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Abstract: Waste glass stockpiling is a growing problem in Australia, and researchers are exploring the
potential for using solid waste materials as building materials. In this study, the use of waste glass cullet
(WGC) as a 100% replacement for sand in geopolymer mortar was investigated. Three different aggregates
to binder ratios (1.0, 1.5, and 2.0) were used to make the specimens, which were then compared to
conventional geopolymer mortar. The specimens were cured for 7, 28, and 90 days at ambient temperature
before undergoing various tests, including compressive strength, chloride penetration, and water
absorption. It was observed that, the compressive strength when using waste glass experienced a reduction
of 25% at 28 days and 20% at 90 days compared to the conventional geopolymer mortar. However, as
compared to sand, fine waste glass can often enhance long-term durability. Water absorption of waste glass
specimens was greatly improved, with 24.23% lower than the conventional geopolymer mortar during
ambient curing. Moreover, under ambient curing conditions, the results of chloride resistance with waste
glass improved significantly, with 38% lower than the specimens containing sand. This research also
includes a detailed calculation of greenhouse emissions. The results indicated that geopolymer emissions
were approximately 16.42 - 27.76% lower than those of original Portland cement concrete (OPC).
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1. Introduction

The rapid expansion of infrastructure is leading to a rising demand for concrete in the construction sector.
Historically, concrete construction has relied on natural river sand as a fine aggregate, but this is a finite
resource that may eventually become scarce. Sand mining, which is widely practiced, not only depletes
sand supplies, but also has adverse effects on marine ecosystems, water supplies, food sources for marine
life, turbidity, and the environment. Additionally, the process of extracting sand and transporting it to
construction sites contributes to greenhouse gas emissions. In light of these concerns, the construction
industry is seeking alternative materials to replace natural sand, such as recycled waste glass.

Globally, reports indicate that a massive amount of waste glass is being sent to landfills annually, and in
some countries, recycling rates are relatively low. In 2020-2021, Australia generated 1.54 Mt of waste glass,
an increase of 36% from 1.13 Mt in 2016-2017. However, the resource recovery rate remained unchanged
at 59% from 2006-2007 (1). The lack of established markets for recycled glass has resulted in large
stockpiles of recyclable and recycled glass across Australia, increasing the danger of contamination and
environmental harm. Therefore, it is imperative to establish alternative markets for recycled glass.

A new type of concrete binder known as geopolymer is being developed from industrial waste materials (2)—
(4). Research has shown that glass fines can be utilized to create alkaline activators for geopolymers (5)
and (6). However, obtaining desirable mechanical properties in glass requires high temperatures during
curing. As a result, some researchers have explored the feasibility of using waste glass as a substitute for
natural fine aggregate in alkali-activated materials (7) and (8). The behavior of geopolymer gels in various
aggregate systems is not well understood, and it remains unclear how the use of glass aggregates with
geopolymer paste at room temperature may affect the final product. To determine the suitability of using
geopolymer-bound waste glass instead of fine sand aggregates in structural engineering applications, a
comprehensive analysis of mechanical parameters and durability was conducted using specimens that were
tested for up to 90 days. This research fills in these knowledge gaps and provides valuable insights.
Additionally, while geopolymers have the potential to reduce the significant carbon footprint associated with
OPC concrete, only limited studies have been conducted in this area. This paper also provides a
comprehensive analysis of CO,_ estimates for both geopolymer and OPC concrete, filling a gap in the
current knowledge.
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2. Experimental study

2.1 Mix production and test method

Dry fly ash (AS 3582.1) from Cement Australia with the specific gravity value of 2.4 and approximately 40%
of particles smaller than 7 ym was used as the primary source of aluminosilicate materials. For fine
aggregates, WGC procured from a local recycling company called Enviro Sand (Figure 1). The crushed
glass cullet with the size between 0.75 — 1 mm was chosen to be used in this paper. With that size of WGC,
the specific gravity of WGC is equal to the specific gravity of sand.

(a) (b)
Figure 1. Glass cullet (a) Used glass bottle; (b) Crushed glass.

The alkaline activator (AA) used in this study was a combination of commercial sodium silicate solution
(NaySiO3) and 12M sodium hydroxide (NaOH). The ratio of the alkaline solution to the binder was fixed at
0.55, while the ratio of the aggregate to the binder was varied from 1.0 to 2.0. The mix design is detailed in
Table 1. After the mixing process, the fresh mixture was cast into two types of steel molds: [1] 50 x 50 x 50
mm specimens for compressive testing and water absorption; and [2] 100 x 200 mm prisms for chloride
penetration testing as shown in Figure 2. The samples were then cured in ambient conditions.

Table 1. Mix design.

Design parameters
. Precursor
Activator composite Aggregate
Group Total
ss” SS SHW CcS A NaOH FA binder Adgg
SH B B SH B (mol/L) B wt. B
(kg/m?)

Sand 1.0 2.0 0.37 0.12 0.35 0.55 12 1 500 1.0
Sand 1.5 2.0 0.37 0.12 0.35 0.55 12 1 500 1.5
Sand 2.0 2.0 0.37 0.12 0.35 0.55 12 1 500 2.0
WGC 1.0 2.0 0.37 0.12 0.35 0.55 12 1 500 1.0
WGC 1.5 2.0 0.37 0.12 0.35 0.55 12 1 500 1.5
WGC 2.0 2.0 0.37 0.12 0.35 0.55 12 1 500 2.0

*S8S: Sodium Silicate, SH: Sodium Hydroxide, CS: Caustic Soda, FA: Fly Ash, B: Binder, Agg: Fine aggregate, A: Activator, SHW:
Sodium Hydroxide Water
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Figure 2. Geopolymer mixture (a) Fresh mixture; (b) Cube molds; (c) Cylinder molds.

The compressive strength of cube mortar specimens was evaluated using the AS 1012.9 standard (9) after
7, 28, and 90 days of ambient curing. The effective permeable porosity of concrete was then determined
using the water absorption test described in AS 1012.21-1999 (10). Lastly, the chloride permeability was
determined using the rapid chloride permeability test (RCPT) in accordance with the AASHTO T358 test
standard (2015), with the Resipod testing instrument examining the chloride penetration on 100mm diameter
and 200mm height specimens at 28 and 90 days.

3. Results and discussions

3.1 Compressive strength

The compressive strength tests on recycled glass GM mixtures were conducted at 7, 28, and 90 days, and
the results are presented in Figures 3. It is apparent from the figures that replacing sand with recycled glass
waste reduces the compressive strength of GM. When cured at ambient conditions for 90 days, the
compressive strength of WGC decreased by 29.85%, 10.70%, 22.56%. This decrease in strength can be
attributed to the high smoothness of WGC, which causes cracks and insufficient adhesion, as well as the
poor geometry of glass waste, which makes it difficult to distribute the aggregates uniformly. The wet
packing density (WPD) theory suggests that tightly packed concrete can improve compressive behavior by
forcing trapped water to leak out (11). Therefore, the filling effect of the fine aggregate is crucial. The
reduction in compressive strength of GM is due to weak bond strength at the interfacial transition zone (ITZ)
of the glass aggregate and the presence of irregular and angular glass with sharp edges that cause
microcracks in the microstructure. Interestingly, the compressive strength of GM increased significantly with
ambient curing from 7 to 28 days and from 28 to 90 days, with an improvement of 48.13% and 53.33% for
sand, respectively. This increase in strength was also observed in glass containing GM, indicating that
substituting WGC for sand did not affect the geopolymerization of GM.
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Figure 3. Compressive strength of GM (a) Sand; (b) WGC.



(a) (b)
Figure 4. Compressive strength of GM (a) Sand; (b) WGC.

From the fracture surface (Figure 4), it can be seen a big void was present near the glass aggregate. This
was because water was enriched around the glass aggregates (localized bleeding) due to the non-
absorbent nature of the glass. It is envisioned that a more porous area was present between the
geopolymer matrix and the glass aggregates, (known as the interfacial transition zone 1TZ), would
possibly lead to a reduction in strength. As a result, the WGC specimens are tend to fail into small pieces
rather than big and dense pieces as seen in sand (Figure 4b).

3.2 Chloride penetration

Figure 5 presents the results of the RCPT test on alkali-activated mortars with glass aggregate. The test
revealed a substantial improvement in the 28-day chloride penetration of WGC in GM at different
aggregate/binder ratios of 1.0, 1.5, and 2.0, with results of [185%; 66%; 41%], and at 90 days, the results
were [25%; 40%; 43%] when the samples were cured under ambient conditions. The interaction between
the FA binder system and the active silica and calcium in the fine WGC particles causes a modification in
the pore structure and a decrease in concrete porosity, resulting in increased RCPT values as WGC
replaces the aggregate system. Additionally, WGC has minimal or negligible water absorption, and its
smooth surface compared to sand acts as an impermeable barrier against moisture and ion infiltration into
the matrix (12). Consequently, using glass as an aggregate has a favorable effect on the chloride
permeability of the mortar, consistent with previous research findings (13).
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Figure 5. Chloride penetration of GM (a) 28 days; (b) 90 days.



3.3 Water absorption

Water absorption is a critical factor in determining the durability of concrete, as reducing it can significantly
enhance the long-term performance of the material in harsh conditions. As shown in Figure 6, the samples
containing sand (control group) exhibited higher water absorption compared to the other samples. The GM
mixes, however, showed substantial improvement in water absorption at 28 and 90 days, with reductions of
[27.54%, 6.62%, 43.53%] and [50.2%, 25.17%, 58.58%)] under ambient conditions, respectively. This can
be attributed to the high swelling capability of sand due to hydrolysis (14). During the drying and hardening
process of the geopolymer, the excess water in the geopolymeric gel (N-A-S-H) remains trapped in the
pores, which is later released during the drying process, leading to a higher number of cavities or pores.
Conversely, the samples made entirely of glass as fine aggregate exhibited lower water absorption, which
is consistent with previous research (12), and (15). This is likely due to the lower absorption capacity of
recycled glass aggregate and the potential refinement of pores through gel formation resulting from the
presence of reactive silica and calcium in the aggregate.
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Figure 6. Water absorption of GM.
3.4 Life cycle assessment of geopolymer concrete

3.4.1 Methodology

To determine the CO,-equivalent emissions, this paper calculated the combined emissions from CO,, CH,,
NO,, and synthetic gases generated during each activity. This involved factoring in the energy content of
the fuel used, the fuel consumption rate, and the emission factor for each gas type, assuming complete fuel
combustion. We utilized the equation commonly used for calculating greenhouse gas (GHG) emissions, or
carbon footprint, in this process (16):

Q x EC x EF
GHG emissions (COz.c) = 1000 (1)

Where GHG (CO,.) is the emission of fuel combusted under particular activity (kg); EC is the energy content
factor of the fuel type (J/kg); EF is the emission factor for each gas type; Q is the quantity of fuel type
(tonnes).

The EC and EF factors used in this study, summarized in Table 2, were based on the 2021 Australian
National Greenhouse Accounts Factors in Queensland (16). This framework reflects others papers
guidelines governing the estimation of national greenhouse gas inventories, including (17), (18):



Table 2. Emission factors to estimate CO,.

Emission Emission factor'- 2 (kg CO,../GJ)
1
Energy sources cont((egfJ jta)ctor co, CH, N,O
Diesel 38.6 69.9 0.1 0.2
Electricity® 0.8 - - -
Liguid Petroleum Gas 25.70 60.2 0.2 0.2
Gas 0.039 51.4 0.1 0.03
Coal 27 90 0.04 0.2

'Source: Ref. (16).
?Includes the effect of Eco,, Ech,, EN,0 taking into account the relevant oxidation factors and energy content of the fuel.

3Calculated as indirect emissions for the consumption of purchased electricity. Appropriate for Queensland, Australia, and may vary
elsewhere due to differences in energy or fuel production methods.

3.4.2 Results

Figure 7 illustrates the CO,-equivalent emissions associated with each stage of the concrete production
process, from the acquisition of raw materials to the production of one cubic meter of concrete. The results
showed that ordinary Portland cement (OPC) contributed 352.7 kg/m? of emissions, with Portland cement
being the primary contributor at 76.26% of the CO.-equivalent emissions for OPC concrete (0.82 kgCO,-
e/kg) (17). In contrast, fly ash, a by-product of coal-fired power generation, had a low embodied CO, content
of 0.027 kgCO, per kg, representing only 3.3% of the CO, emissions associated with the production of
Portland cement. However, the alkali activators used in geopolymer binder production (fly ash, sodium
silicate, and sodium hydroxide) emitted a significant amount of carbon dioxide, contributing 184.33 kg CO,-
e/m3, or 75.4% of the total emissions associated with geopolymer. The CO,-eq emissions from geopolymer
produced using ambient curing methods were 244.36 kg CO,-e/m? for waste glass cullet and 265.2 kg CO,-
e/m3 for sand. Although the use of waste materials in geopolymer did not significantly reduce CO, emissions,
it is still considered a more cost-effective and environmentally friendly option, reducing CO, emissions by
27.76% per cubic meter when compared to OPC.
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Figure 7. CO,. summary for grade 40 concrete mixes with OPC and
GMs under ambient curing methods.
4. Conclusions

From the perspective of sustainable development, alkali-activated materials are seen as being particularly
suited. Although, the compressive strength of GM was reduced by 20-30%, by replacing from sand to WGC.
The WGC products were still capable of achieving compressive strengths of 20-30 MPa after 28-day of
ambient curing. Despite the reduction in mechanical properties, there is a significant improvement in



durability properties. For example, in water absorption, the GM mixtures with glass as fine aggregate can
significantly improve by up to 50%. In addition, the WGC also have a positive effect on chloride penetration.
Finally, geopolymer have a tremendous potential to lessen the effects of cement manufacturing on climate
change. The results shown 27.76% lower than OPC for the proposed Australian geopolymer products in
ambient curing methods.
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