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Abstract

Enhancing cement concrete's strength and durability is crucial for sustainable infrastructure
development. This study investigates the effects of metakaolin (MK) and waste glass (WG) as partial
cement and sand replacements, respectively, along with glass fibers (GF) on the mechanical properties
of concrete. Five mix designs (S1-S5) were developed with varying metakaolin content (2%, 4%, 6%,
8%, and 10% of cement weight), maintaining a constant 0.50% GF and optimized WG replacement.
Compressive strength tests at 7, 28, and 91 days revealed a consistent improvement with increasing
MK content, with S5 (10% MK) exhibiting the highest compressive strength (21.27 MPa at 7 days,
28.57 MPa at 28 days, and 29.81 MPa at 91 days). Split tensile strength results followed a similar
trend, with S5 achieving the maximum values across all curing periods (4.10 MPa at 7 days, 4.48 MPa
at 28 days, and 4.56 MPa at 91 days). Flexural strength tests further confirmed the superior
performance of S5, reaching 5.31 MPa at 7 days, 5.64 MPa at 28 days, and 5.91 MPa at 91 days. The
results suggest that adding up to 10% of metakaolin significantly enhances concrete's mechanical
properties, with improvements in compressive, tensile, and flexural strengths. This study highlights
the potential of metakaolin and waste glass as sustainable materials for enhancing concrete
performance, contributing to eco-friendly construction practices.
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Introduction

Cement concrete is the backbone of modern construction, widely utilized due to its versatility,
durability, and cost-effectiveness. However, conventional concrete has several limitations,
including susceptibility to cracking, shrinkage, and long-term deterioration due to
environmental factors. Enhancing the strength and durability of concrete has been a focal point
of research in civil engineering to address these issues and improve its long-term performance.
Among the various strategies employed, incorporating supplementary cementitious materials
(SCMs) and reinforcing agents has gained significant attention. This research examines the use
of metakaolin, waste glass, and glass fibers as supplementary materials to enhance the
mechanical strength and durability of cement concrete. Metakaolin, a reactive pozzolanic
substance obtained from the calcination of kaolin clay, is known for its effectiveness in refining
pore structure, boosting early strength, and increasing durability. Waste glass, on the other
hand, serves as a promising alternative to traditional aggregates or supplementary material due
to its pozzolanic characteristics when ground into fine particles. Glass fibers, known for their
high tensile strength and crack-bridging properties, contribute significantly to enhancing
concrete’s toughness and resistance to fracture.The integration of these materials into concrete
aligns with sustainable development goals by reducing reliance on traditional raw materials,
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minimizing waste disposal problems, and lowering carbon emissions associated with cement
production. The construction industry is under increasing pressure to adopt eco-friendly
practices, and utilizing industrial by-products and recycled materials in concrete offers an
effective approach to achieving sustainability without compromising structural performance.
This research aims to analyze the combined effects of metakaolin, waste glass, and glass fibers
on the mechanical properties, durability, and sustainability of cement concrete. The study will
examine key parameters such as compressive strength, flexural strength, permeability, and
resistance to environmental degradation. Additionally, a comparative analysis will be
conducted to assess the benefits and potential challenges associated with using these materials
in various proportions. The adoption of such innovative materials in concrete production is
expected to revolutionize the construction industry by offering high-performance concrete with
extended service life and reduced environmental impact. As infrastructure development
continues to expand globally, the need for durable, resilient, and sustainable concrete solutions
becomes more critical. The findings of this research will contribute to the advancement of
sustainable construction practices, providing insights for engineers, policymakers, and industry
professionals seeking to enhance concrete performance through innovative material
applications.

Materials and Methodology

Materials

The present study investigates the effects of metakaolin, waste glass, and glass fibers on the
strength and durability of cement concrete. The materials used in this research are as follows:

o Cement: Ordinary Portland Cement (OPC) conforming to ASTM C150 standards.

o Fine Aggregates: River sand with a fineness modulus of 2.6, meeting ASTM C33
specifications.

o Coarse Aggregates: Crushed granite aggregates of 20 mm maximum size, meeting
ASTM C33 standards.

e Metakaolin: A highly reactive pozzolanic material obtained from calcined kaolin
clay.

o Waste Glass Powder: Finely ground glass waste collected from discarded glass
sources, sieved to a particle size of less than 75 pum.

o Glass Fibers: Alkali-resistant glass fibers with an aspect ratio of 850 and a diameter
of approximately 14 pm.

e Water: Potable water conforming to ASTM C1602.

Mix Proportions and Casting

Concrete samples were prepared using standard molds for various strength assessments. For
compressive strength tests, cubes measuring 150 mm x 150 mm x 150 mm were used, while
cylinders with a diameter of 150 mm and a height of 300 mm were designated for split tensile
strength evaluations. Beams of 200 mm x 100 mm x 500 mm were utilized for flexural strength
tests. After 24 hours, the specimens were removed from the molds and subjected to water
curing for durations of 7, 28, and 91 days. The concrete mixes were designed according to IS
10262-2019 guidelines. Various modified mixes were prepared by incorporating metakaolin as
a partial replacement for cement as given below:
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S1

Cement: sand + Waste Glass (Best out of 5, 10, 15 & 20%): aggregate: 1: 1.5: 3 +
GF (0.50% by weight of cement) + Metakaolin (2% of cement weight replacing
Cement)

S2

Cement: sand + Waste Glass (Best out of 5, 10, 15 & 20%): aggregate: 1: 1.5: 3 +
GF (0.50% by weight of cement) + Metakaolin (4% of cement weight replacing
Cement)

S3

Cement: sand + Waste Glass (Best out of 5, 10, 15 & 20%): aggregate: 1: 1.5: 3 +
GF (0.50% by weight of cement) + Metakaolin (6% of cement weight replacing
Cement)

S4

Cement: sand + Waste Glass (Best out of 5, 10, 15 & 20%): aggregate: 1: 1.5: 3 +
GF (0.50% by weight of cement) + Metakaolin (8% of cement weight replacing
Cement)

S5

Cement: sand + Waste Glass (Best out of 5, 10, 15 & 20%): aggregate: 1: 1.5: 3 +
GF (0.50% by weight of cement) + Metakaolin (10% of cement weight replacing
Cement)

Results:

Compressive Strength Test

S1vs S2 vs S3 vs S4 vs S5: Samples S1, S2, S3, S4, and S5 consist of M20 grade concrete
with 0.5% glass fibers and 15% waste glass as a partial sand replacement (due to its improved
compressive strength). These samples also incorporate varying percentages of metakaolin as a
replacement for cement (2%, 4%, 6%, 8%, and 10%). Three specimens from each sample were
cast and tested for compressive strength. The results demonstrate that the compressive strength
of the concrete increases with the rising proportion of metakaolin used as a cement
replacement. Metakaolin is used as a partial alternative to cement. It uses lime during hydration,

which increases the synthesis of cementitious compounds, resulting in increased strength.

Table 1: Compressive Strength Test Result (S1 vs S2 vs S3 vs S4 vs S5) 7,28 & 91

Days
Days Sample No Sample 1 Sample 2 Sample 3 Average
Sl 19.58 18.94 19.97 19.50
S2 19.02 194 19.99 19.47
7 Days S3 19.56 19.47 20.75 19.93
4 20.82 20.08 20.63 20.51
S5 21.52 20.66 21.64 21.27
Sl 26.84 25.29 27.49 26.54
28 Days S2 26.2 26.61 27.63 26.81
S3 27.1 26.97 27.85 27.31
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4 28.12 27.48 28.29 27.96
S5 28.82 27.96 28.94 28.57
Sl 27.64 27.52 28.65 27.94
S2 27.94 27.92 28.91 28.26
91 Days S3 28.15 28.12 29.62 28.63
4 29.79 28.41 29.97 29.39
S5 29.97 28.97 30.49 29.81

Compressive Strength Test Result (S1 vs S2 vs S3 vs S4
vs S5) 7, 28 & 90 Days
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Fig 1: Compressive Strength Test Result (S1 VS S2 vs S3 vs S4 vs S5) 7, 28 & 91 Days
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Split Tensile Strength Test

Comparison between: S1 vs S2 vs S3 vs S4 vs S5: Samples S1, S2, S3, S4, and S5 are
composed of M20 grade concrete that incorporates 0.5% glass Fibers and 15% recyclable glass
as a partial substitute for sand, resulting in enhanced compressive strength. Furthermore, these
samples include different proportions of metakaolin as a substitute for cement (2%, 4%, 6%,
8%, and 10%). Three specimens were cast from each sample tested for split tensile strength
testing. The results indicate that the split tensile strength of the concrete rises as the percentage
of metakaolin employed as a replacement for cement increases.

Table 2: Split Tensile Strength Test Result (S1 vs S2 vs S3 vs S4 vs S5) 7, 28 & 91

Days
Days Sample No Sample 1 Sample2 | Sample 3 Average
S1 3.19 3.42 3.24 3.28
7 Days S2 3.27 3.41 3.57 3.42
S3 3.49 3.68 3.71 3.63
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S4 3.54 3.82 3.89 3.75
S5 3.75 4.29 4.26 4.10
S1 3.46 3.52 3.64 3.54
S2 3.62 3.81 3.87 3.77
28 Days S3 3.72 3.91 4.02 3.88
S4 3.93 4.13 4.26 411
S5 4.02 4.57 4.86 4.48
Sl 3.25 3.82 3.97 3.68
S2 349 4.03 4.19 3.90
91 Days S3 351 4.29 4.48 4.09
S4 3.73 4.42 4.64 4.26
S5 3.81 4.89 4.99 4.56

Split Tensile Strength Test Result (S1 vs S2 vs S3 vs S4
vs S5) 7, 28 & 90 Days
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Fig 2: Split Tensile Strength Test Result (S1 vs S2 vs S3 vs S4 vs S5) 7, 28 & 91 Days

Flexural Strength Test

S1vs S2 vs S3 vs S4 vs S5: Samples S1, S2, S3, S4, and S5 consist of M20 grade concrete
that includes 0.5% glass Fibers and 15% recyclable glass as a partial replacement for sand,
leading to improved flexural strength. In addition, these samples contain varying ratios of
metakaolin utilized as a replacement for cement (2%, 4%, 6%, 8%, and 10%). Three specimens
were cast from each sample and then subjected to flexural strength experimental testing. The
results indicate the flexural strength of the concrete increases with higher percentages of
metakaolin used as a substitution for cement.

Table 3: Flexural Strength Test Result (S1 vs S2 vs S3 vs S4 vs S5) 7, 28 & 91 Days

Days Sample No Sample 1 Sample2 | Sample 3 Average
7 Days S1 3.39 3.76 4.02 3.72
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S2 3.58 4.03 4.19 3.93
S3 3.95 4.66 452 4.38
S4 4.19 4.67 4.62 4.49
S5 5.33 5.22 5.37 531
S1 3.87 4,12 447 4.15
S2 3.98 4.43 459 4.33
28 Days S3 4.25 4.96 482 4.68
S4 459 5.07 5.02 4.89
S5 5.73 5.52 5.67 5.64
S1 41 4.46 4,76 444
S2 4.22 4.68 476 455
91 Days S3 4.46 5.23 5.06 492
S4 476 5.38 5.42 5.19
S5 5.98 5.79 5.95 5.91

Flexural Strength Test Results (S1 vs S2 vs S3 vs S4 vs
S5) 7, 28 & 90 Days

AT ATHAHTY
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Fig 3: Flexural Strength Test Result (S1 vs S2 vs S3 vs S4 vs S5) 7, 28 & 91 Days
Conclusion

The experimental investigation into strengthening and increasing the durability of cement
concrete through the use of metakaolin, waste glass, and glass fibers demonstrated notable
enhancements in mechanical properties. Findings from compressive strength, split tensile
strength, and flexural strength tests reveal that integrating these supplementary materials
improves concrete performance over time.

1. Compressive Strength: The inclusion of metakaolin, waste glass, and glass fibers led
to a progressive increase in compressive strength over 7, 28, and 91 days. The highest
compressive strength was recorded at 91 days, with a peak value of 29.81 MPa,
demonstrating that the modified concrete mix continues to gain strength over time.

2. Split Tensile Strength: The split tensile strength also showed considerable
improvement, with the highest recorded value being 4.56 MPa at 91 days. The increase
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in tensile strength suggests that the modified mix enhances the concrete’s ability to
resist tensile stresses, contributing to overall durability.

3. Flexural Strength: The flexural strength results indicate significant improvements,
with the highest recorded value being 5.91 MPa at 91 days. This improvement
highlights the enhanced toughness and resistance to bending stresses due to the
presence of glass fibers and waste glass.

Overall, the study confirms that the combined use of metakaolin, waste glass, and glass fibers
significantly enhances the strength and durability of cement concrete. The improvements in
compressive, tensile, and flexural strength suggest that this modified concrete mix can be a
viable alternative for sustainable and high-performance construction applications. Further
studies on long-term durability aspects, environmental impact, and cost-effectiveness would
be beneficial to validate the practical implementation of this enhanced concrete mix.
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