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Abstract — In recent years, the application of supplementary
cementitious materials has gained significant attention in the
development of high-performance concrete. Replacing a
portion of cement with mineral admixtures not only reduces
environmental impacts associated with cement production
but also enhances the durability and service life of concrete
structures by improving their overall performance compared
to conventional concrete. The present study experimentally
investigates the use of metakaolin as a partial substitute for
cement to evaluate its influence on concrete behavior. Fresh
concrete was assessed through slump tests, while hardened
concrete properties, including compressive strength, split
tensile strength, and flexural strength, were evaluated up to
28 days of curing. Metakaolin was incorporated at
replacement levels of 4%, 8%, 12%, 16%, and 20% by weight
of cement, using a constant water—cement ratio of 0.43. Based
on the experimental results, the mixture containing 12%
metakaolin - was identified as the optimum blend,
demonstrating superior performance. The scope of this
research focuses on assessing the effect of partial cement
replacement with metakaolin on the fresh and hardened
properties of M35 grade concrete. Key parameters such as
workability and strength characteristics were studied at
various curing ages to establish the effectiveness of
metakaolin as a sustainable cementitious material.
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I. INTRODUCTION

Concrete is universally recognized as one of the most
essential materials in the construction industry owing to its
adaptability, mechanical performance, and long-term
durability. Its ability to withstand high compressive stresses,
combined with adequate workability and ease of casting into
complex shapes, has established concrete as the backbone of
modern infrastructure. The material is extensively utilized in
a broad range of civil engineering applications such as
residential and commercial buildings, highways, bridges,
tunnels, water storage structures, industrial floors, and
sewerage networks. The scale of concrete consumption
exceeds that of all other construction materials combined,
emphasizing its critical role in global development. Despite
its numerous advantages, concrete production—particularly
the manufacture of Portland cement—poses serious
environmental challenges. Cement manufacturing requires
large quantities of energy and involves the calcination of
limestone, which releases significant amounts of carbon
dioxide. Globally, cement production contributes nearly 5—
6% of total anthropogenic CO: emissions and consumes a
substantial share of industrial energy. These environmental
impacts have intensified the need for sustainable alternatives

that reduce cement consumption without compromising
concrete performance [1].

One of the most effective strategies to address these
concerns is the partial replacement of cement with
supplementary cementitious materials (SCMs). The
incorporation of SCMs not only lowers the environmental
footprint of concrete but also enhances its mechanical and
durability characteristics. Materials such as fly ash, slag
cement, silica fume, rice husk ash, and metakaolin have been
widely investigated for this purpose. Their use contributes to
improved microstructural development, reduced
permeability, enhanced strength, and increased resistance to
aggressive environments, thereby extending the service life
of concrete structures. Among these materials, metakaolin
has emerged as a highly promising alternative due to its high
pozzolanic reactivity and consistent quality. As traditional
SCMs such as fly ash become less available in certain
regions, calcined clays and metakaolin provide a reliable and
sustainable solution for future cementitious systems [2].

Metakaolin is a manufactured pozzolanic material
produced by the controlled thermal activation of kaolin clay.
It is classified as a natural pozzolan and has gained
considerable attention due to its consistent quality and high
reactivity. The term “metakaolin” reflects the structural
transformation that occurs when kaolinite clay undergoes
dehydroxylation during calcination. Kaolin is a naturally
occurring clay mineral composed primarily of kaolinite.
When heated to temperatures typically between 600°C and
800°C, kaolinite loses chemically bound water, resulting in
an amorphous alumino-silicate material known as
metakaolin. The resulting product is fine, off-white in color,
and rich in silica and alumina, which are essential for
pozzolanic reactions [3]. Physical properties and chemical
composition of metakaolin are presented in Table 1 and Table
2, respectively.

Property Result
Specific Gravity 2.62
Avg. Particle Fineness (m2/kg) | 12680
Colour
Table 1: Physical Properties of Metakaolin
Chemical Composition | Result
SiO, 51.52
ALO; 40.18
Fe203 1.23
CaO 2
MgO 0.12
K>O 0.53
TiO> 2.27

Table 2: Typical Chemical Composition of the Metakaolin
The pozzolanic reactivity of metakaolin is governed
by raw material purity, calcination conditions, and particle
fineness. Upon hydration of Portland cement, calcium
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hydroxide is released as a by-product. Metakaolin reacts with
this calcium hydroxide in the presence of water to form
additional calcium silicate hydrate and calcium alumino-
silicate hydrate phases. This secondary reaction refines the
pore structure, increases matrix density, and enhances
strength and durability. Optimal pozzolanic activity is
generally achieved when calcination temperatures are
maintained around 700-750°C [4].

The incorporation of metakaolin generally leads to a
reduction in workability due to its fine particle size and high
surface area. However, compared to silica fume, metakaolin-
based concretes exhibit relatively better flow characteristics.
At low replacement levels, workability may be comparable to
or slightly better than conventional concrete when
appropriate admixtures are used [5].

II. MATERIALS AND METHODOLOGY

Concrete of designed strength (35 MPa) was prepared by
using cement 53 grade, water, coarse aggregate, natural fine
aggregate, metakaolin, and superplasticizer. All experimental
work was carried out in accordance with relevant Indian
Standards (IS) to ensure uniformity, accuracy, and
repeatability of results. Mix design, as per IS: 10262-2019
[13], is presented in Table 3. The methodology focuses on
assessing both fresh and hardened concrete properties, with
particular emphasis on workability and mechanical
characteristics such as compressive, flexural, and splitting
tensile strengths.

Mix | Cement (kg) | Metakaolin (kg) | Fine Aggregate (kg) | Coarse Aggregate (kg) | Water (lit)
Ml 368 0 685 1237 158
M2 353.28 14.72 685 1237 158
M3 338.56 29.44 685 1237 158
M4 323.84 44.16 685 1237 158
M5 309.12 58.88 685 1237 158
M6 294.40 73.60 685 1237 158

Table 3: concrete mix design

The workability of freshly mixed concrete was
evaluated using the slump test, which provides an indication
of the consistency and ease of handling of concrete.
Workability is defined as the ability of concrete to be mixed,
placed, compacted, and finished without segregation or
excessive bleeding. It is influenced by factors such as water
content, aggregate characteristics, mix proportions, and the
presence of mineral or chemical admixtures. The slump test
is the most commonly used method for assessing workability
under laboratory and field conditions. Although it does not
capture all aspects of workability, it provides quick and
reliable information on concrete consistency. The test was
performed using a standard slump cone, tamping rod, and a
rigid, non-absorbent base. The cone was filled with fresh
concrete in three equal layers, each compacted by 25 strokes
of the tamping rod. After leveling the top surface, the cone
was carefully lifted vertically, and the vertical subsidence of
concrete was measured as the slump value. The shape of the
slump was also observed to assess the uniformity of the
mix[6-8].

The compressive strength of concrete was
determined using standard cube and cylindrical specimens.
This test evaluates the load-carrying capacity and overall
quality of concrete. Specimens were cast using steel molds
and cured under controlled conditions. Compressive strength
tests were conducted at specified ages, typically 7 and 28
days, by applying a steadily increasing axial load using a
calibrated compression testing machine. The maximum load
at failure was recorded, and compressive strength was
calculated by dividing the failure load by the loaded area [9-
10]. Flexural strength testing was carried out to assess the
tensile resistance of concrete under bending. Standard beam
specimens were prepared, cured, and tested under two-point
loading conditions using a flexural testing machine. The load
was applied at a controlled rate until failure, and the modulus
of rupture was calculated based on the maximum applied load
and specimen dimensions [10-12]. This test provides valuable

information on the performance of concrete in structural
elements subjected to bending stresses. The splitting tensile
strength of concrete was determined using cylindrical
specimens subjected to diametral compression. This indirect
tensile test measures the resistance of concrete to cracking
and tensile stresses. Cylinders were placed horizontally in a
compression testing machine, and load was applied
continuously until failure occurred along the vertical
diameter. The maximum load was used to compute the
splitting tensile strength, and the failure pattern was carefully
observed.

III. RESULTS AND DISCUSSION

Based on the observed results, it can be inferred that the
workability of concrete reduces as the proportion of
metakaolin increases. The measured slump value declined
significantly, dropping from 95 mm for the control mix
prepared with ordinary Portland cement to 40 mm for the
concrete containing the highest level of cement replacement,
i.e., 20% metakaolin. Result for workability is presented in
Fig.1.
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Fig. 1: Workability of concrete at different dosage of
metakaolin
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A. Compressive Strength of Concrete

An enhancement in compressive strength was noted with the
progressive inclusion of metakaolin as a partial substitute for
cement. The results indicate that the compressive strength at
3,7, and 28 days improved with the addition of metakaolin.
Strength development increased as the replacement level rose
up to 12% of cement content; however, a reduction in strength
was observed when the replacement level was increased to
16% across all curing ages. The optimum performance was
achieved at 12% metakaolin replacement, where the
maximum compressive strength of 48.6 MPa was recorded.
Compressive strength result is shown in Fig.2.
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Fig. 2: Compressive strength of concrete at different dosage
of metakaolin

B. Split Tensile Test

The experimental results indicated that the split tensile
strength of concrete at 3, 7, and 28 days increased with the
incorporation of metakaolin as a partial replacement for
cement. An improvement in tensile strength was observed as
the metakaolin content was increased up to 12% of the
cementitious material. Beyond this optimum level, a
reduction in strength was recorded at 16% replacement and
higher, for all curing periods considered. The maximum split
tensile strength of 4.65 MPa was achieved at 12% metakaolin
replacement, representing a notable enhancement compared
to the control mix. However, further increase in metakaolin
content led to a gradual decline in tensile performance, with
the strength reducing to approximately 4.39 MPa at 20%
replacement. These findings indicate that replacing cement
with metakaolin up to 12% is beneficial for improving the
split tensile strength of concrete, while higher replacement
levels adversely affect its tensile capacity. Tensile strength
result is shown in Fig.3.
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Fig. 3: Split Tensile Strength Test with partial replacement
of cement with Metakaolin at 3, 7 and 28 days

C. Flexural Test

The test results revealed that the flexural strength of concrete
at 3,7, and 28 days improved with the inclusion of metakaolin
as a partial replacement for cement. An increase in flexural
strength was observed as the metakaolin content was raised
up to 12% of the cement content. Beyond this optimum level,
a reduction in strength occurred at 16% replacement and
continued for higher replacement levels across all curing
ages. The maximum flexural strength, measured as 5.25 MPa,
was achieved at 12% metakaolin replacement. However,
further increase in metakaolin content led to a gradual decline
in flexural performance, with the strength reducing to
approximately 5.05 MPa at the 20% replacement level. These
results indicate that partial replacement of cement with
metakaolin up to 12% is effective in enhancing the flexural
strength of concrete, while higher proportions adversely
influence its bending resistance.
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Fig. 4: Flexural strength with partial replacement of cement
with metakaolin at various days

IV. CONCLUSION

With the help of the present study, following conclusion can
be drawn: Partial substitution of cement with metakaolin
enhances the mechanical performance of concrete,
particularly its compressive and flexural strengths. Concrete
workability decreases with increasing metakaolin content; a
reduction of about 14% was observed at 4% replacement,
which further increased to nearly 32% at 12% replacement.
Higher proportions of metakaolin increase the water demand
of the mix due to its high fineness, leading to reduced
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workability. Concrete incorporating 12% metakaolin
exhibited superior compressive, split tensile, and flexural
strengths at 28 days compared to the control mix. The 28-day
compressive strength of the control concrete (43.8 N/mm?)
increased by approximately 11% at 12% cement replacement,
but declined by about 5% when the replacement level was
raised to 20%, indicating an adverse effect of excess fine
particles. Split tensile strength improved by nearly 13% at
12% metakaolin replacement compared to the control value
of 4.1 N/mm?, followed by a reduction of about 7% at 20%
replacement. Similarly, flexural strength increased by around
11% at 12% replacement over the control value of 4.7 N/mm?,
but decreased by approximately 7% at higher replacement
levels. Although strength properties began to decline beyond
12—-16% replacement, the blend containing 12% metakaolin
and 88% cement yielded optimal overall performance. The
fine particle size of metakaolin promotes higher pozzolanic
activity with calcium hydroxide, contributing to improved
strength development. Increasing metakaolin content reduces
slump due to its high surface area and greater water
absorption. Strength gains were consistent at 4%, 8%, and
12% replacement levels, after which a gradual reduction was
observed. Both flexural and split tensile strengths followed a
similar trend, improving up to 12% replacement and
decreasing thereafter. Overall, the study confirms that
replacing cement with metakaolin up to 12% is feasible and
beneficial without causing adverse effects on concrete
performance.
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