Concrete Incorporating Waste Oyster Shells for Artificial Reefs
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Abstract: Atrtificial reefs are now crucial structures for reef restoration and oyster population regrowth.
Traditional cement-based concrete is currently being used for construction of artificial reefs. However,
this can be improved by incorporating recycled sea materials and using more sustainable concrete than
cement-based ones for the structures. This paper investigates the possibility of incorporating oyster
shells to develop a pervious concrete to be used in reef restoration aspects. The influence of using slag
in high proportions as well as the possibility of using sea sand instead of river sand has been
investigated. Three mixes with oyster shells as coarse aggregates have been analysed: cement-based
mix with normal sand, high slag mix with normal sand and high slag mix with sea sand. Compressive
strength over time and alkalinity of the mixes were observed. It was revealed that using high slag
contents as well as sea sand along with oyster shells as coarse aggregates results in adequate strength
and reduces the pH levels of the mix compared to traditional concrete. The reduction of pH of the matrix
through inclusion of slag is expected to facilitate and attract marine organisms to the reef. This enables
creating a new generation eco-friendly concrete resulting significant impact on living shorelines.
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Introduction

Artificial reefs are human-made structures intentionally placed in the sea with the purpose of having
positive impacts on the marine environment. Variety of aspects including but not limited to local
hydrodynamics, coastal sediment transport, and marine ecosystems can be influenced through artificial
reefs. For example, decommissioned drilling rigs and offshore shipwrecks are commonly converted into
artificial reef structures to help restore local fishery populations. Purpose-built artificial reefs are
generally constructed using concrete substrates and complex structural forms to encourage biological
attachments. Artificial reef structures are also being increasingly deployed as hybrid nature-based
solutions to address the impacts of accelerating sea level rise due to climate change[1].

Erosion and inundation are coastal hazards that can threaten humans and associated infrastructure.
Traditional hard engineered solutions (such as bulkheads, breakwaters, sea walls, revetments) aim to
address these coastal hazards but often cause inadvertent habitat loss and give way to changing coastal
conditions. In contrast, artificial reefs can function as living shorelines that support diverse marine
ecosystems while adapting to changing coastlines. The durability, moldability, and composition of
concrete influences the extent to which the concrete material becomes a preferred substrate for artificial
reefs. Conventional concrete comprises mined aggregate, river sand, Portland cement, and water along
with admixtures. However, these conventional materials have been found to limit the biodiversity of
marine organisms attaching to artificial reef structure [2]. Therefore, possibilities of improving concrete
formulations that is environmentally friendlier while also attracting and promoting attachment and growth
of marine organisms have been investigated before.

For example, Xu, Ji [3] proposed an economical and low alkaline artificial concrete using
sulphoaluminate cement, marine sand and sea water. It was confirmed that sulphoaluminated based
cement performed better than normal cement with regards to mechanical properties and surface pH.
Marine sand and sea water also resulted a positive influence on mechanical properties. Nagalakshmi,
Rameshwaran [4] confirmed that silica fume can effectively be used as a SCM to improve performance
characteristics of concrete used for artificial reef construction. Furthermore, a green artificial reef
concrete was formulated using blast furnace slag and steel slag by Huang, Wang [5]. It was confirmed



that mechanical, chemical and physical properties of the concrete reached expected levels while also
achieving higher algae settlement rates. Uddin, Smith [6] explored a pervious oyster shell concrete for
artificial reef construction. Full replacement of natural aggregates with oyster shells was performed, and
the effect of concrete mix proportions including w/c ratio, sand content and cement content was
investigated. It was confirmed that oyster shells can successfully be used to create a pervious concrete
that is suitable to be used for artificial reef construction. Ly, Yoris-Nobile [7] investigated the use of 3D
printed concrete for artificial reefs. Geopolymer and CEM IlI binders were compared in this study. They
confirmed that CEM Il based material performed better than geopolymer based binders with regards to
mechanical properties and colonisation levels. An investigation of using oyster shell powder as a binder
along with recycled concrete aggregates for artificial reef construction was also explored [8]. The
suggested maximum replacement of cement with oyster shell powder was 20%, and complete
replacement of natural aggregates with recycled concrete aggregates was possible [8].

This research aims at investigating the possibility of using crushed recycled oyster shells instead of
conventional coarse aggregates to develop a pervious artificial reef concrete for reef restoration aspects.
Currently, reuse of oyster shells is quite limited, and a great proportion is disposed as waste. Therefore,
reusing oyster shells in the marine environment not only eliminates mining earth material for concrete
but also effectively recycles waste material that would otherwise be dumped as landfill. Possibilities of
incorporating waster oyster shells as partial replacement for aggregates or cement in concrete has
previously been explored [6, 9-14]. Possibility of complete replacement of coarse aggregates in
concrete with oyster shells and exploring the possibilities for this to be used in reef restoration aspects
needs further investigations.

On the other hand, cement production releases huge amounts of greenhouse gas emissions. Therefore,
reducing cement content in concrete is always a key concern in construction. Supplementary
cementitious material (SCM) is used to partially replace cement in concrete. Commonly used SCMs
include fly ash and granulated blast furnace slag (GBFS). Fly ash is generally eliminated from restoration
projects as it may contain heavy metals [6]. Ground granulated blast furnace slag (GBFS) is a by-product
of iron production and can be used as a supplementary cementitious material (SCM) in concrete.
Reducing the cement content in concrete through replacing a major portion of cement by slag results in
a greener concrete with lower embodied carbon content. Furthermore, higher alkalinity of cement based
concrete has found to be detrimental with regards to attracting marine organisms on to the reef [15].
Incorporating a high slag blend has the potential of reducing the pH levels in concrete and thereby
increasing the attraction of marine organisms on to the reef. The possibility of using high proportions of
GBFS as cementitious material to create concrete containing oyster shells was a key factor investigated
in this research.

The effects of using sea sand instead of river sand as fine aggregates in concrete have been previously
explored. Positive as well as negative impacts on mechanical properties have been reported [16-19].
With regards to a concrete specially formulated for artificial reef construction, sea sand would be readily
available in the vicinity and therefore related transportation costs would be minimised. Sea sand has
previously been found to improve mechanical properties of artificial reef concrete [3]. However, in the
context of pervious concrete containing oyster shells, how this would impact the properties of concrete
needs to be explored.

This research investigates the possibility of complete replacement of conventional coarse aggregates
with crushed recycled oyster shells. Furthermore, two binder material are investigated; 100% cement
based binder and a high slag based(75% GBFS) binder. A comparison between river sand and sea
sand within the high slag blend was also investigated. Mechanical properties including compressive
strength has been explored. Furthermore, pH levels of the material have been assessed through
carbonation testing to verify the suitability of this concrete to be used as a concrete material for artificial
reef restoration.

Materials and Methods
Materials

General purpose cement conforming to AS3972-2010 [20] was used in this study. Ground granulated
blast furnace slag (GBFS) was used which conformed to AS 3582.2-2016 [21]. Oyster shells were
obtained from Geelong, Australia through a recycling program run by the City of Greater Geelong.
Figure 1 shows the as received oyster shells. No prior cleaning of the oyster shells was performed.
Oyster shells were crushed using a hammer and sieved to obtain shells sized within the range of 4.75
mm and 19 mm. As oyster shells were used as complete replacement for traditional coarse aggregates,



sieving was done to maintain consistent shell size between 4.75mm and 19mm. A commercially
available river sand having a moisture content and absorption capacity of 0.31% and 2.27% respectively
was used. Sea sand was sourced from Lakes Entrance, Victoria which had a moisture content and
absorption capacity of 1.43% and 1.8% respectively. In order to maintain consistent workability among
the mixes, a high range water reducer (Sika ViscoCrete-10) was also used.

Figure 1: Oyster shells (as received)

Mix Designs

This study investigates three mixes of concrete containing oyster shells. All mixes involved the complete
replacement of conventional mined aggregates with waste oyster shells with the intention of providing a
more conductive substrate for biological attachments. The first mix (denoted as Mix A) contains 100%
cement as the binder, along with river sand as fine aggregates. The second mix (denoted as Mix B) has
high amount of GBFS replacing cement (75% GBFS + 25% Cement) along with river sand as fine
aggregates. The third mix (denoted as Mix C) has similar binder composition than Mix B (i.e., 75% GBFS
+ 25% Cement) but has sea sand as fine aggregates. All mixes contain crushed oyster shells as coarse
aggregates, resulting a pervious concrete. The exact mix properties used in this study are indicated in
Table 1.

Table 1: Mix proportions for making 1m3 of pervious artificial reef concrete.

Mix A Mix B Mix C
Cement (kg) 351.41 87.85 87.85
Slag (kg) - 263.56 263.56
River Sand (kg) | 174.24 174.24 -
Sea Sand (kg) - - 174.24
Oyster  Shells | 776.04 776.04 776.04
(kg)
Water (kg) 161.06 161.06 158.14
Water Reducer | 1.46 1.46 1.46
| (kg)

Sample preparation

All dry ingredients including the cementitious material, coarse aggregates, and fine aggregates were
placed in a pan mixer. The water reducer was separately added to the mixing water. After 3 minutes of
mixing of the dry ingredients, the water (containing water reducer) was added and was mixed for 6
minutes. The fresh concrete mix was then transferred into oiled cylindrical moulds (100 mm diameter x
200 mm height) in three layers. Each layer was compacted using a steel rod to ensure proper
compaction. Manual compaction with a steel rod was preferred over a vibrating table. Trials were
conducted using a vibrating table; however, the cement paste consistently pooled to the bottom of the
mould and resulted in uneven coating of the oyster shells. To prevent this behaviour, all specimens were
compacted manually instead of using a vibration table. Sample demoulding was done after 24 hours.



After demoulding, samples for compressive strength testing were placed in a water bath at 25 + 3°C
until the specified age of testing was achieved. Curing process for carbonation was slightly different and
is described later on.

Compressive Strength

Compressive strength testing on the pervious artificial reef concrete was done as per AS 1012.9 (2014)
[22] at 7 days and 28 days. The cylinders were capped with gypsum plaster as instructed in AS 1012.9
[22]. A Tecnotest Compressive Strength Machine was used for the strength testing. Loading was applied
at a constant rate of 20MPa/min until sample failure occurred. Three cylinders were tested at each age,
and the average values have been reported.

Carbonation

100 mm diameter x 200 mm height cylindrical samples were used for carbonation testing. After
demoulding, the samples were cured in water for the first three days and then placed in an outdoor
(sheltered) environment for the samples to be exposed to air. At 28 days after casting, the end of the
specimen was cut into a disc (approximate height of 50 mm). The freshly cut surface was immediately
sprayed with 1% phenolphthalein in an alcohol solution. The instant colour change on the cut surface
was captured as it is directly related to the degree of carbonation and the pH level of the samples.

Results and Analysis
General Observations

The developed pervious artificial reef concrete mixes showed inherent appearance depending on the
mix design. When demoulded, samples of Mixes B and C showed a blue-green coloration. This is a
temporary characteristic of hydrated and activated GBFS systems with or without clinker material. This
is commonly known as “the greening effect” of slag. This phenomenon fades off in a couple of days
when the samples are exposed to air. This is due to the sulphide -based compounds in slag concrete
gradually being oxidised over time [23]. The greening effect of slag has been confirmed to have no
adverse effects on the chemistry of leachates, and no harmful effects on ecosystems [24].

Compressive Strength

The 7 days and the 28 days compressive strengths of pervious artificial reef concrete developed in this
study are indicated in Figure 2. Mix B and Mix C showed 1.5% and 5.2% higher compressive strength
at 7 days compared to the compressive strength of Mix A. Overall, at 7 days, similar strengths were
obtained for all three mixes, which was slightly above 1 MPa. However, at 28 days, mixes B and C
(which contained GBFS) showed higher strengths compared to Mix A which had 100% cement. The
increase in strength at 28 days for mixes containing GBFS was around 16%. Therefore, it is evident that
using a high slag blend significantly improves strength characteristics of the concrete compared to a
concrete made with 100% cement. This can be explained based on hydration kinetics of cement and
slag as follows.

Standard cement hydration involves hydration of C3S, C2S, C3A and C4AF with water resulting in
Calcium Silicate Hydrate (C-S-H), Calcium Aluminates (C-A-S-H) and Portlandite (CH) as indicated in
the following chemical reactions.

C3S + 5.3H—Cy 7SH, + 1.3CH 0
C,S + 4.3H—-Cy 7SH4 + 0.3CH (i0)
C3A + 3CSH, + 26H—C5AS3H3p (iid)
C4AF + 3CSH, + 30H—CgASH3, + CH + FHj (iv)

C-S-H and C-A S-H compounds have higher strength resulting high strength of the hydrated paste.
However, CH is a weak compound which negatively affects the strength as is also the reason for the
higher alkalinity in a cement paste. In the presence of slag, this CH will react and be converted into
hydrated paste, (which is also known as the pozzolanic reaction) as indicated in equation 5. Increase



in the C-S-H content will result in an increased strength which was confirmed through the compressive
strength results in Figure 2.

Slag + CH—Secondary C-S-H (v)

When comparing the performance of sea sand against river sand, it was revealed that the compressive
strengths upto 28 days is not impacted by the presence of sea sand. With regards to an artificial reef
concrete which would be cast closer to a marine environment, using sea sand for concrete would indeed
be more feasible and economical than using river sand as the related transportation costs can then be
eliminated. Furthermore, for traditional concrete, the inclusion of sea sand has previously been studied.
Positive influences of sea sand regarding strength characteristics [18] as well as negative influences
[17, 19] have been reported. However, when a higher proportion of GBFS is present as cementitious
material in concrete, the additional CI- coming through sea sand accelerates the reactions between Al-
rich phases in slag [16, 25]. Therefore, sea sand has the potential of increasing the compressive strength
of high slag-based concrete. Further compressive strength testing at later ages would be needed to
verify this effect with regards to the mixes analysed.
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Figure 2: Compressive strength of pervious artificial reef concrete at 7 days and 28 days.

Carbonation and alkalinity

In general, concrete is carbonated when CO;, in the air penetrates through the pores resulting a reaction
with CA(OH), in the paste to form CaCO;. CA(OH); is responsible for the high pH in cement-based
systems. For a high slag blend, as discussed previously, the CA(OH), content in the mix is inherently
lower due pozzolanic reaction. However, being a pervious concrete, the artificial reef concrete
developed in this research has the ability to effectively use carbonation to further reduce the pH levels
over time.

Figure 3 shows the appearance of the samples after spraying phenolphthalein solution on the freshly
cut surface at 28 days. A very dark purple colour was visible in samples composed of Mix A. Samples
composed of mixes B and C indicated a lighter shade of purple. The intense of purple colour is related
to the alkalinity of the sample, darker the shade of purple, higher the alkalinity. Therefore, through
observations in Figure 3, higher alkalinity was observed for sample made of Mix A (i.e. sample with
100% cement). The inclusion of GBFS reduces the alkalinity of the mix as confirmed through light purple
shades for the carbonation samples in Figure 3. This results agree well with previous research where
concrete with higher proportions of slag having lower carbonation resistance than completely cement
based systems [26]. Moreover, previous research indicates that reduced pH levels (i.e. reduced
alkalinity) of concrete increases the tendency of marine organisms to be attached to concrete [5, 6].
Furthermore, carbonation degree of the samples is expected to increase over time. The pervious nature
of the concrete accelerates the degree of carbonation and therefore can be used as an effective
measure to reduce the pH levels of reef units before being placed in sea. Further studies of carbonation
degree over time are to be performed to confirm this behaviour.



When comparing the effect of sea sand on the pH levels in concrete, it was observed that samples with
sea sand had a lower shade of purple compared to samples with river sand as denoted in Figure 3.
Therefore, using sea sand can further reduce pH levels in the high slag blend concrete which will
enhance attraction of marine organisms to the reef surface. Higher attraction rates of organisms would
be a key factor when considering a concrete developed for artificial reef restoration aspects. Further
explorations as to how well marine organisms would be attracted on the material needs investigation of
larvae preferential testing. This aspect is to be further explored in the future.

Sample A

Sample C

Figure 3: Specimens after spraying phenolphthalein solution at 28 days

Conclusions

This study explored a novel pervious artificial reef concrete containing recycled oyster shells. The effect
of using a completely cement based cementitious system as well as the influences of using a high slag
blend (75% GBFS + 25% Cement) were investigated. Furthermore, a comparison between using river
sand and sea sand in high slag blend mixes were also performed. It was confirmed that a high slag-
based system increased the compressive strength of pervious concrete by 16% at 28 days when
compared to the cement only mix. The presence of sea sand did not influence the compressive strength
of concrete and similar strength levels to that of the river sand-based mixes were achieved. Alkalinity
testing through carbonation revealed that the introduction of high slag blend along with sea sand reduces
the alkalinity of the concrete. Furthermore, porous nature of the developed concrete facilitates
carbonation. Therefore, carbonation can be used as a simple method to achieve required pH levels in
concrete before exposing the pervious concrete samples in sea. This will result in higher attraction of
marine organisms into the reef surface. Further testing on mechanical properties, effects of carbonation
over time as well as larvae preferential testing needs to be performed to confirm the suitability of this
novel material for artificial reef restoration aspects.
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