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Researchers around the world have conducted extensive experiments with waste seashells in the form of seashell
aggregates and seashell powder. The physical, mechanical, and durability properties of seashell concrete are largely
determined by the properties of the aggregates and powders that make up the shell.
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| 1. Physical Properties

Researchers around the world have conducted extensive experiments with waste seashells in the form of seashell
aggregates and seashell powder. The physical, mechanical, and durability properties of seashell concrete are largely
determined by the properties of the aggregates and powders that make up the shell. The properties of seashells from the
available literature have been presented in Table 1.

Table 1. Physical properties of seashell waste as aggregate.

Seashell Type Literature Size (mm) Fineness Modulus Specific Gravity Water Absorption (%)
Oyster Yang et al. [1] <5 2.80 2.48 2.90
Oyster Kuo et al. 2 <4.75 2.00 2.10 7.70
Oyster Islam et al. (! <2 2.27 2.29 -
Oyster Eo and Yi 4 <5 1.85 2.59 1.61

25 7.68 2.67 0.40

Oyster Chen et al. & <5 3.66 - 6.84
Oyster Chen et al. [ <5 3.72 - 8.87
Scallop Cuadrado-Rica et al. (1 <5 4.40 2.64 3.65
Mussel Martinez-Garcia et al. [&] 0-1 1.90 2.73 412
1-4 4.64 2.65 2.56

4-16 5.38 2.62 2.17

Cockle Khankhaje et al. [ 4.75-6.3 - 2.64 2.50
6.3-9.5 - 2.09 1.80

The specific gravity of any material is the ratio of the density of the particular material to that of water. In general, crushed
seashells were used as fine aggregate with sizes of less than 5 mm. On the other hand, when they were used as coarse
aggregate, they were processed with a maximum size of between 16 and 25 mm. However, when incorporated in
pervious concrete, Martinez-Garcia et al. 8l and Khankhaje et al. [¥ claimed that aggregates between 4 and 9.5 mm in
size can also be used as coarse aggregate. The specific gravity of coarse and fine seashell aggregate varies in the range
of 2.09-2.67 and 2.10-2.73, respectively. Khankhaje et al. [ displayed the lowest specific gravity value of 2.09 for coarse
aggregate, while Kuo et al. [& showed the same value of specific gravity for fine aggregate. The highest value of specific
gravity for coarse aggregate was reported by Eo and Yi 4 to be 2.67, while Martinez-Garcia et al. [ displayed the highest
specific gravity of 2.73 for fine aggregate. The specific gravity of seashell aggregates is usually lower than that of natural
aggregates. The researchers found through testing that the specific gravity of natural coarse and fine aggregates varied in
the range of 2.51-2.87 and 2.58-2.83, respectively. Although some of the seashells were outside the ACI limits for normal



weight aggregates used in concrete (2.30-2.90), such as some oyster shells and cockle shells, the specific gravity of all
seashells was above the ACI recommendations for light aggregates.

A significant variation in the water absorption of seashell aggregates was observed, depending on the presence of an
irregular surface and number of internal pores 19, as seen in Table 1 Under normal circumstances, the water absorption
of normal aggregates is less than 2% 11, and the maximum water absorption recommended in ACI cannot exceed 8%.
Studies showed that the water absorption of coarse aggregate is lower than that of fine aggregate. They did not vary
much, usually between 1.88 and 8.87%. But in some studies, the authors gave different results. Eo and Yi 4 found that
oyster shell aggregates up to 25 mm had a water absorption of 0.4% and Falade 12 (not listed in Table 1) found that the
water absorption of periwinkle shell aggregate was up to 12.99%. The water absorption of aggregates has an influence on
the workability and consistency of concrete or mortar. Therefore, it is necessary to specify the amount of water absorption
of seashell aggregates required for effective mix design.

In some past studies, waste seashells were also ground into powder to be a replacement for cement. The results showed
that the specific gravity of seashell powder was generally lower than that of OPC (3.10), and the particle size depended
on the temperature of the calcination and grinding processes. Lertwattanaruk et al. 13! found the specific gravity of clam
shell, mussel shell, oyster shell, and cockle shell powder to be 2.71, 2.86, 2.65, and 2.82, respectively. By grinding oyster
shells in wet and dry methods, Zhong et al. 4] obtained different median sizes with D50 of 1.61 and 58.53 um,
respectively. Ez-Zaki et al. 12 achieved powder of 6.27 and 10.22 um by milling the same seashell type. From the study
by Lertwattanaruk et al. (131 it can be found that the average particle sizes of Portland cement and the clam, mussel,
oyster, and cockle shells were 22.82, 20.80, 29.87, 13.93, and 13.56 pm, respectively, which corresponded to a specific
surface area of 3376, 8279, 6186, 14,280, and 8299 cm?/g, respectively. Compared to Portland cement, seashell powder
has a greater specific surface area after processing, making it more reactive for the cementitious material to react with
other substances to form a binder with appreciable strength.

| 2. Chemical Composition

The chemical composition of seashells varies depending on the type of shells and where they were collected. Most
researchers calcined shells to study their chemical composition. Table 2 lists the chemical composition of the raw shells
and the shells after calcination. It is obvious that there is no significant difference in the original chemical composition of
oyster shells collected from rivers and the sea, except that the river oyster is slightly higher in calcium carbonate content.
The data measured by Abinaya and Venkatesh 28 confirmed this regularity. There is no obvious difference in the chemical
composition of different types of shells, all of which are composed of calcium carbonate and a small number of other
oxides, and the calcium carbonate content of most shells is more than 95%. Apparently, the shells after calcination
contained higher calcium oxide, which suggests that seashells could be an inert material in concrete and mortar, similar to

limestone.
Table 2. Chemical composition of seashells (%).
Seashell Type Literature CaCOj/CaO SiO, AlLO; MgO Fe,O3 Na,O K,O0 SO3 P,05 LOI
Raw shells
Seashell Abinaya and 89.56 404 042 0.65 - 0.98 - 0.72 0.20 -
River shell Venkatesh ! 95.99 128 040 0.8 . 098 - 072 020 -
Oyster Kong et al. 171 95.32 .01 026 071 015 118 - 0.66 - -
Mussel Figueroa et al. [18] 96.9 1.30 - - 0.50 - 0.40 0.30 - -
Cockle Oh et al. 29 97.6 013 010 032 028 122 0.03 0.12 - -
After
calcination
Oyster Yang et al. [ 51.06 200 050 051 020 058 0.06 060 0.18 44.16
Oyster Jung et al. 291 53.81 040 022 070 0.04 - - - - 44.87
Scallop Varhen et al. [21] 53.70 010 010 0418 0.03 050 0.01 0.32 - 44.4
Mussel Jung et al. 291 53.70 020 013 033 0.03 - - - - 45.61

Mussel Felipe-Sese et al. 22 87.21 0.55 0.03 0.49 0.05 0.50 0.04 - 0.09 -



Seashell Type Literature CaCO3/CaO SiO, AlLO; MgO Fe,O3 Na,O K,O0 SO3 P,0O5 LOI

Cockle Olivia et al. & 51.56 1.60 0.92 1.43 - 0.08 0.06 - - 41.84
Cockle Olivia et al. 24 51.91 0.38 0.65 - 0.05 - - - - -
Clam Jung et al. (20 53.92 0.46 0.20 0.22 0.04 - - - - 45.16
Clam Olivia et al. 24 67.70 0.39 0.28 - 0.02 - - - - -
Periwinkle Etuk et al. 23 55.53 26.26 8.79 0.40 4.82 0.25 0.20 0.18 0.05 -
Periwinkle Umoh and Ujene [26] 52.10 27.20 6.42 0.82 4.64 0.26 0.25 0.26 - -
Snail Zaid and Ghorpade 51.09 060 051 069 056 120 012 019 021 4054
Cardiidae Soltanzadeh et al. 28] 52.34 3.65 1.15 0.42 0.20 0.35 0.13 0.47 - 41.25

It is reported that in order to reduce impurities, organic matter, and salt content, especially chloride ions, seashells need to
be washed before reusing [&l. Chloride ions and sulfates in seashells prevent the effective bonding of aggregates to
cement matrix, thereby affecting the setting properties and ultimate strength of concrete. The percentages of organics and
chloride ions in untreated seashell aggregates often exceed the maximum values allowed for conventional concrete [El21]
(29 The excessive chloride content in concrete could accelerate the corrosion of steel reinforcement, while excessive
sulfate content could trigger the expansion of hardened concrete.

Differences in calcium oxide content in shells after calcination depend mainly on the type of shells, cleaning method, and
the method or temperature of the calcining treatment. Felipe-Sese et al. 22 calcined at 1100 °C to obtain shells with a
calcium oxide content as high as 87.21%. For the same type of seashell (mussel shell), Lertwattanaruk et al. 13! obtained
only 53.58% calcium oxide in shells at a calcination temperature of 550 °C. Therefore, in general, all types of seashells
have similar chemical compositions when similar calcination temperatures are employed.

| 3. Microstructure

According to the study by Martinez-Garcia et al. [&, the structure of mussel shells can be divided into three parts: the outer
layer called periostracum, the middle layer called the prismatic layer, and the inner layer referred to as nacre [ElB2BEL],
Most of the other species of seashells were also made up of these three parts. The periostracum is unmineralized and
consists mainly of proteins. Its morphological characteristics are shown in Figure 1a,b. The central and thicker layer
(approximately 400 mm) has an array of parallel prisms with polygonal cross-sections and its main component is calcium
carbonate, as shown in Figure 1c. The last layer, about 10 mm wide, consists of layers of aragonite parallel to the
surface, as shown in Figure 1d,e.
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Figure 1. SEM analysis of mussel shell composition by Martinez-Garcia et al. 82: (a) periostracum (external layer)—
prismatic structure layer; (b) periostracum layer front view; (¢) prismatic structure layer; (d) nacre layer front view; (e)
nacre layer; (f) limestone particle.

When seashells were ground into powder for cement replacement, Wang et al. 19 observed the surface morphology of
seashell powder, limestone powder, and cement powder particles by SEM. From Figure 2a,b, it can be seen that the
surface textures of limestone powder and cement powder are relatively smooth, while the surface of seashell powder
particles has many tiny protrusions, irregularities, and walls. This explains why seashell powder has a larger surface area
compared to limestone powder and cement powder. This positively affects the rheological properties, hydration
development, and mechanical strength.

Figure 2. Particle surface morphology of (a) limestone powder; (b) Portland cement powder; (c) seashell powder (20,

Martinez Garcia et al. [8 found that when seashells were added to concrete in the form of aggregates, it reduced the
bonding of seashell aggregates, which is especially enhanced with coarse aggregates. Cracks and pores were found in
the interfacial transition zone with the periostracum in the scanning electron microscope (SEM) image (Figure 3), while
the interfacial transition zone (ITZ) with the nacre layer showed a complete lack of bonding and very high porosity.
Similarly, some researchers I33] also observed through SEM images that the use of seashells as aggregate resulted in
poor cement paste-aggregate bonding and the creation of a large number of pores. In addition, Martinez-Garcia et al. [23]
observed a large number of cracks in the mortar at 28 days (Figure 4). The researchers found that the use of seashells
as a mixing material in concrete did not produce unusual chemical reactions or new substances 4],



Figure 4. Cracks in seashell particles and cement paste (33],

As can be seen in Figure 5a, the most common hydration products in 100% ordinary Portland cement typically consist of
C-S-H, Ca(OH), and ettringite. However, in blended cement mixtures containing seashell powder, ettringite-, and calcium

carboaluminate-like phases appear near the seashell powder. And it increases with the increase in amount of shellac in
the mixture (19,
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Figure 5. SEM of hydrated cement matrix produced in seashell cement mixtures 19: (a) 100% OPC; (b) 10%Ca mixture;
(c) 20%Ca mixture; (d) 40%Ca mixture.
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