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ARTICLE INFO ABSTRACT

Keywords: This study investigates the feasibility of using recycled sodium silicate (RSiA) extracted from waste glasses as an
Breakwater alternative to commercial sodium silicate (CSiA) in the production of alkali-activated geopolymer concrete for
Geopolymer

breakwater applications. The influence of RSiA on the chemical characteristics, mechanical performance, and
environmental impact of geopolymer mortars and concrete was evaluated. Elemental composition and FTIR
analyses were conducted to characterise the silicate activators, revealing comparable chemical profiles with a

Recycled aggregate
Recycled sodium silicate

Slake test
Compressive strength notable difference in the SiO2/Na2O molar ratio (Ms: CSiA = 2.81; RSiA = 1.53). Mortar mixes with varying fly
Durability ash (FA) and ground granulated blast furnace slag (GGBS) ratios (e.g., FA:GGBS = 40:60, 80:20) and different

NazSiOs:NaOH ratios (1:2, 1:1, and 2:1) were tested for compressive strength under various curing regimes,
including air, water, and partial hot water curing. Microstructural analysis via SEM and XRD confirmed the
formation of dense geopolymer gels and crystalline phases. CO2 emissions and cost analysis indicated that a 2:1
NazSiOs:NaOH ratio minimised both environmental and economic impact. The optimised mix (C40-2111)
achieved a compressive strength of ~47 MPa under partial hot water curing, ~35 MPa under air curing and
~33 MPa under water curing after 28 days. Compared to conventional concrete used in coastal defence struc-
tures, the RSiA-based geopolymer blocks met or exceeded performance standards in terms of compressive
strength, suggesting their suitability as sustainable alternatives to traditional breakwater materials.

eco-blocks around an existing rock armour breakwater in west Cornwall.
Coastal projects that need over-the-water labour, like breakwater

1. Introduction

Breakwaters are temporary and effective for coastal protection,
mitigating the risk of flooding and coastal erosion. The use of detached
breakwaters was relatively uncommon in the UK as of early 1998, when
only six offshore breakwater initiatives were built in the UK (King et al.,
2000). In the coming decades, the littoral areas are predicted to expe-
rience problems such as higher design waves, unexpected overtopping,
and coastal flooding due to structural damage and flood risks (Muis
et al., 2020). Using mass concrete with different shapes for dissipating
waves to prevent erosion and landslides is an established practice
worldwide. The Environment Agency’s national strategy for Flood and
Coastal Erosion Risk Management (FCERM) states that coastal defense
investments need to provide additional benefits such as creating new
habitats, providing amenity value, and capturing carbon. In 2022-2023,
the Newlyn Coastal Research and Development Project built 88
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construction, are typically more expensive than those that use land-
based methods. This is because working over water presents chal-
lenges as well as greater mobilising costs when utilising specialised
floating equipment. Material type and source are key influences on the
cost of the breakwater (Crossman et al., 2003). Unit costs for two
offshore breakwater projects ranged from £ 1750 to £ 3304 per metre,
according to the Environment Agency Unit Cost Database (2007 edition)
(Environment Agency, 2007). The Rock Manual (CIRIA, 2007) outlines
various repair and upgrading requirements for breakwaters, including
simple maintenance, heavy work, preventative rehabilitation, and
full-length replacement. These requirements vary depending on the
structure’s risk of deterioration, damage, or performance and may
require significant dismantling work. The materials in breakwaters
might be prone to performance degradation since the seawater can
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induce chemical erosion. Therefore, these materials need to be in
compliance with necessary durability standards, assuring the interior
materials will not compromise the structural integrity. Concrete exposed
to the marine environment is prone to performance degradation under
chemical erosion in addition to physical erosion. Therefore, chloride ion
permeability affects its service life. Given the high costs and long-term
durability challenges associated with traditional materials in break-
water construction, exploring alternative binders such as geopolymer
concrete offers a promising route for sustainable coastal infrastructure
(Provis & Van Deventer, 2013; Habert et al., 2011).

Geopolymer concrete, an innovative and sustainable alternative to
traditional Portland cement-based concrete, has garnered increasing
attention due to its potential for reduced carbon emissions and enhanced
durability (Singh et al., 2015; Hamed et al., 2025; Provis and Van
Deventer, 2013). Life Cycle Impact Assessment (LCIA) by Imtiaz et al.
(2021) has shown that global warming potential is reduced by up to
53.7 % by using geopolymer concrete as an alternative to OPC concrete.
Geopolymers are a class of inorganic three-dimensional polymers
formed by a chemical reaction between an aluminosilicate powder and
an alkali solution to raise the pH and dissolve alkali cations in the
powder (Davidovits, 2020). These materials are a subclass of
alkali-activated materials (AAM) and are reported to possess strong
adhesion on a variety of surfaces, low permeability, high mechanical
strength similar to OPC concrete when produced with fine and coarse
aggregates, and stability against thermal and chemical attack. Emerging
research has demonstrated the ability of geopolymers to outperform
conventional concrete in extreme environmental conditions, particu-
larly through the incorporation of recycled materials (Shaikh and
Haque, 2019; Zhang et al., 2022). Geopolymer concrete has shown su-
perior resistance to chloride penetration and sulfate attack, making it
particularly suitable for marine infrastructure (Ostovari et al., 2020;
Nath and Sarker, 2017).

Using industrial by-products rich in aluminosilicate sources, such as
fly ash (FA), ground granulated blast-furnace slag (GGBS), metakaolin,
and similar minerals, as precursors in geopolymer concrete helps reduce
waste and conserve natural resources. FA and GGBS as by-products from
the coal combustion process in electricity generation plants and pig iron
making, respectively, are significant supplies of aluminosilicate pre-
cursors for AAM systems. Research indicates that optimized FA-GGBS
geopolymer blends can enhance early compressive strength develop-
ment and long-term durability, crucial for breakwater structures (Vinai
etal., 2020; Matsumoto et al., 2021). GGBS is commonly used with Class
F fly ash to increase the reactivity of the low-calcium fly ash alkaline
binders (Duxson and Provis, 2008). Sodium hydroxide (NaOH), sodium
silicate (NapSiO3), potassium hydroxide (KOH), and potassium silicate
(K3Si0O3) are the most commonly used activators, either separately or in
combination, depending on the needs for the raw materials (precursor)
and mix design (Palomo et al., 1999). During the polymerization pro-
cess, these solutions extract the silicon and aluminum atoms from the
source materials to form polymeric silicon-oxygen-aluminum linkages.
Research has shown that, despite KOH’s higher alkaline nature, NaOH is
more effective than KOH at releasing silica and alumina monomers
(Davidovits, 1994). In comparison to the case of alkaline hydroxide
alone, the polymerization process accelerates when soluble silicates
linked to Na or K are present (Palomo et al., 1999).

The conventional manufacturing methods of sodium silicate incur
high costs, energy demands, and environmental concerns, including
greenhouse gas emissions (Foletto et al., 2006). Recent studies have
explored alternative activators derived from industrial waste, including
glass waste-derived sodium silicate, to reduce energy consumption
while maintaining mechanical performance (Rodriguez et al., 2013;
Puertas et al., 2014). First the solid glass is produced by heating sodium
carbonate and natural quartz sand at high temperatures (1400-1500°C)
in a specialized furnace and this process involved 403-540 kg/ton of
CO; emissions and consumes 420-1250 MJ/ton of energy (European
Commission, 2007). Glass is then dissolved in water, filtered, and
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evaporated to achieve the desired solution density (Foletto et al., 2006).
Therefore, the synthesis of sodium silicate poses a substantial threat to
the sustainability of the geopolymer binder industry. Several research
studies have shown that comparable mechanical properties of that of
commercial silicates could be achieved by wusing alternative
silicate-based activators such as green olivine nano-silica (Gao et al.,
2017), chemically modified nano-silica (Rodriguez et al., 2013), modi-
fied silica fume (Zivica et al., 2006), silica fume/rice husk ash with
NaOH (Bernal et al., 2012) and industrial glass waste dissolved in
NaOH/NayCOs3 solution (Puertas et al., 2014). Glass waste (GW) makes
up 1 % and 5 % of worldwide waste creation for low- and high-income
groups, respectively (World Bank Group, What a Waste 2.0, 2018) where
soda-lime-silica glass accounts for approximately 90 % of the total
amount of glasses produced (Butler et al., 2011). Although they can be
used to produce new glass, contamination, colour, and composition
reduce the reusable quantities of glass. The UK has set up a recycling
target of 60 % for glass waste and achieved it in recent years (Federacao
dos vidros de embalagem da Europa, 2014). The use of waste glass in
alkali-activated systems has been shown to enhance microstructural
properties and improve sulphate resistance, making it a viable alterna-
tive for sustainable breakwater construction (Dadsetan et al., 2022;
Rashidian-Dezfouli et al., 2018). The waste glass cullet, which contains
70-75 % amorphous silica, appears to be an intriguing choice among all
materials rich in silica to improve the ecological side of geopolymers.
While raw GW was successfully added to the precursor powder, it was
shown to significantly impair the mechanical characteristics of geo-
polymer binders, especially when added in amounts greater than 25 %
(Dadsetan et al., 2021(a); Dadsetan et al., 2021(b)). A number of
research projects have looked at the feasibility of generating sodium
silicate solutions that are easy to use from GW, aiming to minimise the
amounts of commercial sodium silicate and optimize the use of GW as
precursor and hardener while achieving structural mechanical strengths
(Dadsetan et al., 2022). These solutions are intended to be utilised as a
liquid hardener in structural geopolymer binders that are made using
the least amounts of precursors derived from GW. The total/partial
replacement of the usual sodium silicate precursor with waste
glass-derived silicate has resulted in satisfactory compressive strength in
the alkali-activated mixtures with NaOH (Rashidian-Dezfouli et al.,
2018; Vinai and Soutsos, 2019). There are different methods used to
extract sodium silicate from waste glass, such as hydrothermal methods,
which involve heating glass in alkaline solutions, and thermochemical
(fusion) methods, which involve glass and NaOH mixing. Aluminosili-
cate precursors and alkali silicates, also referred to as hardeners, are
typically the source of silica in geopolymers. Several variables, including
particle size, the alkalinity of the surrounding environment, and poly-
morph or amorphous structure, affect the depolymerization and disso-
lution of silica in the precursor.

Construction and demolition waste (CDW) generates a huge number
of debris globally and has become an unavoidable problem. Fisher and
Werge (2009) report that CDW represents 31 % of overall waste, where
~850 million tonnes of CDW are generated in the European Union (EU)
annually. The recycling of CDW as aggregate to produce new concrete
has, therefore, become a common practice to reduce the problem of
waste, which preserves natural aggregate (NA) resources. There are two
types of RAs derived from CDW: (1) Mixed Recycled Aggregates (MRASs)
— heterogeneous, produced in higher quantities, and can hardly be used
in structural concrete and (2) Recycled Concrete Aggregates (RCA)-
lower heterogeneity content, anticipated to be utilized for structural
concrete production. MRAs and RCAs, respectively, reported to yield
average compressive strength values of 35 MPa and 45 MPa Andrea
(Piccinali et al. 2022). Recent advancements in RCA utilization for
marine geopolymer concrete applications have shown that careful mix
design can yield durable and high-compressive-strength materials suit-
able for harsh environments (Piccinali et al., 2022; Gholampour et al.,
2023). The curing process, a critical phase in concrete development,
significantly shapes the final characteristics of geopolymer concrete



K.K.D.A. Wijesekara et al.

(Akduman et al., 2024; Gaurav et al., 2024). Optimization of curing
regimes has been found to enhance the durability of geopolymer con-
crete, with room-temperature curing proving effective for large-scale
applications such as breakwaters (Shoaei et al., 2024; Kanagaraj et al.,
2024).

Despite the growing interest in geopolymer concrete for marine ap-
plications, long-term durability under real-world exposure conditions
remains a critical research area. Studies have emphasized the need for
extended service life assessments, particularly in aggressive marine en-
vironments, where factors such as chloride ingress can significantly
degrade material performance (Zhang et al., 2020; Gitto et al., 2023).
The long-term performance of geopolymer-based breakwaters is
strongly influenced by fluctuating temperature regimes and variations in
salinity. Thermal cycling, typical in coastal zones, can induce micro-
cracking due to differential expansion between the geopolymer matrix
and aggregates; however, geopolymer binders exhibit lower coefficients
of thermal expansion (8-10 x 107 °C™!) than OPC concretes (10-15 x
107°°C™"), which mitigates crack propagation under diurnal temperature
swings (Temuujin et al., 2010). Moreover, repeated heating and cooling
enhances microstructural densification via further geopolymerization of
residual aluminosilicate phases, thereby improving resistance to subse-
quent mechanical loads. Salinity gradients pose another challenge:
chloride and sulfate ions in seawater can attack conventional OPC
matrices by promoting corrosion and sulfate-induced expansion. Incor-
porating Life Cycle Assessment (LCA) methodologies tailored for marine
environments reveals that while geopolymer concretes offer lower
embodied carbon compared to Portland cement systems, durability
performance directly affects their long-term environmental and eco-
nomic efficiency (Habert et al., 2011; Law et al., 2015). Therefore,
integrating long-term exposure testing and durability modelling is
essential for validating the use of recycled-activator-based geopolymer
concrete in breakwater construction.

Unlike conventional geopolymer systems, this study introduces the
use of a recycled silicate activator (RSiA), derived from cathode ray
tubes (CRT) and domestic waste glass, as a sustainable alternative to
commercial silicate solutions. The innovative contribution lies in inte-
grating this recycled activator into a geopolymer concrete mix specif-
ically designed for breakwater and other non-structural marine
applications. The project aims to develop an industrial-scale, cement-
free concrete incorporating recycled aggregates (RA) and RSiA, with a
focus on long-term durability and reduced embodied carbon footprint.
Key objectives include: (a) evaluating optimum mix ratios of GGBS:FA
and Na=SiOs:NaOH in relation to compressive strength, cost, and carbon
footprint; (b) determining the most effective curing conditions to meet
performance requirements; and (c) assessing durability through marine-
relevant tests such as slake durability and chloride migration. This
multi-criteria optimization approach offers a more holistic validation
framework than prior research and represents a novel step toward cir-
cular, resilient, and environmentally conscious coastal infrastructure.

2. Materials and methods
2.1. Materials

Ground granulated blast furnace slag (GGBS), pulverised fly ash,
(PFA), were used as alumina and silica- and silica-containing solid
precursor sources, respectively, to develop a non-Portland mix. For the
control mix, Ordinary Portland Cement (OPC). Cement is OPC type CEM
II, class of compressive strength 32.5 N used (which was the target
strength of concrete produced) as per BS EN 197-1:2011. The activators
used represent the alkaline source that increases the pH of the chemical
reaction and eases the dissolution. For this research, the liquid activators
Sodium hydroxide (NaOH), and Sodium silicate (Na,SiO3), were used.
Sodium hydroxide solution (4 M) from Fisher Scientific and commercial
sodium silicate (CSiA), Technical, Solution, d= 1.5 from Fisher Chemi-
cal, was used to prepare the alkali activator. A recycled silicate activator
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(RSiA) was extracted from crushed waste glass from cathode ray tubes
(CRT) and domestic waste glass by a local waste management organi-
sation. 1 ton of glass (<1 mm) crushed at 110°C/ 15 kW yields 2.5 tons
of liquid recycled silicate activator. Irrespective of the volume of raw
meal, the extraction process takes around 4-5 h.

Natural aggregates (NA), include coarse aggregates with 10 mm and
20 mm aggregates and fine aggregates (commercial sand) with a size
under 600 um that accords with the British Standard BS EN
12620:2002 +A1:2008. The quantity of 10 mm and 20 mm was adjusted
to get similar particle size distribution to that of recycled aggregates.

Recycled aggregates (RA) were supplied by a local waste manage-
ment organization that processes CDW. This consists of a combination of
different materials (ceramic, plastic, metal, clay, glass, concrete or
stones), densities, shapes, roughness, and porosities. The PSD was
determined by dry sieving according to the BS ISO 20977:2018. Fig. 1
shows the images of aggregates used to interpret their sizes and the
particle size distribution of RA. Equal mixtures of 10 mm and 20 mm of
natural coarse aggregates were used to resemble the sizes of RA.

2.2. Testing procedure

2.2.1. Characterisation of RSiA

The elemental composition (by EDX) and chemistry (by FTIR) of
CSiA and RSiA were analysed to evaluate the chemical characteristics of
the recycled silicate in comparison to its commercial counterpart, as
these variations may influence the resultant properties of geopolymer
concrete. The EDX containing Oxford Inca x-act detector with probe
current 45 nA and counting time 100 sec and FEI SEM model Inspect S
with accelerating voltage 20 kV was used for the elemental analysis.
Fourier transform infrared (FT-IR) spectra recorded on an Agilent Cary
630 FTIR spectrometer, using a Diamond-Attenuated total reflectance
(ATR) sampling module in transmission. Spectra were recorded using 2
scans at a resolution of 2 cm ™!,

2.2.2. Mechanical strength of mortars - optimisation of mix design and
curing condition

2.2.2.1. Mix design. The mix design procedure was optimized to study
the effects of varying the ratios of fly ash (FA) to GGBS and the Na,SiO3
to NaOH solution ratio. These parameters were selected based on their
influence on the mechanical properties and durability of the geopolymer
concrete. The design followed guidelines specified in BS EN 196-1
(British Standard Institution, 2016) for mortar mix preparation. The mix
ratios were carefully adjusted to maintain a binder-to-fine aggregate
ratio of 1:1, a liquid-to-binder ratio of 0.4, and a total
aggregate-to-binder ratio of 3:1 to produce mortars (40 mmx40 mm x
160 mm) with a density of 2404 kgm 3. This specimen size was selected
in accordance with the standard to ensure reliable and comparable
compressive strength testing, as it allows for accurate measurement of
compressive strength, facilitating the evaluation of mechanical perfor-
mance under standardised conditions. The following mix designs are as
in Table 1 were tested:

The mix ratios were chosen to assess the effects of the different
proportions of fly ash and GGBS, as well as variations in alkali solution
concentrations. The 1:1, 1:2, and 2:1 NaySiO3: NaOH ratios were tested
to observe the impact of different levels of alkalinity on the geo-
polymerization process. The mix ID C40-2111 represents that the mix
consists of FA:GGBS at 40:60 and Na,SiOs: NaOH at 2:1 and binder: fine
aggregate 1:1.

2.2.2.2. Curing conditions. Curing is a crucial factor in the development
of geopolymer concrete compressive strength. In this study, the impact
of different curing conditions was assessed:
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Fig. 1. Images of (a) RA (b) NA. Scale in mm, (c) particle size distribution of commercial and recycled coarse/fine aggregates.

Table 1
Mix design of blocks prepared for compressive strength comparison.

Mix ID FA: GGBS NaySiO3: NaOH Binder: Fine Aggregate
C40-1111 40:60 1:1 1:1

C80-1111 80:20

C90-1111 90:10

C40-1211 40:60 1:2

C80-1211 80:20

C90-1211 90:10

C80-2111 80:20 2:1

C40-2111 40:60

1. Air Curing (AC): Specimens were kept at room temperature (20°C)
for the curing period.

2. Room Temperature Water Curing (RTWC): Specimens were
immersed in water at room temperature.

3. Partial Hot-Water Curing (PHWC): Mortars were initially cured in
water at 50°C for 3 days, followed by air curing for the remainder of
the curing period.

Mortars made of C40-2111 and C80-2111 mix designs using com-
mercial silicate were used to study their effectiveness in promoting the
geopolymerization reaction and strengthening the geopolymer concrete.
The effect of curing regime (AC, RTWC and PHWC) on compressive
strength was then tested using RSiA for the mortars with mix designs
C40-1111, C80-1111 and C40-2111.

By adjusting these mix ratios and curing conditions, the study aimed
to optimize the geopolymer mix for improved mechanical strength,
durability, and sustainability, as well as to evaluate the potential of
using RSiA as a substitute for conventional silicate aggregates.

2.2.3. Mechanical strength of concrete blocks — comparative study

To evaluate the mechanical strength properties of concrete incor-
porating RSiA, concrete cubes measuring 100 mm x 100 mm x 100 mm
were produced following the C40-2111 mix design. The mix design
adhered to the British Standard BS EN 206:2013 for concrete mix pro-
portions and BS EN 12390-3:2019 for compressive strength testing.
These samples were subjected to different curing conditions (AC, RTWC,
and PHWC) to assess their impact on mechanical performance.

The suitability of RSiA as a substitute for conventional silicate acti-
vators was assessed by comparing different mix designs using various
combinations of normal and recycled aggregates, as well as commercial
and recycled silicate activators. All mixes were made using a total
aggregate: binder ratio of 3:1, a liquid: binder ratio of 0.4, and a binder:
fine aggregate ratio of 1:1. C40-2111 design comprised FA:GGBS
= 40:60, NaySiO3: NaOH = 2:1 and binder: fine aggregate = 1:1 as
mentioned in Table 1. The following mix designs were considered:

1. Normal concrete with NA (NC -NA)

2. Normal concrete with RA (NC -RA)

3. Geopolymer mix (C40-2111) using commercial silicate and NA (GEO
- CSiA -NA)

4. Geopolymer mix (C40-2111) using RSiA and NA (GEO - RSiA - NA)

5. Geopolymer mix (C40-2111) using RSiA and RA (GEO-RSiA - RA)

2.2.4. Embodied carbon and cost comparison

The selection of the optimum mix design was based on a compre-
hensive analysis of mechanical strength in relation to cost-effectiveness
and environmental impact, particularly the embodied carbon footprint
of the material mix. The evaluation process involved comparing the cost
and carbon footprint of different material compositions to determine the



K.K.D.A. Wijesekara et al.

most sustainable and economical mix for use in geopolymer concrete
blocks.

2.2.4.1. Material cost analysis. The cost analysis was conducted
considering the prices of raw materials, including FA, GGBS, NaSiOs,
NaOH, NA, and RA. The cost variation between commercial silicate
activators (CSiA) and recycled silicate activators (RSiA) was specifically
analysed to determine the economic benefits of using RSiA in geo-
polymer concrete production. The cost per unit volume of each mix was
calculated to facilitate a direct comparison of material expenses.

2.2.4.2. Embodied carbon assessment. The embodied carbon footprint of
each material mix was assessed using standardized carbon accounting
methodologies as per the ISO 14067:2018 standard for carbon footprint
quantification. The greenhouse gas emissions associated with each
constituent material were analysed, including emissions from raw ma-
terial extraction, processing, transportation, and manufacturing. A
global average value of 0.475 kg CO2e/kWh of greenhouse gas emission
intensity for electricity generation (Igug) was applied for embodied
carbon calculations considering Igug in EU-27 conservatively (0.265 kg
CO2e/kWh), China (0.531 kg CO2e/kWh) and USA (0.376 kg COze/
kWh) estimations (European Environment Agency, 2023; EIA, U.S. En-
ergy, 2023; EMBER China, 2023). The embodied carbon footprint of
each material mix was then computed based on the cumulative emis-
sions of individual components.

2.2.5. Durability characteristics of blocks

2.2.5.1. Density and surface porosity of hardened concrete. To assess the
density and surface porosity of the hardened concrete, standardized
testing procedures were followed in accordance with ASTM C642-21
(Standard Test Method for Density, Absorption, and Voids in Hardened
Concrete). The specimens (volume >60 cm and surface area to volume
ratio between 0.08 mm~! and 0.20 mm’l) were dried at (70 £+ 5)°C
until a constant mass (mg) and evacuated gradually to (2.0 + 0.7) kPa
= (15 £+ 5) mmHg in an evacuation vessel. This pressure was maintained
for (2 + 0.2) h to eliminate the air contained in the open pores of the
specimens and demineralized water was slowly introduced at (20 + 5)°
C into the vessel (the rate at which the water rises shall be such that the
specimens are completely immersed not less than 15 min). When all the
specimens were immersed, the vessel was returned to atmospheric
pressure, and the specimens were left underwater for another (24 + 2) h
at atmospheric pressure. Then, each specimen was weighed under water
(myp), and the mass was recorded in water and weighed again after
quickly wiping the specimen (m,) with a dampened cloth, and the mass
of the specimen saturated with water was determined. The volume of the
open pores (V) in millilitres and the apparent volume (V}) (in milli-
litres) are calculated by,

ms — md

Vo= ——x1000 @)
prh

ms — mh ..

Vb= ——x1000 (i)
prh

The value of the density of water py, at 20 °C is 998 kgm > apparent
density.

The apparent density (in kgm’3) is expressed by the ratio of the mass
of the dry specimen and its apparent volume, by the equation:

md
b= —— Xprh

p s —mh pr (iii)

The open porosity is expressed by the ratio (as a percentage) of the
volume of open pores and the apparent volume of the specimen, by the
equation:
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ms —md .
Po= — X 100 @iv)
ms —mh
These calculations provide insight into the pore structure and density
characteristics of the hardened concrete, crucial for evaluating its

durability and resistance to environmental influences.

2.2.5.2. Slake durability test. The slake durability test was carried out in
accordance with ASTM D4644-16 (ASTM International, 2016) to eval-
uate the resistance of hardened concrete specimens to weathering and
erosion when exposed to wet-dry cycles. Ten specimens, each weighing
between 40 and 60 g (with the total initial mass recorded), were placed
inside a wire mesh drum as shown in Fig. 2, which is partially submerged
in a trough filled with deionized (DI) water. The drum was then rotated
at 20 rpm for 10 min, and the total mass of the specimen retained in the
drum was measured after oven drying. This was repeated for 2 cycles.
Based on the recorded total masses of test specimens kept in the drum for
each cycle, the slake durability index is computed.

Slake durability index (Ig)was calculated as below.

After cycle 1:

mCl X 100

1= ——— w)
ml

After cycle 2:

1d2 — mC2X100 i)
ml
Where,m; — Initial mass of the specimensm¢; — Mass of the specimens
after cycle 1 mcp — Mass of the specimens after cycle 2
This test method is particularly useful for assessing the durability of
geopolymer concrete, resulting in a measure of the ability of the con-
crete to withstand repeated wetting and drying cycles.

2.2.5.3. Chloride migration test. The chloride migration test was con-
ducted following BS EN 12390-18:2021 (British Standards Institution,
2021), which specifies the procedure for assessing the chloride migra-
tion coefficient in hardened concrete. This test evaluates the resistance
of concrete to chloride ingress, which is crucial for determining its
durability in aggressive environments, particularly in structures exposed
to marine conditions or de-icing salts. The test was carried out at 7, 14,
and 28 days of curing age to assess the chloride migration coefficient.
Cylindrical test specimens (@100 mm, h~50 mm) fitted into rubber
sleeves were immersed in the catholyte solution, 0.3 N (normality)
NaOH, and each migration cell was filled with ~300 ml of 5 % NacCl in
0.3 N NaOH. An external potential was applied to facilitate the chloride
ions in the catholyte solution to migrate into the specimen. After 168 h
(7 days), the specimens were disassembled and dissected as in Fig. 3),
and the depth of chloride penetration was determined using silver
nitrate.

3. Results & discussion
3.1. Characterisation of CSiA and RSiA

The chemical and structural properties of the commercial sodium
silicate activator (CSiA) and the recycled sodium silicate activator
(RSiA) were assessed through elemental analysis and FTIR spectroscopy
to evaluate the suitability of RSiA in geopolymer binder systems.
Elemental composition and FTIR spectra for CSiA and RSiA are pre-
sented in Table 2 and Fig. 4, respectively.

Sodium silicate is a generic appellation that exists in the form of
Nay,SiOy, x and, therefore, as a series of alkaline silicate compounds
(Liu and Ott, 2020). Two characteristics of sodium silicate solutions are
typically identified: the SiO; content and the modulus (Ms), which is the
molar ratio of SiO5 to NasO (Nordstrom et al., 2011). Calculated values
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Fig. 3. Chloride migration test set up for the cylindrical samples and bisected samples.
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Table 2

Elemental composition of CSiA and RSiA.
Element CSiA RSiA
(6] 56.2 59.3
Na 16.1 21.0
Si 27.7 19.7

OH, stretching OH,’bending

944,
Si-O stretching

OH, bending
OH, stretching

——CSiA
— RSIA 889,
: : : : : : ‘Sli-O stretching

r T
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Fig. 4. ATR-FTIR transmission spectra of CSiA (blue) and RSiA (red).

for Ms from elemental analysis results of CSiA and RSiA are 2.81 and
1.53, respectively. Reddy et al. (2021) varied Ms from 1.50 to 3.00 for
different ratios of NasSiO3/NaOH (2.0, 2.5 and 3.0) and for various
concentrations of NaOH (8 M, 10 M, 12 M, 14 M, 16 M and 18 M) and

Cleaner Waste Systems 11 (2025) 100322

resulted that the 16 M NaOH yields high compressive strength when
Si03/Na0 in NaySiOj3 solution is around 2.00-2.40 and NaySiOs/
NaOH= 2.5.

ATR-FTIR analysis was performed to check if there are any signifi-
cant differences in CSiA and RSiA as shown in Liu and Ott, 2020. RSiA
shows slightly broadening of the peak associated with Si-O stretching at
889 cm™! compared to that of CSiA at 944 em! (Stuart, 2004), attrib-
uted to the amorphous nature of the RSiA (James et al., 2010). Addi-
tional bands at ~1640 cm ' and 3000 cm™! are assigned to the
stretching and bending vibrations of OH, respectively, and high-
intensity peaks for RSiA compared to CSiA reflect the presence of high
levels of water in RSiA. No significant new bands were observed apart
from the greater water content in RSiA, suggesting similar chemistry as
in CSiA.

3.2. Mix design optimization (GGBS-FA and Na2SiO3/NaOH ratio)

3.2.1. Impact on compressive strength

Compression strength values of different mortar mixes after 7-, 14-
and 28-days air curing are presented in Fig. 5. C40 mixes that contained
FA: GGBS at 40:60 produced higher compressive strength (above
38 MPa) for more than 28 days curing compared to the mixes with FA:
GGBS ratio 80:20 and 90:10 (below 25 MPa). Although C80-1111 mix
achieved high early age compressive strength (after 7 days curing) it did
not gain compressive strength with curing age (after 28 days curing).
JTS 154-1-2011 Code for Design and Construction of Breakwater esti-
mated that the average distribution loads of breakwater concrete pro-
tective layer (with density 2300 kgm™>) are 24.15 kN/m? for 5-t
accropode blocks and 12.19 kN/m? 2.8-t square hollow blocks. Con-
ventional breakwater materials, typically OPC-based, are designed to
achieve compressive strengths ranging between 20-40 MPa, depending
on environmental exposure and design requirements (U.S. Army Corps
of Engineers, 2002; ICE Manual of Geotechnical Engineering, 2012).

50 - ——C40-1111 CR0-1111 C40-1211
CR0-1211 —o—C90-1111 —o—(C90-1211
45 - —e—C40-2111 —e—CRg0-2111
40 A
)
S 35 —% 35.9
;’ T 32.7
B 30 -
=
= 26.2
% 25 A 25.8
=
2 21.6
2 20 -
e
(=9
S1s- o
O 118
10 ~
5 .
0 T T T T 1
0 7 14 21 28 35

Curing time (days)

Fig. 5. Compression strength of CSiA-based mortars with different mixes cured for 7, 14, and 28 days in air.
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Therefore, the C40 mix demonstrates equivalent or superior perfor-
mance to standard OPC concrete used in breakwaters. Ali et al., 2017
have published guidelines for mix proportioning of fly ash/GGBS based
alkali activated concretes using binder mixes with FA:GGBS ratios
100:0, 80:20, 60:40 and 30:70 which resulted compressive strengths
12-20 MPa, 30-40 MPa, 50-60 MPa and 65-75 MPa respectively. These
results also confirmed that increasing GGBS content has enhanced the
compressive strength (Ali et al., 2017; Dineshkumar et al., 2020).

3.2.2. Effect on carbon footprint

CO emissions and price per 100 mmx 100 mm x100 mm concrete
cube with three different NaySiO3: NaOH ratios 1:2, 1:1, and 2:1 are
presented in Fig. 6. The use of 2:1 of NaSiO3: NaOH ratio resulted in the
lowest carbon footprint and cost, as NaOH has a significantly high car-
bon footprint and is the most expensive material in the mix. Therefore,
the mix composition C40-2111 was used to produce geo-blocks,
considering all three mixes C40-1211, C40-1111, and C40-2111 in
their mortars achieved the highest compressive strengths after 28 days
of curing (refer Fig. 7). Koushkbaghi et al. (2019) found that when the
NaySiO3/ NaOH mass ratio increased from 2:1-3:1, it improved the
compressive strength while decreasing water by 5.5-10 % and reducing
chloride migration. Embodied carbon and cost were considered as
crucial factors to decide the silicate-to-alkali ratio of the geo-block.

3.2.3. Influence of curing conditions

Mechanical performance of RSiA-based mortars, C40-1111 and
C80-1111, cured in air, water, and 3 days of hot water curing, then air
curing, is presented in Fig. 7. The best performance of mechanical
strength was observed with 3 days hot water cured and then air cured
samples, indicating PHWC accelerates compressive strength gain of the
mix to almost its maximum strength. Air curing has resulted in better
performance compared to water curing in both C40 and C80 mixes.
Previous studies have also shown that high-temperature curing increases
the compression strength in geopolymer concrete (Yilmaz et al., 2024;
Tuyan et al., 2018). C40 mixes with cured in both air and water, com-
plies with grade C25, and can be used for construction in all areas.

Compressive strength gain in RSiA-based mortar samples made with
C40-2111 and C80-2111 designs was compared by curing in air and
water. The C40 water-cured mix showed the best compressive strength
gain, while C80 water-cured and C40 air-cured mortar samples gained
similar compressive strength values, as depicted in Fig. 8.
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3.3. Mechanical strength of RSiA/RA-Based concrete

Since C80 mixes showed adverse effects on compressive strength
performance when air-cured, and air curing is the most practical and
environment-friendly curing method, C40-2111 mixes were chosen to
produce geo-blocks and to assess their durability characteristics. The
effect of curing conditions on optimised mix (C40-2111) was explored
for the C40-GEO-RSiA- RA mix to explore the behaviour of RSiA in
concrete. Fig. 9 presents the mechanical strength results of the concrete
cubes C40-2111 made with RSiA cured in air, water, and hot water for 3
days, then in air. PHWC results ~47 MPa, while air curing and water
curing results ~35 MPa and ~33 MPa respectively after 28 days. The
optimized RSiA/RA-based mix (C40-2111) therefore proves to meet or
exceed the mechanical strength demands for coastal defence structures,
20-40 MPa making it a viable candidate for use in breakwater protective
layers. Poornima et al. 2021 reported similar compressive strength re-
sults where they used blend ratios GGBS 100 %, 75 %, 50 %, and 25 %
in FA and resulted from 35 to 48 MPa and 28-45 MPa in water and air
curing, respectively, after 28 days.

3.3.1. Microstructure and mineralogy of recycled silicate in geopolymer mix

Microstructure analysis via SEM imaging of C40-21 pastes made of
commercial silicate and RSiA are presented in Figs. 10 and 11. Both CSiA
and RSiA containing pastes showed a well-cemented surface (shown in
yellow arrows in X1000 magnified images) in all curing conditions air,
water and partial hot water. This demonstrates the geopolymerization
products, C-S-H and A-S-H gels, produced from the aluminosilicate
precursors, GGBS and FA. The previous studies have also observed ho-
mogeneous geopolymer matrices in SEM images (Yilmaz et al., 2024).
All paste mixes exhibited unreacted cenospheres of FA particles along
with the dense microstructure. These have also been observed by Aissa
et al. (2019), and these particles are reported to enhance the compres-
sive strength with aging, although they do not act as fillers in the matrix
(Ryu et al., 2013).

XRD analysis was also carried out on the C40-21 pastes with CSiA
and RSiA to investigate the condition of products formed under different
curing conditions and the spectra for each composition are shown in
Fig. 12. Calcite and mullite components were formed as a result of
geopolymerization together with the main quartz component. The peak
for calcium silicate hydrate peak is well resolved in water and hot water
cured samples compared the air cured ones.

Despite the very high compressive strengths produced in PHWC
geopolymer concrete, air curing is a more practical and sustainable
curing method for mass-scale GPC production.

1.2 - r 0.20
Price / GBP
1.0 A ——CO2 emissions/ k - 0.19
emissions/ kg 0.187
0.8 A r 0.18
A
G
E 0.6 - F 0.17
S
~
0.4 A r 0.16
0.2 - F 0.15
0.0 0.14

C40-1211

C40-1111

C40-2111

Fig. 6. Price and CO2 emissions per 100 mm x100mm x100 mm concrete cube with three different Na2SiO3: NaOH ratios 1:2, 1:1 and 2:1.
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Fig. 7. Compression strength of C40-1111 and C80-1111 mortar blocks cured in water, air and 3 days hot water and then in air.
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Fig. 8. Compression strength of C40-2111 and C80-2111 mortar blocks (RSiA-based) cured in water and air.

3.3.2. Comparison study — performance of RSiA-based geoblocks

Mechanical strength of all mix designs, NC -NA, NC -RA, GEO - CSiA
-NA, GEO - RSiA — NA, and GEO-RSiA - RA (Geoblocks produced with
mix design C40-2111) are depicted in Fig. 13 to understand the effect of
using RA and RSiA in concrete blocks. Replacing NA with RA and
replacing CSiA with RSiA have not impacted the compressive strength of
the normal concrete respectively after 7,14, and 28 days.

Nuaklong et al. (2016) used MRAs in the high-calcium fly ash geo-
polymer concretes and resulted in compressive strengths of
30.6-38.4 MPa after 7 days, which was 76-93 % of that of geopolymer
concretes with crushed limestone.

Price and CO, emissions by NC-NA, GEO-CSiA-NA, GEO-CSiA-RA
and GEO-RSiA-RA per 1 MPa of compressive strength they produced is
calculated and compared in Fig. 14. All the geopolymer concrete blocks
produce three times less COy emissions per 1 MPa of strength they
produce compared to those of normal concrete. Replacing silicate and
the aggregate with recycled materials has reduced the price and CO2
emissions per MPa of compressive strength of geopolymer concrete by
13.8 % and 45.1 %, respectively. Moreover, the use of GEO-RSiA-RA
offers a cost-effective alternative to GEO-CSiA-NA, addressing its

economic limitations compared to NC-NA and demonstrating the prac-
ticality and adaptability of the recycled mix for breakwater applications.

Imtiaz et al. (2021) carried out a life cycle assessment (LCA) of
concrete, geopolymer concrete, and recycled aggregate-based geo-
polymer concrete and showed that using geopolymer concrete reduces
global warming potential by 53.7 % compared to OPC concrete. Using
GP concrete reduces acidification potential and photochemical oxidant
formation in the impact categories, along with climate change. The
presence of alkali activators increases the potential impacts of marine
aquatic ecotoxicity, freshwater aquatic ecotoxicity, human toxicity,
eutrophication potential, ozone depletion potential, and terrestrial
aquatic ecotoxicity potential when using geopolymer concrete (Imtiaz
et al., 2021). Therefore, the use of recycled sodium silicate and recycled
aggregates geopolymer concrete in the current study reduces all of the
above environmental impacts. This eco-efficiency aligns with the
increasing emphasis on low-carbon construction in civil infrastructure
(ISO 14067:2018; UNEP, 2021) and offers a distinct advantage for
large-scale coastal projects, where material volume and environmental
exposure are substantial.
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Fig. 9. Compression strength of C40-2111 concrete cubes cured in water, air and 3 days hot water and then in air.

Fig. 10. Microstructure of pastes made of GGBS, FA, commercial silicate and NaOH cured in (left) air, (middle) water, (right) 3d hot water, and then air for 28 days.

10



K.K.D.A. Wijesekara et al.

Cleaner Waste Systems 11 (2025) 100322

Fig. 11. Microstructure of pastes made of GGBS, FA, RSiA and NaOH cured in (left) air (middle) water (right) 3d hot water and then air.

3.4. Durability characteristics of blocks

3.4.1. Density and surface porosity of hardened concrete

Open porosity and apparent density values calculated from triplicate
samples of each mix at curing ages of 7, 14, and 28 days are presented in
Fig. 15. Geo-blocks made with NA resulted in higher apparent density
compared to normal concrete made with cement, while the geo-blocks
made with RSiA, and recycled aggregate resulted in comparably lower
density. This could be a result of low-density brick pieces present in RA
compared to hard natural aggregate. Many studies have reported that
the more RAs incorporated, the higher the water absorption by the
concrete (Nuaklong et al., 2016; Parthiban and Mohan, 2017; Kathirvel
and Kaliyaperumal, 2016), where pore volume and density reflect the
water absorption. Lyu et al. (2023) showed that the water absorption
rate increased from 14.29 % to 23.4 %, 2.86-20.41 %, and 14.29-102 %
when the RA replacement rate is 30 %, 50 %, and 100 %, respectively.
They claimed that this is due to increased porosity and the introduction
of water channels from RA derived from old mortar and the mechanical
damage caused by the crushing process of waste concrete.

3.4.2. Slake durability

Slake durability index (I4) calculated for all compositions cured after
7,14 and 28 days are presented in Fig. 16, indicating the resistance to
physical weathering through wet-dry cycling, a typical stressor in tidal
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zones.

Results indicate that GP-based samples generally exhibited lower
resistance to slaking compared to traditional Portland cement-based
concrete. These observations align with those reported by Samanta-
singhar and Singh (2021), who studied alkali-activated granular soils
with a fly ash (FA) to ground granulated blast furnace slag (GGBS) ratio
of 40:60, where the slake durability index improved with increased
geopolymer content (ranging from 5 % to 30 %). This discrepancy was
more pronounced in samples cured for 28 days compared to 7 days,
suggesting that extended curing did not significantly enhance resistance
to wet—dry abrasion for certain mix compositions. RSiA and RA-based
mix showed higher particle disintegration after two slaking cycles
compared to other mixes and this can likely be attributed to the presence
of fractured or edge-located RA block particles, which were prone to
disintegration upon immersion.

A modified slake durability test tailored for breakwater armour
layers was proposed by Acir and Kilic (2010). Their methodology
involved testing 1:30 scale stone models of various sizes under condi-
tions that prevented contact between the specimens and the drum walls,
thereby simulating the behaviour of loosely placed armour units in
real-world settings. While this method assumes idealized non-contact
conditions not always replicated in the field, it effectively demon-
strates the potential of the test for evaluating the durability of
outer-layer materials. A key finding of their study was that exposure to
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Fig. 12. XRD spectra of pastes made of GGBS, FA, CSiA/RSiA and NaOH cured in air, water 3d hot water and then air.
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Fig. 13. Compression strength values of the concrete blocks after 7, 14 and 28 days of curing.

saltwater generally enhanced the durability index of larger stones. This
is particularly relevant when interpreting the results of the present
study, which utilized smaller samples (40-60 g). Larger prototype ar-
mour units, typically weighing 1-10 tons, are expected to exhibit
reduced edge and corner degradation due to a lower surface
area-to-weight ratio, thereby retaining their structural mass more
effectively under slaking conditions. In the present investigation, most
observed abrasion appeared to originate from the mortar matrix rather
than from block disintegration. The tested samples exhibited
area-to-weight ratios ranging from 0.006-0.012 cm?/g, whereas 1-ton
concrete blocks demonstrate much lower ratios, typically between
0.003-0.005 cm?/g. When normalized for surface exposure, the rate of
weight loss decreased significantly, resulting in a proportionally higher
slake durability index, aligning well with the trends reported by Acir and

Kilic (2010). As illustrated in Fig. 17, extrapolating Acir and Kili¢’s
basalt block data (71 g to 361 g), and assuming square geometry for
surface calculation, reveals a strong linear relationship between dura-
bility index and the inverse area-to-weight ratio. Under saltwater con-
ditions and extended cycling (5000 rotations), extrapolation to a 1-ton
equivalent block suggests a slake index approaching 99.87 % at an
area-to-weight ratio of 0.00289 cm?/g.

Applying this normalization approach to the 28-day cured samples in
the current study, namely, the NC-NA and Geo-RSiA-RA revealed
notable improvements upon scaling. For NC-NA, the slake index
increased from 96.69 % to 99.91 % as the area-to-weight ratio
decreased from 1.2 to 0.00326 cm?/g. Similarly, the Geo-RSiA-RA mix
improved from 88.15 % to 99.67 % over the same range. Although
geopolymer-based blocks experienced more rapid corner and edge
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Fig. 15. Open porosity and apparent density of each mix at curing age of 7 days, 14 days and 28 days.

material loss as evident in, the overall reduction in mass at larger scales
remains minimal. The images of the samples of GEO-RSiA-RA, before
and after the slake test have been illustrated in Fig. 18. These findings
reinforce the viability of geopolymer formulations for large-scale coastal
applications, provided the scale-dependent behaviour of slake durability
is considered in design evaluations.

3.4.3. Chloride migration coefficient

Chloride migration coefficient (Myss) of the samples after 7, 14, and
28 days are presented in Fig. 19. Geopolymer blocks showed lower Myss
compared to normal concrete, indicating reduced chloride ingress,
enhancing their potential to resist corrosion, a common cause of failure
in OPC-based marine structures (Polder et al., 2016). This agrees with
open porosity results where concrete had the higher porosity compared
to geopolymers. Geopolymer concretes demonstrate inherently low
chloride diffusion coefficients (10712-107!* m?/s) and excellent sulphate
resistance due to their aluminosilicate network that lacks portlandite
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and C-S-H phases vulnerable to ionic attack (Lee and van Deventer,
2013; Bernal et al., 2014). Field simulations by Nath and Sarker (2015)
under 3 % NaCl immersion showed less than 5 % compressive strength
loss in fly-ash-based geopolymers after 1 year, compared with over 15 %
for OPC controls.

In comparison, OPC-based concrete is susceptible to long-term
degradation due to chloride penetration, particularly if not adequately
treated or coated (Neville, 2011). Previous studies have shown that
geopolymer concretes offer superior resistance to such chemical and
physical deterioration (Temuujin et al., 2011; Zhang et al., 2017). Ismail
et al. (2013) observed similar results where geopolymer concrete
resulted from chloride penetration depths below 10 mm, where normal
concrete exhibited a penetration depth of ~25 mm. They have explained
that the low penetration depths in geopolymer concrete are attributed to
the dense sodium aluminosilicate binding gels (C-N-A-S-H), which hin-
ders chloride migration. Some studies report that introduction of MRAs
the geopolymer concrete increased chloride ion penetration depths as
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Fig. 17. Slake index prorated by area/weight ratio from Acir and Kilic (2010) basalt blocks in fresh and salt water.

they adversely affect the interfacial transition zone (ITZ) and introduce
micropores and cracks which increase ion permeability (Nuaklong et al.,
2016; Shaikh, 2016; Parthiban et al., 2017, Lyu et al., 2023). The current
study used RA which contain ceramic, plastic, metal, clay, glass, con-
crete or stones but their average consistency was similar to CRA which
did not introduce pieces of mortar to the geo-blocks and therefore
resistant to permeability of chloride ions together with the geopolymer
which mitigates this effect and enhances the bonding of old and new
ITZs.

4. Conclusions

This study demonstrates the feasibility and performance of using
recycled sodium silicate activator (RSiA) and recycled aggregate (RA) in
geopolymer concrete for coastal defence applications. Elemental and
FTIR analyses confirmed that RSiA shares comparable chemical char-
acteristics with commercial sodium silicate activators (CSiA), though
with higher water content and a lower silicate modulus. Despite this,
RSiA-based mixes achieved compressive strengths within the target
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range of 20-40 MPa for breakwater structures, with optimized mixes
like C40-2111 reaching ~47 MPa under partial hot water curing.

The study found that increasing the GGBS content significantly en-
hances compressive strength, where FA:GGBS ratio of 40:60 and a
NazSiOs/NaOH ratio of 2:1 (C40-2111) provides the best balance be-
tween mechanical performance, cost, and carbon footprint. Air curing, a
more sustainable and scalable method, proved effective in achieving
adequate strength (36 MPa for C40-2111) for structural applications.

Durability assessments showed that while geopolymer blocks
exhibited slightly lower slake durability than OPC concrete at lab scale,
scaling factors suggest minimal material loss in large-scale breakwater
units. Additionally, the low chloride migration coefficient and reduced
porosity of geopolymer concretes indicate superior resistance to marine
corrosion.

Life cycle and cost analyses further highlight the eco-efficiency of
geopolymer mixes incorporating recycled materials. The GEO-RSiA-RA
mix reduced CO: emissions and cost per MPa of strength by up to
45 % and 14 %, respectively, compared to conventional concrete. These
outcomes position geopolymer concrete with RSiA and RA as a viable,
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Fig. 18. Geo-RSiA-RA samples (a) before and (b) after slake test.
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Fig. 19. Chloride migration coefficient of mix designs after curing 7, 14 and 28 days.

sustainable, and high-performing alternative for coastal infrastructure,
aligning with global objectives for low-carbon construction and circular
resource use.

To further validate its practical application, future research should
focus on comprehensive life cycle assessment (LCA) to evaluate envi-
ronmental benefits across the material’s full lifespan. Additionally, long-
term durability studies under real marine conditions, including exposure
to tidal actions, salinity variations, temperature fluctuations, and freeze-
thaw cycles, are essential to assess field performance. The scalability of
production techniques for industrial applications must also be explored,
along with techno-economic feasibility analyses, to enable large-scale
deployment in coastal and offshore structures.
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