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INTRODUCTION 

Global warming, the lack of natural sources, 
and environmental pollution are among the great-
est problems in our times. Because of the increas-
ing environmental problems, designers have 
started to develop ecological design in furniture 
designing (Yuksel and Kilic, 2015). The main 
goal of ecological design is to decrease negative 
environmental effects during the life cycle of the 
product through careful and responsible mate-
rial design. The significance of ecological furni-
ture design has grown substantially in 20th and 
21st century, particularly in the developed coun-
tries, which have widely embraced the concept 
of ecological furniture design. Advancements in 
economy and technology resulted in increased 
manufacturing capabilities with a goal to mitigate 
the adverse impacts of industrial production on 
the environment. In ancient China, there was a 

widespread idea that “nature and human beings 
share the same root and are brothers and exist as 
a whole” (Chai at al., 2020). Based on this idea, 
furniture industry today should promote harmony 
between human beings and nature through eco-
logical design, replace the use of materials that 
can cause irreversible harm to the environment, 
and use sustainable materials instead. To achieve 
a more sustainable and environmentally con-
scious society, it is crucial to establish a circular 
economy that optimizes the efficiency of material 
resources and reduces waste generation through 
sustainable design with end-of-life options en-
gagement (such as reuse, recycling, or remanu-
facturing). Industries based on natural materials 
have significant potential and tradition in the re-
use of materials, or their cascading use. 

Promoting reuse and recycling (European 
Commission, 2016; Husgafvel at al., 2018) aims 
to increase resource efficiency and mitigate 
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climate change (European Commission, 2014; 
Thonemann at al., 2018). Cascading is a system-
atic methodology that involves the sequential use 
of materials to extract maximum utility and value. 
This process efficiently manages natural resources 
by optimizing their value and minimizing waste 
at every stage of a product’s life cycle. This ap-
proach is becoming increasingly popular in ex-
tending the life cycle of materials and combating 
climate change. The construction industry, which 
consumes about half of all materials used by hu-
manity, faces a particular challenge in improving 
resource efficiency (European Commission, 2011; 
Ruuska at al., 2014). Demolition and reconstruc-
tion processes lead to increased waste production, 
which is one of the reasons why resource efficien-
cy in the industry needs improvement. Therefore, 
all new strategies and policies in the European 
Union emphasize the reuse and recycling of all 
products based on natural, bio materials.

In many coastal regions around the world, sea-
shells were used in a construction and as a raw 
material for making pottery (Jovic at al., 2019; 
Govindhan and Thamizha, 2008; Khamis, 2022). 
Seashell waste accumulates rapidly, especially in 
places where a lot of shellfish products are con-
sumed. Comprehensive experimental analysis in 
literature sources justifies the use of seashell waste 
as construction material today. The chemical com-
position of seashells is more than 90% calcium 
carbonate (CaCO3), therefore this composition is 
similar to limestone which is used in a production 
of Portland cement (Lertwattanaruk at al. 2012). 
As mentioned by Gideon O. Bamigboye at al. 
(2022), 5% of protein glue which can be found 
in seashells, is responsible for their toughness. 
Different authors studied the use of seashells as 
aggregate for green concrete production (Olivia 
at al., 2015; Barbachi at al., 2017; Prince at al., 
2020). These studies concluded that flat and irreg-
ular shape of seashell particles contributes to the 
decrease of paste–aggregate relation in a concrete, 
which leads to the increase of closed porosity. 
Therefore, the compressive strength of a concrete 
decreases significantly with the higher percentage 
of shell aggregate (Gonzales at al., 2015), while 
tensile strength and flexural strength are higher 
when compared with conventional concrete (Ol-
ivia at al., 2015). The experimental results showed 
that the maximum percentage of replacement of 
seashell powder in a concrete is 15% (Prince, 
2020). The absorption and porosity of a concrete 
at low percentages of replacement with seashell 

aggregate are less, when compared with conven-
tional concrete, but these values are increasing 
with higher percentage of seashell replacement 
(Tayeh at al., 2019). However, experimentally 
was proven that decrease in mechanical proper-
ties of seashell concrete does not compromise 
the performance of the material for civil applica-
tions (Essalem and Cherradi, 2023). Some authors 
were studying the use of seashells as aggregate in 
cemented materials for masonry and plastering. 
The results obtained showed the reduction in the 
flexural stress and toughness, and higher water 
absorption of cement with seashell aggregates. 
Water absorption depends on the size of the shell 
crushes and increases with the higher degree of 
crushing. As the replacement percentage of sea-
shells increases, the free water content in the mix 
also increases and the compressive strength de-
creases (Lertwattanaruk at al., 2012; Suarez-Riera 
at al., 2021). Singamneni at al. (2018) were exam-
ining mechanism of bonding in seashell powder 
based ceramic composites used for 3D printing, 
while Silva at al. (2019) examined the possibil-
ity of using oyster shell waste in artificial stone 
production. They concluded that the new artificial 
stone exhibits higher mechanical properties when 
compared with granite, marble, and Aglostone. 
Not only from the sustainable perspective, but also 
from the economic perspective, the effective reuse 
of these wastes is justified, considering the costs 
of disposal of waste seashells, which keeps rising 
in countries around the world (Bamigboye at al., 
2022). Waste seashells are a renewable and cheap 
resource, which can decrease furniture manufac-
turing costs, and waste disposal cost, while pro-
viding a sustainable environment.

In the European Union, every year, 600.000 
tons of shellfish are produced (Suarez-Riera at al., 
2021). In Croatia, which is a member state of the 
European Union, tones of seashells are produced 
every year. For example, in 2022, 1.113 tons of 
seashells were produced in the country (Croatian 
Ministry of Agriculture, 2023). Even though there 
are 126 registered seashell farms on Croatian Adri-
atic coast, 55.7% of seashells are produced in Mali 
Ston Bay in Dubrovnik-Neretva County (Minis-
tarstvo gospodarstva i održivog razvoja Republike 
Hrvatske, 2023). Empty seashells are generally 
disposed in garbage sites, thereby creating unpleas-
ant sight and odor pollution. If left for a long time, 
microbial decomposition of salts into gases such as 
hydro-gen sulfide, ammonia and amines, is causing 
serious environmental impact (Suarez-Riera at al., 
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2021). The idea for creating the material entirely 
made of seashell waste came from the tendency to 
deal with seashell waste problem in Mali Ston Bay 
in a constructive way. This way, the waste would 
be eliminated, and a new material, entirely made 
of natural ingredients, would be a sustainable ap-
proach to this ecological problem.

The objective of the research presented in this 
paper is to develop a new ecological material for 
furniture production, made of seashell waste and 
to improve resource efficiency through reuse and 
recycling of food waste materials. The aim is to 
examine physical and mechanical properties of 
the bio composite material made of seashells and 
bone glue and its capabilities to be used for furni-
ture and decorative objects making.

MATERIALS AND METHODS

Methodology of waste seashell bio compos-
ite preparation and testing is shown in Figure 1. 
Preparation of the seashell bio composite material 
and sampling were conducted in the workshop of 
the Department of Art and Restoration, Univer-
sity of Dubrovnik, Croatia. The seashells were 

conducted from the local restaurants, as a food 
waste, Figure 2. The seashells were washed well 
to remove all organic residues, dried in the oven 
to become softer, and grounded with a blender, 
until a fine powder was obtained. Additional com-
ponents in the mixture were alginate, bone glue, 
lavender essential oil and water. The mix per-
centages used to obtain this new bio composite 
material were 18.2% of mussel, 36.4% of oys-
ter, 21.8% of water, 14.5% alginate, 4.5% bone 
glue, and 4.5% lavender essential oil. All mate-
rial components were weighted according to the 
amounts required in the mix design. The seashell 
bio composite material was prepared by mixing 
dry materials and water in the pan mixer until 
a homogeneous paste is obtained. At the end of 
the mixing phase, mixture was molded manually 
into prismatic specimens. So far, this material has 
been used for creating small decorative objects, 
for interior use.

Testing of physical and mechanical properties 
of the bio composite material was conducted in 
the Laboratory for Surface Treatment of the De-
partment of Wood Technology, University of Sa-
rajevo, Mechanical Engineering Faculty, Bosnia 
and Herzegovina. Physical properties of the bio 

Figure 1. Methodology of waste seashell bio composite preparation and testing

Figure 2. Washed and dried mussel and oyster seashells
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composite material were determined on the non-
uniform-size prismatic samples, Figure 3, that 
were cut from four bricks of material. Samples 
were used to determine the density of the mate-
rial under the different ambient conditions, and to 
monitor the moisture content in the material.

The density of the tested material was deter-
mined using the following equation:
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where: m – the mass in grams, V – the volume of 
the sample in cm3. 

The volume of the samples was determined 
by the stereometric method. The moisture content 
of the material was determined by the oven and 
weighing scale method. In order to remove sam-
ple residual moisture, samples were placed into 
the drying chamber (Memmert UF110m) where 
the dry air temperature was set at 100°C, and they 
were dried for 48 hours. The percentage of mois-
ture content was calculated using the equation:
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where: m1 – the mass of the sample before dry-
ing in grams, m2 – the mass of the sample 
after drying in grams.

Testing of the material’s behavior under envi-
ronmental conditions of air temperature (30–35°C) 
and elevated relative humidity (not measured) was 

conducted on four samples. The testing lasted for 
24 hours in a humidification chamber. Additional-
ly, six samples were used for testing water absorp-
tion after submerging in the water. Samples were 
submerged in the water at room temperature for 
48 hours. The moisture content in the samples be-
fore and after the exposure to altered atmospheric 
conditions was calculated using (2).

In the case of the bio composite material made 
from the seashells, there are no standards to evalu-
ate its mechanical properties. Therefore, selected 
mechanical properties (tensile strength, compres-
sive strength, and bending strength) were, due to 
the limited amount of material, tested on samples 
whose dimensions and shape are usually used for 
testing samples of 3D printed materials. The sam-
ple sizes for the tensile strength test (a) accord-
ing to the standard ISO 527-2, the compression 
strength test (b) according to the standard ASTM 
D695, and the bending strength test (c) according 
to the standard EN ISO 178 are shown in Figure 
4. Before testing the mechanical properties of the 
material, the prepared samples were stored for 
7 days in the climate chamber (Binder - model 
KMF 240). The temperature was set to 22°C and 
relative air humidity (RH) was 55%. The tests 
were carried out on a universal testing machine 
(Shimadzu, 10kN), Figure 5. The displacement 
velocity during tests was maintained at 5.0 mm/
min in all cases.

Figure 3. Samples prepared for testing physical properties
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The tensile strength of the bio composite ma-
terial was tested on five samples, the compres-
sive strength on ten samples, while the bending 
strength was tested on seven samples, Figure 6.

The tensile/compressive strength (σT; σC) of 
the tested material was determined using the fol-
lowing equation:
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where: Fmax – the maximal (ultimate) force in N, 
A0 – the cross-sectional area of the sample 
in mm2.

Bending strength σb was determined using the 
following equation:
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where: Fmax – the maximal (ultimate) force in N, l 
– the distance between supports (span: 64 
mm) in mm, b – the width of the sample in 
mm, and h – height of the sample in mm.

The main features of a test results datasets 
were determined by descriptive statistics methods.

RESULTS AND DISCUSSION

The results of the bio composite material den-
sity under different ambient conditions are shown 
in Table 1. The average density of the samples is 
1.26 g/cm3, and the average moisture content in 
the material is 1.22% at elevated temperature and 
low relative air humidity and does not differ from 
the density at absolutely dry material. The density 

of the tested material is similar to density of the 
lightweight aggregates (1.2 g/cm3) used in “light” 
concretes [15].

The samples for testing the mechanical prop-
erties of the material were stored for 7 days in 
the climate chamber at the temperature 22°C 
and RH 55%. After conditioning, average values 
of moisture content and density of the samples 
were 1.64% (stand. dev. 0.096%) and 1.32 g/cm3 

Figure 4. The sample sizes for testing selected mechanical properties in mm

Figure 5. Universal testing machine
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Figure 6. Testing the mechanical properties of bio composite: (a) tensile 
strength, (b) compression strength, (c) bending strength

before and after the exposure to altered atmo-
spheric conditions is shown in Table 2.

The samples used for testing water absorption 
were absolutely dry (0%) before submerging. Im-
mediately after placing the samples in the water, 
air bubbles appeared on their surfaces from the 
material deposits, followed by a characteristic 
sound. After two days of submerging in the wa-
ter, a visual inspection of the samples revealed 

Table 1. Density of bio composite material

Sample
Moisture content of material: absolutely dry - 0% Under laboratory conditions – T=30°C; RH 28%

Mass, g Volume, cm3 Density, g/cm3 Mass, g Volume, cm3 Density, g/cm3 Moisture 
content, %

1 4.34 3.62 1.19 4.38 3.7 0.17 0.92

2 8.83 7.42 1.19 8.95 7.45 0.17 1.36

3 7.15 5.18 1.38 7.24 5.36 0.17 1.26

4 7.01 5.47 1.28 7.1 5.51 0.17 1.28

5 7.08 5.49 1.28 7.17 5.55 0.17 1.27

6 8.12 6.16 1.31 8.22 6.6 0.17 1.23

Total average 1.27 Total average 1.26 1.22

Deviation 0.07 Deviation 0.06 0.15

Total range 0.19 Total range 0.17 0.44

(stand. dev. 0.024 g/cm3), respectively. The re-
sults of testing how the material responds to the 
environmental condition changes (temperature 
and relative air humidity) are shown in Table 2. 
The test results, after 24 hours, showed that there 
was an increase in the moisture content in the 
material due to a change of relative air humidity. 
The material absorbs atmospheric moisture and 
the difference in moisture content in the material 

a) b)

c)
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Table 2. Moisture content in the material samples before and after humidification

Sample Moisture content of the material 
before humidification, %

Moisture content of the material 
after humidification, % Increase of moisture content, %

1 1.45 2.89 1.44

2 1.87 2.35 0.48

3 0.90 2.70 1.8

4 0.80 2.40 1.6

Table 3. Water content and volume of bio composite material after submerging

Sample Water content after 
submerging, %

Volume of absolutely dry 
material, cm3

Volume of material after 
submerging, cm3

1 39.17 3.62 3.63

2 38.95 7.42 7.48

3 16.92 5.18 5.43

4 31.09 5.47 5.54

5 29.24 5.49 5.42

6 16.75 6.16 6.21

Figure 7. Sample surface of bio composite material at magnification 20×

no change in shape, while the water was muddy 
and with slight sediment. The material has soft-
ened, was of a low strength, and had a tendency 
to crumble. The average water content that sam-
ples absorbed was 28.69%, Table 3. There was no 
significant change in the volume of the samples. 
Based on the presented results, it can be conclud-
ed that the tested material is hygroscopic and does 
not swell when absorbing water.

A visual inspection of the dried material’s 
surface was performed under magnification 20x, 
Figure 7. There are no visible macro and micro 
voids in the material structure, which suggests 
that they are mostly removed during the material 
preparation process. The exceptional hygroscop-
icity of the material, observed during the testing, 

is likely due to the binding material used and the 
presence of entrapped air in micro voids, as noted 
by Monita Olivia and others [14]. The probable 
cause of micro voids is due to the aragonite shape 
of seashell ashes, as mentioned by Bassam A. 
Tayeh and others [18], which results in higher po-
rosity and water absorption.

The results of tensile strength of the five spec-
imens of the bio composite material are given in 
Table 4. The average values of tensile strength 
were 1.9 MPa, sample standard deviation was 
0.49 MPa, and the rang of a set of tensile strength 
data was 1.5 MPa. A stress-strain curves for the 
bio composite material were linear. Fractures oc-
curred while the deformation was elastic, with 
a sharp and sudden break, i.e., without zones of 

a) b)
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plastic deformations. The ruptures occurred with-
out any previously noticeable change in the elon-
gation rate. Experimental results of compressive 
strength of the bio composite material are given 
in Table 5. The average values of compressive 
strength were 3.05 MPa, sample standard devia-
tion was 0.43 MPa, and the rang of a set of com-
pressive strength data was 1.41 MPa.

Figure 8 shows the curves of stress-strain dia-
grams of the compressive strength of the tested 
specimens. The diagrams show noticeable dif-
ferences among the values of ultimate compres-
sive stress of ten material samples. The average 
compressive strength curve of the bio composite 
material has a defined elastic region, and at higher 
stress, the behavior is inelastic. The final break-
ing material occurs at a lower stress than the ul-
timate stress. The results of bending strength of 
the bio composite material are given in Table 6. 
The average values of bending strength were 3.63 

Table 4. The results of tensile strength of bio composite 
material

Sample Max force, N Max stress, MPa

1 40.7 1.0

2 83.9 2.1

3 80.4 2.0

4 99.5 2.5

5 70.1 1.8

Total average 74.9 1.9

Deviation 19.5 0,49

Total range 58.8 1.5

Table 5. The results of compression strength of bio 
composite material

Sample Max force, N Max stress, MPa

1 558.85 3.42

2 403.56 2.47

3 633.28 3.88

4 519.14 3.18

5 462.99 2.84

6 413.93 2.54

7 503.59 3.08

8 525.20 3.22

9 443.76 2.72

10 521.70 3.20

Total average 498.60 3.05

Deviation 69.87 0.43

Total range 229.72 1.41

Figure 8. The stress-strain diagrams of compressive 
strength test: samples curves (a), average (b)

Table 6. The results of bending strength of bio 
composite material

Sample Max force, N Max stress, N/
mm2

1 10.14 3.92

2 9.56 3.70

3 10.29 3.94

4 6.88 2.66

5 6.60 2.55

6 10.86 4.20

7 11.33 4.38

Total average 9.38 3.62

Deviation 1.89 0.73

Total range 4.73 1.83

a)

b)

MPa, sample standard deviation was 0.73 MPa, 
and the rang of set of bending strength data was 
1.83 MPa. The curves of stress-strain diagrams of 
the bending strength of the tested specimens are 
shown in Figure 9. Two different groups of curves 
are noticeable, which indicates a significant varia-
tion of the modulus of elasticity of seven material 
samples. The average bending strength curve of 
the bio composite material has a dominant elastic 
region and does not have a noticeable yield point.
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Figure 9. The stress-strain diagrams of bending strength test: samples curves (left), average (right)

a)

b)

Figure 10. Comparison of maximal strength/stress of seashell composite material

The comparison of tensile, compressive, and 
bending strength of seashell composite material 
is shown in Figure 10. The mean value of ten-
sile strength was remarkably lower (37.7%) than 
the mean value of compressive strength which, 

together with fracture analysis, indicates that the 
bio-composite material has the characteristics of 
a brittle material, such as concrete.

The obtained results of the bio composite 
material, examined in this paper, were compared 
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with literature testing results of a concrete mate-
rial, where seashells were used as partial cement 
replacement (Prince at al., 2020). The seashell 
powder was added in various percentages such as 
5%, 10%, 15% and 20%. The results obtained for 
concrete with maximum percentage of seashell 
powder added (20%), after 28 days of drying, has 
higher compressive strength (7.77 MPa), but low-
er values of tensile strength (1.26 MPa) and bend-
ing strength (3.04 MPa). In addition, the results 
showed that the compressive strength decreases 
significantly, as the percentage of shell aggregate 
grows in a concrete.

CONCLUSIONS

Based on the laboratory test results, the fol-
lowing conclusions can be drawn. The average 
density of the tested material is 1.26 g/cm3, and 
it is similar to density of the lightweight ag-
gregates (1.2 g /cm3) used in “light” concretes. 
The average moisture content in the material is 
1.22%. The mean value of tensile strength was 
37.7% lower than the mean value of compressive 
strength. This indicates that the tested material 
has the characteristics of a brittle material, such 
as concrete. 

This material can be used for making furni-
ture components that don’t bear heavy loads and 
it is suitable only for interior applications. The 
material absorbs atmospheric moisture. It is hy-
groscopic and does not swell when absorbing wa-
ter. The compressive and bending strength were 
higher than tensile strength. The average values 
of tensile strength were 1.9 MPa, the average 
values of compressive strength were 3.05 MPa, 
and the average values of bending strength were 
3.63 MPa. Tested material yielded better bending 
properties, but little lower compressive strength. 
Further research, based on the data obtained from 
the analysis presented in this paper, will focus on 
creating a prototype of a side table with tabletop 
made of seashell bio composite material obtained 
by 3D printing.
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