggregates in the preparation of mortar. Their findings
showed that, as the content of oyster shells increased, the compressive and flexural strengths
of the mortar decreased. Bamigboye et al. [27] mixed river sand, Senilia senilis seashells, and
granite in varying proportions in concrete. It was observed that, as the proportion of seashells
in the mixture increased up to 20%, there was a significant reduction in the compressive
strength. However, the results in terms of split tensile strength were relatively good. After
conducting a short literature survey, it can be concluded that using crushed OS particles as
full or partial aggregate replacement in cementitious materials poses a challenge. Crushed OS
aggregates have elongated and angular shapes, which is different from conventional spherical
aggregates. This irregular shape and flatness may cause difficulties in terms of granular
skeleton packing, increasing the porosity, and ultimately, leading to a decrease in mechanical
performance [26]. This is why previous studies examined small replacement rates, but full
aggregate replacement, especially in mortar, remains limited in the literature. Different meth-
ods have been employed in the previous articles to partially substitute traditional aggregate
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with OS by-products. Wang et al. [25] and Kuo et al. [24] replicated standard particle size
distributions (ASTM C33 and C136), while Yang et al. [21,22] and Eo and Yi [23] used a 5 mm
sieved crushed OS mixture without emphasising any particular OS granular skeleton packing
strategy. However, in classical mortar and concrete, having a compact granular skeleton is
important to improve the mechanical and durability properties [28,29].

Various particle-packing models have been developed for classical cementitious ma-
terials to predict their packing density and increase compactness. The most widely used
approach for optimising spherical aggregate packing density is to follow an ideal grading
curve [30,31], which was first proposed by Fuller and Thompson in 1907 [32] and later
developed by different authors (e.g., [33]). This approach is considered a trustworthy
method for achieving good concrete mixes with spherical aggregates and is widely used by
European standards. The method assumes a continuous particle size distribution, which
means that the voids left by larger particles are filled by smaller particles and so on. As the
studies on this topic have progressed, researchers have been able to identify the structural
and interaction effects that occur between particles. The main effects that have been ob-
served are as follows [31,34]. The loosening effect: This occurs when a fine particle disturbs
the packing of a coarse particle frame, causing it to become loosened. The wall effect: This
happens when additional voids are created by a coarse particle among a frame of fine
particles. The filling effect: This occurs when fine particles tend to fill smaller voids created
among the coarse particles’ frame. The occupying effect: This happens when coarse particles
are placed in the bulk volume of fine particles. Based on these considerations, different
theoretical packing models have been proposed (e.g., [35–37]). Additionally, computa-
tional models using the discrete element method have been developed, which can simulate
particle packing in both 2D and 3D structures (e.g., [30]). These models are effective at
estimating the particle packing density for spherical particles. However, replacing conven-
tional aggregates with non-spherical by-products remains a challenge for these models,
particularly when performed at high rates.

Limited studies have been conducted to develop models for predicting the packing
density of a blend with non-spherical particles [34]. Non-spherical packing theories are
usually based on the assumption that their packing system can be considered similar
to a spherical one. Yu et al. [38,39] described an approach for a binary system where
non-spherical particles are related to spherical particles through an equivalent packing
diameter, allowing the prediction of mix porosity. Goltermann et al. [37] worked out the
concept of the Eigen packing degree and proposed an equivalent packing diameter for a
multi-component aggregate. However, the definition of such a diameter is not obvious for
OS particles because their shape changes with the particle size and the OS particles can be
considered as lamellar particles (resting horizontally) or as standing needles in the concrete.
Due to this problem, it is necessary to find another way to optimise the granular packing
without using the equivalent diameter theory.

In this context, this paper intends to fill different research gaps. (i) A new methodology
is proposed to optimise the packing of non-spherical particles in a granular skeleton. This
method is general and can be applied to any granular skeleton, regardless of the shape, size,
or composition of the aggregate. The method is based on the direct minimisation of the
intergranular porosity, which, in turn, increases the compactness of the skeleton. (ii) The
impact on the mechanical performances of a 100% replacement rate in oyster seashell
mortar was evaluated along with the influence of the cement paste content. (iii) The study
addresses the advantage of the proposed strategy compared to replicating a standard
grading curve designed for spherical particles.

2. Materials and Methods
2.1. A Universal Methodology for Non-Spherical Granular Skeleton Optimisation

As explained in the Introduction, classical particle packing models are not suitable
for particles that deviate significantly from a spherical shape. Therefore, a new approach
is proposed for optimising the granular skeleton of cementitious materials that contain



Sustainability 2024, 16, 2297 4 of 18

non-spherical aggregates. This approach is applied to optimise the particle packing of
crushed oyster shells as a full granular replacement of sand in a cementitious mortar.

The proposed approach relies on the direct optimisation of the intergranular porosity
through the experimental design. To achieve this, the various particles were sorted into
different classes and combined in different proportions, starting from the coarsest particles
to the finest ones, in order to maintain the filling effect principle. For each particle class
and combination of classes, the intergranular porosity was determined experimentally by
measuring the loose bulk density and the oven-dried density (see Equation (1)).

Φ =
ρod − ρb

ρod
. (1)

In Equation (1), Φ is the intergranular porosity (–), ρod is the oven-dried density, and
ρb is the loose bulk density. The oven-dried density and the loose bulk density were
experimentally estimated by following the European standards NF EN 1097-6 [40] and
NF EN 1097-3 [41], respectively.

The global skeleton assembly was selected with the aim of reducing the intergran-
ular porosity on a global level. To achieve this, a statistical software (Minitab 17®) was
used. The mix design used was the simplex centroid, and to ensure statistical significance,
replicates were conducted for the vertex, double blends, and centre point.

The proposed method is versatile and can be applied to any granular skeleton, regard-
less of its shape, size, or composition. Its basis lies in the direct minimisation of intergranular
porosity (Φ), which, in turn, increases the skeleton’s compactness (C = 1 − Φ). However,
implementing the experimental design procedure practically can lead to certain limitations
and drawbacks. The primary limitation is that it can result in a significant amount of
experimental measurements of intergranular porosity, especially if a vast number of initial
particle classes need to be combined. To simplify the process and reduce the number
of experimental measurements, particle classes were combined in ternary mixes of three
from the coarser classes to the finer ones. This approach does not consider all possible
combinations and may not result in achieving the absolute minimum intergranular porosity.
Another limitation is that the different particles first need to be sorted in different granular
classes (e.g., following the NF EN 933-1 standard [42]), which may require the use of
sieves designed for spherical particles. While the European standards NF EN 933-3 [43]
and NF EN 933-4 [44] define the shape index and flakiness index, they are only useful for
particle sizes greater than 4 mm and are, therefore, not useful for mortar formulation.

In our methodology, for the sake of simplicity and to ensure that the proposed method-
ology can be replicated in any classical civil engineering laboratory, we decided to follow
the NF EN 933-1 standard [42] for particle sieving. However, when this standard is applied
to crushed oyster shell aggregates, the high elongation of the particles may lead to vari-
ability in the sieving. Nevertheless, the sieving was only used for the initial sampling, and
particle size distribution curves, such as the one presented in Section 3.2 , were not used in
the optimisation process. Particle size distribution curves are only presented in this paper
for illustration or comparison purposes.

Table 1 and Figure 1 present and illustrate the generic experimental mix design used
for the optimisation of a combination of three particle classes (A, B, and C) by minimising
the resulting intergranular porosity after the experimental measurement of the oven-dried
density and the loose bulk density for the 15 combinations.

After each round of optimisation, the real intergranular porosity of the best ternary
mix suggested by the procedure was experimentally measured for confirmation.
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Table 1. Generic experimental mix design used for the optimisation of a combination of three particle
classes (A, B, and C) and illustrated in Figure 1.

Combination
Class Proportion

A B C

#1 1 0 0
#2 0 1 0
#3 0 0 1
#4 0.5 0.5 0
#5 0.5 0 0.5
#6 0 0.5 0.5
#7 0.33 0.33 0.33
#8 1 0 0
#9 0 1 0

#10 0 0 1
#11 0.5 0.5 0
#12 0.5 0 0.5
#13 0 0.5 0.5
#14 0.33 0.33 0.33
#15 0.33 0.33 0.33

2.2. Crassostrea Gigas Crushed Oyster Shell Material Description

The oyster shells (OSs) used in this study came from Crassostrea gigas grown in Arca-
chon Bay, France (see Figure 2). OSs are mainly composed of calcium carbonate CaCO3,
with calcite as the dominant crystalline phase (see Figure 3). The farm cleaning process is the
main source of production of OS waste, in addition to food consumption. After collection,
OSs were stored in outdoor piles where they were naturally washed by rain. Finally, the OS
aggregates were prepared through an industrial process consisting of hand collection of im-
purities, drying, crushing, and sieving into seven particle classes: 2.5/4 mm, 1.25/2.5 mm,
0.500/1.25 mm, 0.250/0.500 mm, 0.200/0.250 mm, 0.100/0.200 mm, and 0/0.100 mm.
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Figure 1-1 – Oyster shells (Crassostrea gigas) from Arcachon Bay, France. 
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Figure 2. Photograph of a Crassostrea gigas oyster shell from Arcachon Bay, France.
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Figure 3. X-ray diffraction pattern of the Crassostrea gigas oyster shell.

2.3. Packing Optimisation of Crushed Oyster Shell Aggregates

The universal methodology for non-spherical granular skeleton optimisation pre-
sented in Section 2.1 was applied to the Crassostrea gigas crushed oyster shell (OS) aggregates
presented in Section 2.2.

The particle groups were combined three by three in ternary mixes, and three rounds
of optimisation were performed starting from the coarser classes to the finer ones. OSFA1,
OSFA2, and OSFA3, respectively, denote the resulting mixes after rounds #1, #2, and #3 (see
Figure 4). After the last round, the final optimised OS skeleton is denoted as OS1.

2.5/4 1.25/2.5 0.500/1.25

OSFA1 0.250/0.500 0.200/0.250

OSFA2 0.100/0.200 0/0.100

OSFA3

1st round

2nd round

3rd round

2.5/4

1.25/2.5 0.500/1.25

OSFA1

0.250/0.500 0.200/0.250

OSFA2

0.100/0.200 0/0.100

OSFA3

1st round 2nd round 3rd round

Final OS aggregate 
composition

Figure 4. Principle of the optimisation of the oyster shell granular skeleton based on seven particle
classes (2.5/4 mm, 1.25/2.5 mm, 0.500/1.25 mm, 0.250/0.500 mm, 0.200/0.250 mm, 0.100/0.200 mm,
and 0/0.100 mm). OSFA1, OSFA2, and OSFA3, respectively, denote the resulting mixes after rounds
#1, #2, and #3 of optimisation.
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2.4. Mortar Material Description

An initial and reference mortar formulation, denoted as MS, was chosen following the
European Standard NF EN 196-1 [45]. It incorporates a classical semi-crushed and washed
sand 0/4 mm (siliceous alluvium), Portland cement CEMI 52.5N-PM-CP2 (97% clinker
Portland and 3% secondary constituents, oven-dried density of 3180 kg/m3), and water.
The standardised proportions of water, cement, and sand aggregate are given in Table 2.
The water-to-cement ratio is W/C = 0.5.

Table 2. Mix proportion of the initial and reference mortar incorporating a classical sand 0/4 mm.

Mortar W/C Water [kg] Cement [kg] Classical Sand (0/4 mm) [kg]

MS 0.50 0.225 0.450 1.350

Aggregates were fully replaced by volume in all oyster shell formulations. The oyster
shell mortar based on the optimised granular skeleton (OS1) presented in Section 2.3
is denoted as MOS1. For comparisons, three other types of non-optimised oyster shell
granular arrangements were designed with a constant range size (0/4 mm). OS2 denotes a
mix designed with a higher amount of coarse particle classes. OS3 denotes a mix designed to
mimic the classical sand grading curve. OS4 denotes a mix designed with a higher amount
of fine particle classes. The corresponding grading curves are presented in Section 3.2, and
the corresponding oyster shell mortars are denoted as MOS2, MOS3, and MOS4.

For the first batch of the five different mortars (MS and MOS1 to MOS4), the cement
paste content was kept constant in addition to the aggregate volume and water-to-cement
ratio. The corresponding formulations are given in Section 3.3. Then, two different MS
mortars and three different MOS1 mortars were cast in a second batch with varying cement
paste content, but with a constant aggregate volume and water-to-cement ratio. These
mortars are denoted as MS_i or MOS1_j, where i and j are the percentage of voids of the
given aggregated skeleton filled with the cement paste. The corresponding formulations
are given in Section 3.4.

2.5. Mixing, Casting, and Testing Procedures

The mixing and casting procedures followed the European Standard NF EN 196-1 [45].
Due to the high water absorption coefficient (WA24) for OS mixes, all aggregate mixes were
dried at 80 ◦C until reaching a constant mass and then stored in hermetic bags. From WA24,
the water absorption content was estimated and the corresponding water amount was
added to each bag 24 h before casting. The actual mixing procedure started by pouring the
cement and the hydration water in a mixing bowl and then mixing at low speed for 30 s.
Then, the aggregate was added steadily for 30 s, and the mixer was switched to high speed
for an additional 30 s. Finally, the mixer was stopped for 90 s, then the mortar adhering to
the wall was scrapped, and the mixer was restarted for an additional 60 s on high speed.

Beam samples of 40 × 40 × 160 mm3 were cast, demoulded after 24 h, and immersed
and cured in water at room temperature. After 7 or 28 days of curing, the different samples
were mechanically tested in a saturated state on compressive or 3-point bending setups
according to the European Standard NF EN 1015-11 [46]. Three replicates were tested for
each formulation and each curing age.

The oven-dried density and the water absorption coefficient (WA24) were experimen-
tally estimated by following the European standard NF EN 1097-6 [40] and the loose bulk
density by following the European standard NF EN 1097-3 [41], and the intergranular
porosity is given in Equation (1).
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3. Results and Discussions
3.1. Validation of the Non-Spherical Granular Skeleton Optimisation Strategy Using Crushed
Oyster Shell

Following the general methodology proposed in Section 2.1 and its application to
crushed oyster shells (OSs) presented in Section 2.2, the seven OS particle classes (2.5/4 mm,
1.25/2.5 mm, 0.500/1.25 mm, 0.250/0.500 mm, 0.200/0.250 mm, 0.100/0.200 mm, and
0/0.100 mm) were combined three by three in ternary mixes, and three rounds of optimisa-
tion were performed to optimise the OS non-spherical granular skeleton. Figure 5 presents
the extrapolated contour maps of the intergranular porosity obtained for the different
ternary mixes for each round of optimisation by the statistical software Minitab 17® used in
this study.

 

 

 

 

 

 

 

 

Figure 5. Extrapolated intergranular porosity for the different ternary mixes for each round of
optimisation: (top) first round, (middle) second round, and (bottom) third round.
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Figure 5 (top) shows that the best OSFA1 mix was a rather balanced combination of
the three initial particle classes with an intergranular porosity lower than 62% (central dark
blue region). In particular, the two green regions on the top- and bottom-right corners
present an important intergranular porosity and should be avoided. More generally, any
mix with a high proportion of 0.500/1.25 seems not to be favourable, with a clear tendency
to increase the intergranular porosity when its proportion in the mix increases. The actual
optimal OSFA1 mix was 37.4% of the 2.5/4 class, 44.5% of the 1.25/2.5 class, and 18.1%
of the 0.5/1.25 class with a predicted intergranular porosity of 60.8%. An experimen-
tal measurement of 60.7% confirmed this prediction. Table 3 collects all predicted and
experimentally measured intergranular porosities for each round of optimisation.

In the second round of optimisation, the next two particle classes (0.25/0.5 and
0.2/0.25) were combined together with OSFA1. Figure 5 (middle) shows that the best
OSFA2 mix was a combination of the three particle classes where the intergranular porosity
tended to be less than 58% (central blue region). Once again, the optimum intergranular
porosity was obtained when combining the three particle classes in a rather balanced way.
It is worth noticing that, starting from the central region, OSFA2’s intergranular porosity
increases with the increase of the 0.250/0.500 or 0.200/0.250 proportion, reaching a higher
value than the initial OSFA1 one. This means that the initial OSFA1 mix may be highly
disturbed by the addition of the smallest particles if they are not added wisely. The optimal
OSFA2 combination was 58.6% of the OSFA1 class, 20.7% of the 0.25/0.5 class, and 20.7%
of the 0.2/0.25 class with a predicted intergranular porosity of 56.7%. An experimental
measurement of 56.3% confirmed this prediction.

In the third and last round of optimisation, the next two particle classes (0.1/0.2
and 0./0.1) were combined together with OSFA2. Figure 5 (bottom) shows that the best
OSFA3 mix was a combination of the three particle classes, where the intergranular porosity
tended to be less than 56% (top blue region). If a small amount of smaller particles may
benefit to the final mix, Figure 5 (bottom) shows even more clearly than Figure 5 (middle)
that the addition of smaller particles may highly disturb a given optimised mix if they
are not added wisely, leading to intergranular porosity values that are higher than any
individual ones obtained on a single particle class. This observation justifies why a specific
methodology (as the one presented here) needs to be assessed for non-spherical granular
skeleton optimisation. The optimal OSFA3 combination was 83.5% of OSFA2 class, 8.25%
of the 0.1/0.2 class, and 8.25% of the 0./0.1 class with a predicted intergranular porosity of
56%. An experimental measurement of 54.1% was finally obtained for this mix.

The global strategy being validated by reaching a minima in terms of intergranular
porosity, the optimised combination was now OS1, and it will be compared with other
non-optimised oyster shell granular skeletons in Section 3.2. It is worth noting that we may
not have reached the absolute minima in terms of intergranular porosity because some
simplifications regarding the optimisation process were made by combining the particle
classes three by three from the coarsest to the finest.

Table 3. Predicted and experimentally measured intergranular porosities for the best mix for every
round of optimisation.

Round Mix
Intergranular Porosity [%]

Predicted Measured

#1 OSFA1 60.8 60.7
#2 OSFA2 56.6 56.3
#3 OSFA3 56.0 54.1

3.2. Comparison with Different Non-Optimised Oyster Shell Granular Skeletons

In this section, the optimised granular skeleton OS1, obtained in Section 3.1, is com-
pared with that of a classical sand (S) and the three other non-optimised OS granular
skeletons (OS2, OS3, and OS4) presented in Section 2.4. We remind the reader that OS2
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denotes a mix designed with a higher amount of coarse particle classes, OS3 denotes a mix
designed to mimic the classical sand grading curve, and OS4 denotes a mix designed with
a higher amount of fine particle classes.

Figure 6 shows the particle size distribution of all granular arrangements. The classical
sand S has a classical grading curve with a typical S-shape, and OS3’s grading curve is
perfectly superimposed. OS2 and OS4 have a typical grading curve of mixes, presenting a
high amount of, respectively, coarse or fine particle classes. The optimised skeleton OS1
presents a particular grading curve with an “inverse” S-shape compared to the classical
sand, the two curves crossing paths at around 0.5 mm.
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Figure 6. Particle size distribution of the different granular arrangements: classical sand S, optimised
OS1, coarse OS2, sand-mimicking OS3, and fine OS4.

Table 4 presents the loose bulk and oven-dried densities for all aggregate mixes, and
Figure 7 shows the corresponding intergranular porosity estimated through Equation (1).
The oven-dried densities measured for the different OS skeletons were consistent with the
results reported in the literature [21–24]. As expected, the reference sand skeleton, which
was made of spherical particles, presented a lower intergranular porosity (45.6%). For the
other non-spherical oyster shell aggregate mixes, the optimised OS1 presented the lowest
intergranular porosity (54.1%), highlighting the efficiency of the optimisation method
presented in Section 3.1. It is worth noticing that OS3, which mimics the classical sand
arrangement, presented a very poor performance in terms of intergranular porosity (63.6%),
especially when compared with OS2 (60.6%), which was not optimised, but designed with
a high amount of coarse particles. Based on this result, we can recommend not mimicking
spherical particle grading curves as non-spherical ones to minimise the resulting granular
skeleton’s intergranular porosity. The worse arrangement in terms of intergranular porosity
was OS4 (67.5%), which was designed with a high amount of fine particles. This confirms
the observation made in Section 3.1 that the addition of smaller particles may highly disturb
a given mix if they are not added wisely. However, with a good optimisation methodology,
as the one presented here, the smallest non-spherical particles may be assembled with the
coarser ones to reach a low intergranular porosity (OS1) even if the absolute minima of a
spherical arrangement (S) cannot be reached.
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Table 4. Loose bulk density and oven-dried density of the different granular arrangements.

Skeleton Loose Bulk Density Oven-Dried Density
[kg/m3] [kg/m3]

S 1462 2690
OS1 974 2123
OS2 852 2160
OS3 903 2463
OS4 840 2583

45.7
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Figure 7. Intergranular porosity of the different granular arrangements: classical sand S (45.7%),
optimised OS1 (54.1%), coarse OS2 (60.6%), sand-mimicking OS3 (63.3%), and fine OS4 (67.5%).

3.3. Compressive Performance of the Different Oyster Shell Mortars with 100% Aggregate
Replacement and a Constant Cement Paste Content

The different crushed oyster shell (OS) skeletons presented in Section 3.2 were used as
a 100% granular replacement of the classical sand in the standardised mortar formulation
presented in Section 2.4. Aggregates were fully replaced by volume in all formulations,
and the cement paste content was kept constant, in addition to the aggregate volume and
water-to-cement ratio. Table 5 presents the water absorption coefficient (WA24) measured
for the different granular skeletons S, OS1, OS2, OS3, and OS4. The values were consistent
with the results reported in the literature [11,16,17,47]. The WA24 for OS aggregates was
much higher than the one measured for classical sand, and this was taken into account
in the mortar casting as developed in Section 2.5. Some authors [21,24] explain that the
high amount of internal pores, the irregular aggregate surface, and the particle size can
contribute to this increase of the WA24. We can indeed conclude from Figure 6 and Table 5
that the coarser is the granular arrangement, the higher is the WA24.

Table 5. Water absorption coefficient (WA24) of the different granular arrangements.

Skeleton WA24 [%]

S 1.2
OS1 9.4
OS2 12.9
OS3 9.5
OS4 6.2
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Table 6 presents the mix proportion for different mortar formulations at a constant
cement paste content, constant bulk aggregate volume, and constant water-to-cement ratio.

Table 6. Mix proportion of the different mortar formulations at a constant cement paste content.

Formulation A W/C
Mass [kg] Cement Paste

Volume [m3]
Aggregate Bulk

Volume [m3]W C A

MS S 0.50 225 450 1350 0.367 0.923
MOS1 OS1 225 450 899
MOS2 OS2 225 450 786.3
MOS3 OS3 225 450 833.5
MOS4 OS4 225 450 755.3

W: water, C: cement, A: aggregate, S: classical sand, OS1 to OS4: oyster shell granular skeletons.

Figure 8 presents the compressive strength evolution of all oyster shell mortar formu-
lations after 7 days and 28 days of curing for a constant cement paste content. Usually, we
observed an increase in the compressive strength from 7 to 28 days for all formulations with
a relative increase of, respectively, 18%, 18%, 16%, and 8% for the MOS1, MOS2, MOS3, and
MOS4 formulations. This increase was relatively small compared to the classical mortar
(MS presented a relative increase of 30%), and the oyster shell may slow down the curing
process. According to the intergranular porosity increase shown in Figure 7, the compres-
sive strength decreased from MOS1 to MOS4, validating the global optimisation approach
proposed here.

However, it is worth noticing that, for a constant cement paste content, a constant
aggregate bulk volume, but different intergranular porosities, the same amount of voids
was not equally filled in all OS mortar formulations. This will be studied in more detail in
Section 3.4.

MOS 1 MOS 2 MOS 3 MOS 4
7 days 25.1 23.9 22.2 5.3
28 days 29.7 28.30 25.9 5.7

25.1
23.9

22.2

5.3

29.7
28.30

25.9

5.7

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

Formulation

Figure 8. Compressive strength comparison of the oyster shell mortar formulations after 7 days
(plain) and 28 days (cross-hatch) of curing at constant cement paste content. MS compressive strength:
45.4 ± 0.6 MPa at 7 days, 59 ± 2 MPa at 28 days.

3.4. Influence of the Cement Paste Content on the Compressive and Flexural Strengths

In this section, we study the influence of a varying cement paste content on the com-
pressive and tensile mechanical properties of different mortars composed of a classical sand
granular skeleton (S) or an optimised oyster shell granular skeleton (OS1). Two different
MS mortars and three different MOS1 mortars were cast with varying cement paste content,
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but with a constant aggregate volume and water-to-cement ratio. By varying the cement
paste content, we varied the filling ratio, i.e., the amount of void filled with the cement
paste. The different mortars are denoted as MS_i or MOS1_j, where i or j is the filling ratio.
The corresponding formulations are given in Table 7. The filling ratio of the mortar formu-
lations MS and MOS1 presented in Table 6 may be evaluated and were, respectively, 86.9%
and 73.4%. These two mortars MS and MOS1 are then denoted as MS_87 and MOS_73. All
formulations with varying filling ratios are given in Table 7.

Table 7. Mix proportion of the different mortar formulations with varying cement paste content.

Formulation A W/C
Mass [kg]

Cement
Paste

Volume
[m3]

Aggregate
Bulk

Volume
[m3]

Filling
Ratio

[%]
W C A

MS_87 * S 0.50 225 450 1350 0.367 0.923 86.9
MS_100 258.5 516.9 0.421 99.9

MOS1_65 OS1 0.50 198.5 396.6 899 0.323 0.923 64.7
MOS1_73 ** 225 450 0.367 73.4
MOS1_100 306.4 612.7 0.499 99.9

W: water, C: cement, A: aggregates, S: classical sand, OS1, optimised oyster shell granular skeleton. * Equivalent
to MS in Table 6; ** equivalent to MOS1 in Table 6.

Figure 9 presents the compressive strength evolution of the MS_i and MOS1_j mortar
formulations at 7 days and 28 days with varying cement paste content and varying filling
ratios. The classical increase of the compressive strength with curing time was recovered,
and the relative increase was still lower for the oyster shell mortar, whatever the filling ratio.
This would need further investigation, but it is a confirmation that the oyster shell may slow
down the curing process. More interestingly, we can observe that an important increase of
the compressive strength was directly linked to an increase in the filling ratio. Traditionally,
aggregates are directly replaced in mortar or concrete formulation with no adaptations of
the binder content, leading to poor-quality mortar in terms of compressive strength.

Figure 10 illustrates the impact of the filling ratio, which refers to the percentage of
voids filled with cement paste, on the compressive strength. This is shown in relation to
both the MS and MOS1 formulations, as well as various curing times. Our data indicate
that, regardless of the aggregate shape, aggregate material, or curing time, the compressive
strength increased as the filling ratio increased, while maintaining a constant aggregate
bulk volume. Notably, all of our experimental data appeared to follow a consistent trend,
demonstrating the inherent influence of the filling ratio on the material’s compressive
behaviour at a constant aggregate bulk volume. Given a particular granular skeleton, we
can adjust the filling ratio to achieve the optimal balance between the intended compressive
strength and the amount of cement paste required. By doing so, we can design cementitious
materials that have a lower environmental impact. However, this needs to be further inves-
tigated using different values for the filling ratio, as well as different granular distributions
and aggregate shapes or materials. The reason behind the trend of increased mortar perfor-
mance with an increase in cement paste content can be explained by the simple composite
mixing rule for oyster shell mortar. In comparison to classical aggregates, oyster shell
aggregates are much weaker, and even weaker than the cement paste. Hence, increasing
the cement paste content logically results in an increase in the mortar’s performance. This
trend is usually the opposite for classical concrete, where the aggregates used are stronger
than the cement paste. However, in the studies conducted to observe this trend, the cement
paste varies along with the fine/coarse aggregate ratio, causing a variation in the aggregate
skeleton packing and the aggregate bulk volume as well.
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Figure 9. Compressive strength evolution of the MS (top) and MOS1 (bottom) mortar formulations
after 7 days (plain) and 28 days (cross-hatch) of curing at varying filling ratios.
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Figure 10. Normalised compressive strength evolution for the MS and MOS1 formulations at different
curing times as a function of the filling ratio (the compressive strength is normalised by its value at a
100% filling ratio).

Figure 11 shows the three-point bending flexural strength evolution of the MS_i and
MOS1_j mortar formulations at 7 days and 28 days with varying cement paste content and
varying filling ratios. The previous observation performed under compressive loading still
holds: the flexural strength increased with the curing time and the percentage of voids
filled with cement paste. However, we can notice that the flexural performances of the
mortar made with oyster shell aggregates were close to the ones obtained with the classical
sand, whereas the compressive performances observed in Figure 10 were only half of the
classical ones. This means that the oyster shell mortar behaves intrinsically better in tension.
This also needs to be better investigated, but it may be related to the intrinsic mechanical
performances of seashell in tension observed by different authors (e.g., [5–7]).
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Figure 11. Flexural strength evolution of the MS (top) and MOS1 (bottom) mortar formulations after
7 days (plain) and 28 days (cross-hatch) of curing at varying filling ratios.

4. Concluding Remarks

The following concluding statements can be made:

• A methodology for optimising non-spherical granular skeletons is proposed and vali-
dated for oyster shell mortar with complete replacement of aggregates. This method
minimises intergranular porosity and enhances the mortar’s compressive strength.

• Mimicking a grading curve designed for spherical particles with non-spherical oyster
shell aggregates can lead to poor performances in terms of intergranular porosity and
compressive strength.

• The high elongation of oyster shell aggregates leads to high intergranular porosi-
ties within the skeleton, even after optimisation. Therefore, the cement paste con-
tent needs to be adjusted in a 100% oyster shell mortar formulation to improve
mechanical performance.

• Increasing the amount of cement paste in a given granular skeleton with a constant
aggregate bulk volume leads to an increase in both the filling ratio and mechanical
properties, including the compressive and flexural strengths.

Figure 11. Cont.
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4. Concluding Remarks

The following concluding statements can be made:

• A methodology for optimising non-spherical granular skeletons is proposed and vali-
dated for oyster shell mortar with complete replacement of aggregates. This method
minimises intergranular porosity and enhances the mortar’s compressive strength.

• Mimicking a grading curve designed for spherical particles with non-spherical oyster
shell aggregates can lead to poor performances in terms of intergranular porosity and
compressive strength.

• The high elongation of oyster shell aggregates leads to high intergranular porosi-
ties within the skeleton, even after optimisation. Therefore, the cement paste con-
tent needs to be adjusted in a 100% oyster shell mortar formulation to improve
mechanical performance.

• Increasing the amount of cement paste in a given granular skeleton with a constant
aggregate bulk volume leads to an increase in both the filling ratio and mechanical
properties, including the compressive and flexural strengths.

• Skeleton optimisation and cement paste content adjustment can restore the good
mechanical properties to the oyster shell mortar with a 100% aggregate replacement,
particularly in flexural tension.
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