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Abstract

The utilization of recycled glass cullet as a partial cement replacement in concrete presents a sustainable solution
to waste management and resource conservation. This research inspects the mechanical properties of concrete
incorporating glass cullet at different replacement levels (0%, 25%, and 35%). The impact strength, bending
strength, and water absorption characteristics of the modified concrete were evaluated. Results indicate that a 25%
replacement level provides optimal strength and durability improvements due to the pozzolanic reaction. However,
a 35% replacement resulted in reduced strength due to excessive glass content, which led to weaker interfacial
bonding and may have exceeded the optimal pozzolanic threshold. The findings suggest that 25% glass cullet as a
replacement for cement offers an optimal balance of strength and durability, promoting the potential application
of glass cullet concrete in construction.
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1 Introduction

Concrete lingers the most widely used building material globally, but its production, especially that of Portland
cement, contributes significantly to environmental deprivation through high energy expenditure and carbon dioxide
emanations. As the construction industry endeavors for sustainable solutions, the incorporation of industrial by-
products and recycled materials into concrete has gained extensive interest. One such material is recycled glass
cullet, which originates from post-consumer waste glass, and offers promising potential as both a partial cement
replacement and fine aggregate substitute.

Recycling glass cullet in concrete not only addresses the mounting concern of glass waste disposal but also
contributes to resource preservation by reducing dependence on natural aggregates and clinker-based cement.
Glass, mainly composed of amorphous silica, can exhibit pozzolanic actions when ground finely, reacting with
calcium hydroxide to form additional calcium silicate hydrate (C-S-H) gel, an essential compound for concrete
strength development. Previous studies have shown that up to 30% ground glass cullet (GGC) replacement can
improve workability and maintain comparable long-term compressive strength while exhibiting early-age strength
reduction due to slower pozzolanic reaction kinetics (Duraman and Li, 2021; Meyer and Xi, 1999).

A recent experimental work demonstrated that replacing 5% of cement with crushed glass waste in concrete yielded
a maximum compressive strength of 25.90 N/mm?, outperforming ordinary cement concrete at 21.09 N/mmg2,
Moreover, glass waste concrete also demonstrated higher tensile strength, with a peak splitting tensile strength of
2.115 N/mm2 compared to 1.815 N/mm2 for the control. The density of concrete also developed, reaching up to
2380.4 kg/m3 with 20% glass inclusion. However, a trivial increase in water absorption was observed with higher
glass content. Despite such trade-offs, the incorporation of 5-20% glass waste showed noteworthy recital
enhancements and sustainability benefits (Ani et al., 2022).

However, the alkali-silica reaction (ASR) remains a key concern when incorporating glass in concrete. This
expansive reaction can cause internal cracking, particularly when reactive silica in glass interacts with alkalis in
cement. Mitigating ASR through particle size control, use of low-alkali cement, and selection of less reactive glass
types, such as green over amber or clear glass, has been explored with varying degrees of success.

This paper investigates the mechanical performance and durability aspects of concrete incorporating recycled glass

cullet as a sustainable alternative in partial cement replacement. Emphasis is placed on understanding the optimal
replacement level, effects on strength development, and overall environmental benefits.
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2 Materials and Methodology

2.1 Materials

The materials used in this study included Ordinary Portland Cement (OPC) with a specific gravity of 3.15, serving
as the key binder, and natural river silica sand as fine aggregate, with 62.4% passing through a 600 um sieve to
ensure adequate workability and grading. Crushed gravel with a 10 mm nominal size was used as coarse aggregate
due to its compatibility with standard concrete mix designs. Recycled glass cullet, sourced from post-consumer
soda-lime glass waste, was cleaned, dried, and ground to a fine powder (finer than 100 mesh) to act as a partial
cement replacement at 25% and 35% levels. Table 1 shows the element composition of waste glass cullet (Praveen
etal., 2018).

Table 1: Elemental Composition of Waste Glass Cullet.

Element Composition Waste Glass (%)
SiO; 69.320
Al;O3 2.080
BaO 0.110
Ca0 11.750
Fe,0s3 0.317
K20 0.928
MgO 1.370
Na;O 13.740
SOs3 0.166
TiO; 0.056

2.2 Sample Preparation

All concrete samples were prepared using a standard mix ratio of 1:2:4 (cement: sand: gravel) by weight, with a
stable water-to-binder ratio preserved across all batches to ensure uniformity. The recycled glass cullet was
incorporated as a partial cement replacement at 25% and 35% by weight (Table 2). All dry materials, including
cement, fine aggregate, coarse aggregate, and ground glass cullet, were accurately weighed and thoroughly mixed
to ensure the smooth distribution of all components. Water was added gradually during mixing to attain a workable
consistency, and the mixing procedure continued for approximately five minutes to allow for tolerable hydration
and homogeneity. The fresh concrete mixture was then cast into standard 100 mm cube molds in layers, each
compacted to eliminate air voids. After 24 hours of setting at room temperature, the samples were demolded and
cured by submerging in water until the designated testing ages. Figure 1 shows the schematic diagram of sample
preparation.

Table 2. Batch calculation for a 100 g sample

Materials 0% 25% 35%
Cement 13.28 g 9.96¢g 8.36¢
Sand 27579 27579 27.57¢g
Gravel 56.14 g 56.14 g 56.14 g
Glass cullet 0g 3.57¢g 4.65 ¢

N\ g

Mixing
Raw Materials

Raw Materials Grinding
Collection Raw Materials
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Figure 1. Schematic Diagram of Sample Preparation.
3 Characterization Techniques

3.1 Impact Strength Test

Measures the material's ability to withstand sudden force using an impact testing apparatus, which was done
according to the ASTM C368-88(1999) procedure, and the strength factor calculated under consideration of the
following equation (1);

Is=12 o)

Where, IS is impact strength (psi), i is the energy absorbed (ft. Ibf), and t is the cross-sectional area (inch).

3.2 Bending Strength Test

Bending strength, also known as flexural strength, is the maximum stress a material can withstand before it bends
or breaks. During testing, the Sample was placed above the support beam, and a cross-head test was conducted in
air at room temperature using a universal testing machine according to IS 2333:1992. The flexural strength was
calculated using the following equation (2);

o_:§ FL (2)

2 bd?

Where, o is the flexural strength, F is the applied force (N), L is the span length (mm), b is the width (mm), and d
is the thickness of the specimen (mm).

3.3 Water Absorption Test

During the water absorption test, all samples were immersed in the water at room temperature for 24 hours. After
the sinking period, the sample was removed from the water, and the weight of the sample was measured (Jamaludin
etal., 2019). Finally, the value of water absorption is measured by the following equation (3);

Wy — W,
w=—2_"d . 100
Wd

)

Where, wW is the weight of the wet sample, Wy is the weight of the dry sample.

4 Results and Discussion

4.1 Impact Strength

The impact strength test results revealed a significant variation in the energy absorption ability of concrete with
diverse levels of glass cullet replacement (Figure 2). The 0% glass cullet showed an impact strength of 19.22 psi,
while the 25% glass cullet substitute achieved the highest value of 30.29 psi, demonstrating a substantial
improvement. This enrichment can be attributed to the pozzolanic reaction between the finely ground glass cullet
and calcium hydroxide produced during cement hydration, which creates additional calcium silicate hydrate (C-S-
H) gel (Dhir et al., 2009). This contributes to a denser microstructure and improved bond between the matrix and
aggregates, resulting in higher resistance to impact. However, increasing the cullet content to 35% led to an extreme
reduction in impact strength to 11.82 psi, highlighting the undesirable effects of excessive glass incorporation. At
higher replacement levels, the insufficient cementitious content and unreacted glass particles weaken the interfacial
transition zone, reduce overall matrix cohesion, and increase the likelihood of microcracks, leading to brittle failure
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under impact (Fanijo et al., 2021). These findings suggest that while recycled glass cullet enhances impact strength
at moderate levels like 20-25% (Duraman and Li, 2021), excessive substitution compromises the integrity of the
concrete.
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Figure 2. Impact strength of the prepared sample.

4.2 Bending Strength

The bending strength analysis results (Figure 3) revealed that incorporating recycled glass cullet in concrete
influences its flexural performance depending on the replacement percentage. The 0% glass cullet demonstrated a
bending strength of 0.24 MPa. In comparison, the 25% glass cullet mix achieved the highest flexural strength of
0.33 MPa due to the formation of additional calcium silicate hydrate (C-S-H) gel (Dyer and Dhir, 2001). The
formation of this gel improves the interfacial bonding between the cement matrix and the aggregate particles,
contributing to better load circulation and improved resistance to tensile stress during bending. Conversely, when
the replacement level increased to 35%, the bending strength decreased to 0.27 MPa, which is likely due to the
reduced cement content at higher replacement levels, which diminishes the overall formation of binding gel and
leaves unreacted glass particles in the matrix (Pignatelli et al., 2013).
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Figure 3. Bending strength of the prepared sample.

4.3 Water Absorption

The water absorption test results designated a clear trend in the permeability characteristics of concrete with
varying levels of recycled glass cullet replacement (Figure 4). The 0% glass cullet showed the highest water
absorption at 12.80%, highlighting the presence of more interconnected pores and capillary channels within the
concrete matrix. With a 25% replacement of cement by glass cullet, water absorption decreased significantly to
9.75%, suggesting a denser and less permeable structure. This improvement is attributed to the pozzolanic reaction
of the finely ground glass cullet, which enhances the formation of calcium silicate hydrate (C-S-H) gel, thereby
refining the pore structure and reducing the overall porosity of the concrete (Dhir et al., 2009). Interestingly, when
the replacement level increased to 35%, the water absorption value was recorded at 10.43%, slightly higher than
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the 25% group but still lower than the control mix. This reasonable increase suggests that excessive replacement
starts to negotiate the matrix densification due to the limited availability of cement for hydration and pozzolanic
reaction. Nonetheless, the 35% group still expresses better water resistance than the 0% glass cullet sample,
indicating that glass cullet contributes positively to reducing permeability.
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Figure 4. Result of water absorption of the prepared sample.

5 Conclusion

This investigation authenticates that incorporating recycled glass cullet into concrete as a partial cement
replacement proffers a doable and sustainable approach to enhancing material performance while addressing
environmental concerns. Experimental results demonstrated that replacing 25% of cement with finely ground glass
cullet yielded optimal improvements in impact strength, bending strength, and reduced water absorption due to the
pozzolanic activity forming additional calcium silicate hydrate (CSH) gel. Though increasing the replacement level
to 35% led to decreased mechanical strength, likely due to insufficient cementitious material and unreacted glass
particles distracting from matrix consistency. The verdicts highlight the importance of determining an optimal
replacement verge 25% in this case to balance durability, mechanical integrity, and sustainability. While issues
such as alkali-silica reaction (ASR) remain a concern, they can be mitigated through proper particle size control
and glass selection. Overall, the study endorses the use of recycled glass cullet in concrete as a resource-efficient
and environmentally friendly alternative, supporting the circular economy observed in the construction segment.
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