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This study investigates the performance of ternary blended concrete incorporating micro-silica and nano-zeolite as
supplementary cementitious materials. The inclusion of micro-silica, known for its high pozzolanic reactivity and ultrafine
particle size, helped refine the pore structure and enhanced the bond between cement paste and aggregates. Nano-zeolite, due
to its high surface area and nanostructure, further improved hydration kinetics and contributed to better densification of the
matrix. Micro-silica was used at a constant dosage of 10%, while nano-zeolite replaced cement at varying levels of 5%, 10%,
and 15% by weight. A total of 36 specimens were cast, including cubes (150 x 150 x 150 mm), cylinders (150 x 300 mm), and
prisms (150 x 250 x 500 mm). Fifteen specimens served as control samples made with conventional concrete, while the
remaining 21 were prepared using micro-silica and nano-zeolite. Mechanical and durability tests were conducted on all concrete
mixes. The results demonstrated significant improvements in compressive strength, flexural strength, and modulus of elasticity.
In terms of durability, notable reductions were observed in sorptivity and chloride ion permeability.
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1. INTRODUCTION

Concrete is the most widely used construction
material due to its adaptability, strength, and cost-
effectiveness. However, its long-term performance is
challenged by durability-related issues such as
permeability, chemical attacks, and water absorption.
Over the years, researchers have explored various
supplementary cementitious materials (SCMs) to
enhance concrete’s performance, among which micro-
silica and nano-silica have shown considerable promise.
Micro-silica (also known as silica fume), an ultrafine
byproduct of the silicon and ferrosilicon alloy industry,
has been effectively used to refine pore structure,
enhance  compressive  strength, and decrease
permeability. Its incorporation improves concrete’s
mechanical and durability characteristics by densifying
the interfacial transition zone and promoting the
formation of additional calcium silicate hydrate (C—S—H)
(Ashish, 2020; Mansoori et al. 2021). Numerous studies
have confirmed the role of micro-silica in improving
concrete properties. For instance, Kannan et al. (2019)
showed that micro-silica substantially enhances chloride
resistance. Similarly, Li et al. (2017) demonstrated that
the simultaneous use of micro- and nano-silica decreased
carbonation depth, while Singh and Sarvade (2018) noted
improvements in acid and sulfate resistance. Moreover,
Collepardi et al. (2004) optimized silica fume and fly ash
combinations  for  high-performance  concrete,
highlighting micro-silica’s synergetic role in ternary

blends. Advancements in nanotechnology have
introduced nano-silica as a next-generation additive in
concrete. Its high surface area and reactivity accelerate
hydration and improve early-age strength development.
Reviews by Papic at el. (2021), Patil at el. (2023), Liu et
al. (2021), and Sanchez and Sobolev, (2010) consolidated
the wide-ranging effects of nano-silica, including pore
refinement, strength enhancement, and durability
improvement. Experimental studies (Bi et al. 2012; Ji et
al. 2005) have further wvalidated that nano-silica
significantly reduces permeability and increases
compressive strength at lower dosages. Rajput and
Pimplikar, (2022) and Athira and Shanmugapriya (2022)
found that nano-silica reduces water absorption in high-
grade concrete mixes. Huang et al. (2022) and Huang et
al. (2020) confirmed improved resistance to sulfate
attack in nano-silica-modified concrete. Additionally,
studies by Kong et al. (2012) and Sobolev and Gutierrez
(2005) indicated that nano-silica contributes to concrete
densification and microstructural integrity, particularly
when combined with other SCMs. In parallel, zeolite, a
natural pozzolan with a crystalline aluminosilicate
structure, has emerged as a sustainable SCM. It exhibits
high pozzolanic activity and ion-exchange properties
beneficial for improving concrete's resistance to chemical
attacks and chloride ion penetration. Mohsen et al. (2019)
demonstrated that replacing cement with zeolite, in
combination with metakaolin, improved both strength
and durability. Though traditionally used in micron-scale
form, interest in nano-zeolite is growing due to its
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enhanced reactivity and surface properties (Zarehparvar
and Eskandari, 2024). Recent research has focused on
combining nano-silica and other SCMs to create ternary
blended concrete, aiming to capitalize on the synergistic
effects of both micro- and nano-scale materials. Bharat et
al. (2024) reported that blends of nano-silica and fly ash
improved mechanical and durability behavior through
microstructure densification. Similarly, Biolzi and
Cattaneo, (2011) and Wong et al. (2018) highlighted the
enhanced durability and rheological performance in
lightweight and self-compacting concretes containing
micro- and nano-silica. The use of nano-zeolite in
conjunction with micro-silica may offer significant
benefits by promoting early-age strength, reducing
permeability, and improving long-term durability, as
discussed in the reviews by Ashish, (2020) and Papic and
Patil (2023). Among the efforts to test supplementary
cementitious  materials, the investigation by
Senthilkumar ef al. (2023) on the use of eggshell powder
and incinerated eggshell powder as partial cement
replacements is notable.

The present study investigates the performance
of ternary blended concrete incorporating micro-silica
and nano-zeolite, focusing on both mechanical properties
(compressive strength, flexural strength, and modulus of
elasticity) and durability parameters (water absorption,
acid resistance, porosity, and rapid chloride penetration).

2. EXPERIMENTAL STUDIES

2.1 Materials

The materials used in this work include
Ordinary Portland Cement (OPC), micro-silica, nano-
zeolite, potable water, coarse aggregate with a maximum
size of 20 mm, fine aggregate, and a super-plasticizer.

2.1.1 Cement

Ordinary Portland Cement of 53 grade was
used in the preparation of concrete. The properties of the
cement conform to IS 12269:2013 specifications. The
specific gravity of the cement was found to be 3.15, and
the compressive strength was recorded at 35 MPa, which
falls within the permissible range of 30—50 MPa. The
tensile strength was 3.5 MPa, aligning with the typical
range of 10—15% of the compressive strength (fck). The
fineness, measured using the air permeability method,
was 6.50%, which satisfies the requirement of being less
than 10%. The normal consistency was determined to be
32%, falling within the standard range of 30—35%. The
initial and final setting times were 50 minutes and 420
minutes, respectively, meeting the required limits of
more than 30 minutes for the initial and less than 600
minutes for the final setting time. The chemical
composition included 18.3% silicon dioxide (SiO») and
3.3% gypsum, both of which are within acceptable limits
as per the standards.
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2.1.2 Zeolite

The zeolite wused in this experimental
investigation was procured from ASTRRA Chemicals,
Chennai. The specific gravity of the zeolite was found to
be 2.2, and its fineness modulus was 3.3%. The material
exhibited a water absorption capacity of 1.5%, and it
appeared as a greenish-grey powder. The bulk density of
the zeolite ranged between 800 and 1041 kg/m’.
Additionally, the degree of pozzolanic reactivity was
recorded at 15%, confirming its suitability as a
supplementary cementitious material in concrete

2.1.3 Silica Fume

Silica fume, also known as micro-silica, is a by-
product generated during the production of silicon metal
or ferrosilicon alloys. In this experimental study, the
silica fume was supplied by ASTRRA Chemicals,
Chennai. The material appeared as a white, powdery
substance and had a specific gravity of 1.5. Its fineness
modulus was measured at 2.68, and the water absorption
was found to be 1.7%. The degree of pozzolanic reaction
at 28 days was recorded at 10%, indicating its
effectiveness as a reactive pozzolanic material in
concrete.

2.1.4 Fine Aggregate

Fine aggregate used in the concrete specimens
had a specific gravity of 2.68 and was selected in
accordance with IS 383:1970. Based on the grading, it
fell under Zone II classification. The fineness modulus of
the fine aggregate was 2.7, and the water absorption
capacity was recorded at 1.02%, as shown in Fig. 1.
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Fig. 1: Grading curve for fine aggregate
2.1.5 Coarse Aggregate

The coarse aggregate used in this study had a
maximum size of 20 mm and was tested by IS: 383-1970.
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The specific gravity of the coarse aggregate was found to
be 2.78, with a fineness modulus of 7.22, as shown in Fig.
2. The water absorption capacity was recorded at 0.83%.
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Fig. 2: Grading curve for coarse aggregate

2.1.6 Super Plasticizer

A superplasticizer based on sulphonated
naphthalene (Fig. 3) was used in this study, which
complies with ASTM C494 standards. The
superplasticizer was supplied by Fosroc Chemicals,

Chennai. Preliminary trials were conducted to determine
the optimal dosage for various mix combinations, taking
into account both workability and strength requirements.
The superplasticizer appeared as a brown liquid, had a
specific gravity of 1.18 at 25°C, and contained no
chlorides.

2.1.7 Water

Potable water conforming to IS 456:2000 was
used for preparing the concrete specimens. A water-to-
binder ratio of 0.48 was used in each mix.

2.1.8 Material Characterization Based on Chemical
Composition

The chemical compositions of zeolite, micro-
silica, and OPC used in this study are presented in Table
1. As shown, micro-silica contains a significantly higher
percentage of silica (SiO;), ranging from 85-98%,
compared to 55-70% in zeolite and 19-25% in OPC
cement. Zeolite is notably rich in alumina (Al,O3) and
contains moderate amounts of alkali oxides (Na>O and
K>0), contributing to its pozzolanic activity. In contrast,
OPC has the highest calcium oxide (CaO) content (60—
67%), which is essential for hydration reactions. The loss
on ignition (LOI) values also vary, indicating differences
in unburnt material and moisture content across the
materials.

Table 1. Chemical composition of cement, micro-silica and nano-zeolite

Content Si0, ALO; Fe;0; Ca0 MgO Na;0 K;0 SO, Il“g‘:lslil‘:l‘l

Zeolite 55-70 12-20 0.5-2 2-8 0.5-2 0.5-6 0.5-4 — 8-14
Micro-Silica 85-98 02-0.8 0.1-03  0.1-0.5 0.1-03 02-08  02-1.0  — 1-3
OPC Cement 19-25 4-8 2-5 60-67 0.5-4 02-08  02-13  1-3 1-4

Fig. 3: Superplasticizer
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Fig. 4: Ingredients used in the concrete mix for preparing test
specimens



R. Karthikeyan et a/. / J. Environ. Nanotechnol., Vol. 14(3), 379-388 (2025)

2.2 Raw Materials

Raw materials used in the preparation of
concrete mix are shown in Fig. 4. These materials include
coarse aggregate, fine aggregate, cement, zeolite, silica
fume, and water.

The classification of all the test samples is
presented in Table 2.

2.4 Mix Design

The concrete mix was designed with a control
mix ratio of 1:1.8:2.9 for cement, fine aggregate, and
coarse aggregate, respectively. The mix utilized 380
kg/m?® of cement, 715 kg/m® of fine aggregate, 1130
kg/m® of coarse aggregate, and 186 litres of water per
cubic meter, resulting in a water—cement ratio of 0.49.
Table 3 presents the detailed mix design proportions for
all the tested specimens. The control concrete (CC)
consisted of 380 kg/m* of cement, 186 kg/m* of water,
715 kg/m® of fine aggregate, and 1101 kg/m?® of coarse

aggregate, with no supplementary materials. In the
modified mixes, partial replacements of cement were
made using micro-silica and nano-zeolite. For ZS;, 15%
of the cement was replaced by 10% micro-silica (38
kg/m?) and 5% nano-zeolite (19 kg/m?), resulting in a
reduced cement content of 323 kg/m?. In ZS,, 20% of the
cement was substituted equally by 10% micro-silica and
10% nano-zeolite, with the original cement content of
380 kg/m3 maintained. ZS; included a 25% replacement
of cement with 10% micro-silica and 15% nano-zeolite
(57 kg/m?3), also retaining the original cement quantity.
The water—cement ratio remained consistent at 0.49 for
all mixes.

Table 2. Classification of test specimen

Specimens Description
cc Control concrete specimen wit_h 0% of silica fume
and 0% Zeolite
7S, Specimen with 5% Silica fume and 10% Zeolite
zS, Specimen with 10% Silica fume and 10% Zeolite
7S, Specimen with 15% Silica fume and 10% Zeolite

Table 3. Mix design proportion for all specimens

Specimen Cement Water Fine Aggregate Acoliers:te Micro- Nano-Zeolite Water-Cement
P (kg/m?) (kg/m?) (kg/m?) serega Silica Ratio
(kg/m?)
CcC 380 186 715 1130 0 0 0.49
7S, 323 186 715 1130 19 38 0.49
7S, 304 186 715 1130 38 38 0.49
ZS; 285 186 715 1130 57 38 0.49

2.5 Stages of Concrete Specimens Casting

The step-by-step procedure of casting concrete
specimens is shown in Fig. 5. It begins with the weighing
and mixing of ingredients, followed by placing the fresh
concrete into cube and cylinder moulds. The concrete is
then compacted to remove air voids, and the surfaces are
levelled. A slump test is conducted to assess the
workability of the mix. After setting, the specimens are
carefully demoulded and cured. Once curing is complete,
the specimens are ready for strength testing.

2.4 Test Methods
2.4.1 Compressive Strength

The compressive strength test was conducted
after 28 days of water curing to evaluate the load-bearing
capacity of the concrete specimens. For this purpose,
standard cube specimens of size 150 mm x 150 mm x
150 mm were cast for each of the three concrete mix
variations. The testing procedure adhered to the
guidelines provided in IS 516:2004, which outlines the
method of tests for the strength of concrete. Before
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testing, the specimens were removed from the curing
tank, surface dried, and placed in a compression testing
machine. The load was applied uniformly and gradually
until failure occurred, and the maximum load was
recorded. This value was then used to calculate the
compressive strength. The test setup used for performing
the cube compression test is illustrated in Fig. 6.

Fig. 5: Various stages of casting specimens
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Fig. 6: Test setup for measuring the compressive strength of
a concrete cube specimen

Fig. 7: Test setup for measuring the flexural strength of a
concrete prism specimen

2.4.2 Flexural Strength

Flexural strength test was carried out on prism
specimens after 28 days of water curing in accordance
with IS 516:2004. A total of eleven prisms, each
measuring 100 mm % 100 mm x 500 mm, were cast; three
for each concrete mix variation. Before testing, the
prisms were surface-dried to remove excess moisture.
Tests were performed using a flexural testing machine in
a three-point bending configuration, with a support span
of 500 mm. The load was applied at a constant rate of
0.05 MPa/s until fracture occurred. The test setup for the
prism bending test is shown in Fig. 7. The maximum load
at failure (P) was recorded for each specimen, and the
modulus of rupture (flexural strength), f;, was calculated
using

f.= 2PL/bd (D),
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where
P maximum applied load (N)
L span length (500 mm)
b prism width (100 mm)
d = prism depth (100 mm)

2.4.3 Modulus of Elasticity Test on Cylinders

The modulus of elasticity of concrete was
calculated using cylindrical specimens tested under axial
compression in a 1000 kN capacity universal testing
machine. For each mix type, three identical cylinders
were tested, and the average value of these three readings
was considered the representative result for that
particular group. Before the test, both the upper and lower
faces of each cylinder were carefully ground and levelled
to ensure smooth and parallel surfaces, thereby
minimising the risk of eccentric loading and ensuring
uniform stress distribution during the test. The cylinders
were positioned vertically in the testing machine, and
axial load was applied at a controlled rate as per the
relevant standard. Fig. 8 shows the detailed test
configuration used in this investigation, including the
alignment and placement of specimens. The modulus of
elasticity was calculated from the stress-strain
relationship obtained during loading within the elastic
range of the material.

Fig. 8: Test setup for measuring the modulus of elasticity of a
concrete cylinder specimen

2.4.4 Sorptivity

The sorptivity test was determined on 100 mm
diameter and 50 mm thick concrete discs after 28 days of
curing. The sides and top surfaces were sealed to ensure
unidirectional water flow, as shown in Fig. 9. The
specimens were oven-dried at 50 + 2°C until a constant
weight was achieved, and then cooled to room
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temperature. The bottom surface was exposed to 2—-3 mm
of water, and the mass gain was recorded at regular
intervals. Sorptivity was calculated from the slope of the
plot between cumulative water absorption and the square
root of time, indicating the rate of capillary suction in
concrete.

Fig. 9: Sorptivity test arrangement for a concrete disc
specimen

Fig. 10: Rapid chloride penetration test apparatus for
concrete specimens

2.4.5 Rapid Chloride Penetrating Test

In the ASTM C 1202 test, a water-saturated, 51-
mm thick and 102-mm wide concrete specimen was
subjected to a 60 V applied DC voltage for 6 hours using
the apparatus shown in Fig. 10. In one reservoir, 3.0% (30
g/L) of NaCl and in the other reservoir 0.3 N (12 g/lit) of
NaOH solutions were filled. The total charge passed was
determined, and this was used to rate the concrete
according to the criteria included in Table 4. This test,
originally developed by Whiting [1981], is commonly
(and inaccurately) referred to as the “Rapid Chloride
Permeability” test. The total charge passed is a measure
of the electrical conductivity of the concrete during the
test period.

Q =900 (Io + 2130+ 2lg0 + 2lop+ ...t + 21500

+ 21330 + I360) . (2),
where,

Q — Charge passed (Coulombs)

Io— Current (amperes) immediately after voltage is
applied

I~ Current (amperes) at t min after voltage is applied

Table 4. Chloride ion penetrability based on the charge
passed

Charge Passed (Coulombs) Chloride Ion Penetrability

> 4000 High
2000 — 4000 Moderate

1000 — 2000 Low
100 — 1000 Very Low

3. RESULTS AND DISCUSSION

3.1 Effect of Micro-silica and Nano-zeolite on
Compressive Strength

The Compressive strength was observed in the
ternary blended concrete is presented in Table 5. The ZS,
specimens, in which 10 % of the cement was replaced by
zeolite and 10 % by micro-silica, exhibited a 17.38 %
increase in compressive strength over the control mix as
shown in Fig. 11. This strength gain is attributed to the
dual pozzolanic reactions of micro-silica and zeolite,
which consume calcium hydroxide to form additional
calcium silicate hydrate (C—S—H) and calcium alumino-
silicate hydrate (C—A—S—H) gels, thereby refining the
pore structure. At the same time, the ultrafine micro-silica
particles and porous zeolite act as fillers, packing into
capillary voids and reducing overall porosity. Their
surfaces provide abundant nucleation sites for hydration
products, enhancing the density and bond strength of the
interfacial transition zone around aggregates. Together,
these effects produce a denser, more homogeneous
microstructure  that resists crack initiation and
propagation under load.

3.2 Effect of Micro-silica and Nano-zeolite on
Flexural Strength

The flexural strength of the ternary-blended
concrete is presented in Table 6, and the corresponding
percentage increase is shown in Fig. 12. The ZS;
specimens (where 10 % of the cement was replaced by
zeolite and 10 % by micro-silica) exhibited the highest
flexural capacity, with an increase of 8.35% over the
control mix. This enhancement is likewise attributed to
the dual pozzolanic activity of micro-silica and zeolite,
which consume calcium hydroxide to produce additional
C-S-H and C-A-S-H gels, thereby refining the pore
structure  and  stiffening the cement matrix.
Simultaneously, the ultrafine micro-silica particles and
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porous zeolite act as micro-fillers, occluding capillary
voids and reducing overall porosity. Their high-surface-
area interfaces further serve as nucleation sites for
hydration products, strengthening the interfacial
transition zone around aggregates. Under bending loads,
this denser, more homogeneous microstructure improves
stress transfer across microcracks and delays crack
initiation and propagation, resulting in significantly
higher flexural performance.

Table 5. Compressive strength of tested cube concrete

specimens
. . . Silica Compressive
1\?(; Degliz?l?lziof Z?‘;h)te Fume Strength
- P g (%) (N/mm?)
1. CcC 0 10 26.35
2. ZS, 5 10 27.11
3. ZS, 10 10 30.93
4. ZS; 15 10 29.48
Percentage Increase in Compressive
Strength (N/mm?)
cc
30
25
20
15 28.8
10
5 0
ZS3 11.87 S 751
17.33
7252

Fig. 11: Enhancement in compressive strength (%) observed
for ternary blended concrete compared with the control mix

Table 6. Flexural strength of tested concrete prism

Nanotechnol., Vol. 14(3), 379-388 (2025)

Percentage Increase in Flexural Strength
(N/mm?2)

cC
10

gl

5.84

753

Z51

8.35 752

Fig. 12: Enhancement in flexural strength (%) observed for
ternary blended concrete compared with the control mix

3.3 Effect of Micro-silica and Nano-zeolite on
Modulus of Elasticity

The modulus of elasticity of the ternary-blended concrete
is presented in Table 7, and the corresponding percentage
increase is shown in Fig. 13. The ZS, specimens
exhibited the highest modulus of elasticity, with an
increase of 8.35% over the control mix. The notably
higher modulus in ZS; arises from the optimal balance
between pozzolanic activity and matrix densification at
the 10 % replacement level. At this proportion, the
additional calcium silicate hydrate (C—S—H) and calcium
alumino-silicate hydrate (C—A—S—H) gels generated by
zeolite and micro-silica most effectively fill capillary
pores and stiffen the cement paste. Below this level (ZS)),
fewer pozzolanic products are formed; above it (ZS3),
excessive zeolite begins to dilute the cement matrix.
Consequently, ZS, delivers the peak combination of
increased binder stiffness and reduced porosity, resulting
in the highest elastic modulus among the tested mixes.

Table 7. Modulus elasticity of tested concrete cylinder
specimens

specimens
P
(N/mm?)
L cC 0 0 3.59
5 7S, 10 5 3.64
3. ZS, 10 10 3.89
4 7S, 10 15 3.80

S. No Designation of Zeolite Silica Fume Elasticity
B Specimen (%) (%) Modulus (GPa)
1. CC 0 0 25.67
2. SZ, 5 10 26.03
3. SZ, 10 10 27.81
4. ZS; 15 10 27.15
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Percentage Increase in Modulus
Elasticity (GPa)

5.75

753 Z51

Fig. 13: Enhancement in modulus of elasticity (%) observed
for ternary blended concrete compared with the control mix

Table 8. Sorptivity test of tested concrete cylinder specimen

S. Designation of  Zeolite Silica Fume Sorptivity Values

No. Specimen (%) (%) mm/min
1. cC 0 0 1.95
2. ZS, 10 5 1.92
3. ZS, 10 10 1.80
4. A 10 15 1.85

3.4 Effect of Micro-silica and Nano-zeolite on
Sorption

The sorptivity test results for all mixes are
presented in Table 8, and the percentage reduction in
sorptivity is illustrated in Fig. 14. The control concrete
(CC) exhibited the highest sorptivity value of 1.95
mm/min, indicating greater capillary absorption and a
more porous microstructure. The ZS; (5 % zeolite, 10 %
micro-silica) showed a slightly reduced sorptivity of 1.92
mm/min, representing a 1.55% decrease compared to the
control. The ZS, mix (10 % zeolite, 10 % micro-silica)
demonstrated the lowest sorptivity, measured at 1.80
mm/min, corresponding to a 7.7 % reduction.
Meanwhile, the ZS; composition (15 % zeolite, 10 %
micro-silica) recorded, achieving a 5.1 % decrease. The
significantly lower sorptivity in the ZS; mix can be
attributed to the optimal replacement level of zeolite and
micro-silica, which together lead to effective pore
refinement and densification of the cement matrix. At the
10 % replacement level, the pozzolanic reactions produce
an optimal amount of C—S—H and C—A—S—H gels, which
fill microvoids and obstruct capillary channels. In
contrast, ZS; produces a lower volume of reaction
products, and in ZS3, the excess zeolite content begins to
disrupt the binder cohesion, slightly reducing the

effectiveness of pore blocking. Thus, ZS, achieves the
best performance in reducing water absorption,
demonstrating the lowest sorptivity and indicating a
denser, more durable concrete microstructure.

Percentage Reduction in Sorptivity
(mm/min)
cC
8
6
5.13 4
3 1.53
Zs3 0 251
752 7.69

Fig. 14: Degradation in sorptivity (%) observed for ternary
blended concrete compared with the control mix

3.5 Rapid Chloride Penetration Test

The RCPT results for all specimens are
presented in Table 9, and the percentage reduction in
charge passed is illustrated in Fig. 15. The control
concrete (CC) exhibited the highest chloride permeability
with a charge passed of 4000 Coulombs, indicating a
relatively porous matrix and high susceptibility to
chloride ion ingress. The ZS; mix (5% zeolite, 10%
micro-silica) showed a marginal decrease to 3938
Coulombs, reflecting a 1.5% reduction. The ZS, mix
(10% zeolite, 10% micro-silica) achieved the lowest
RCPT value of 3692 Coulombs, representing a
significant 7.7% reduction over the control. The ZS;
composition (15 % zeolite, 10 % micro-silica) recorded
3795 Coulombs, indicating a 5.1 % decrease. The
superior performance of ZS; in reducing chloride ion
penetration can be attributed to its optimal balance
between zeolite and micro-silica content. At this
replacement level, the combined pozzolanic activity
leads to the formation of additional C—S—H and C-A—S—
H gels, which densify the matrix and reduce the
connectivity of capillary pores. This effectively hinders
ion transport through the concrete. In ZS;, the lower
zeolite content results in insufficient refinement of the
pore structure, while in ZS3, excessive zeolite begins to
dilute the cementitious matrix, slightly compromising the
barrier effect. As a result, ZS; demonstrates the best

resistance to chloride penetration, confirming its
potential for enhanced durability in aggressive
environments.
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Table 9. Rapid chloride penetration test of tested concrete

cylinder specimen
. Silica .
S. Specimen Fume Zeolite RCPT
No. Designation % % (Coulombs)
1. CcC 0 0 4000
2. ZS, 5 10 3938
3. ZS, 10 10 3692
4. ZS; 15 10 3795

Percentage Reduction in RCPT
(Coulombs)

Fig. 15: Degradation in chloride penetration ion (%) observed
for ternary blended concrete compared with the control mix

4. CONCLUSIONS

This study demonstrates the beneficial effects of
incorporating micro-silica and zeolite as a partial
substitute for cement in ternary blended concrete. At this
optimized replacement level of 10% of micro silica and
10% of nano-zeolite, the mechanical performance of the
concrete improved significantly. Specifically, the
compressive strength increased by 12.6%, flexural
strength by 8.34%, and the modulus of elasticity by
8.35% compared to the control mix. These enhancements
are primarily attributed to improved bonding at the
interfacial transition zone (ITZ) and the refinement of
pore structures facilitated by the pozzolanic action and
filler effects of micro-silica and zeolite. In addition to
mechanical improvements, the ternary blended concrete
also exhibited notable advancements in durability
characteristics. Sorptivity was reduced by 7.69%, and
chloride ion permeability (measured through the Rapid
Chloride Penetration Test) decreased by 7.7%, relative to
the control specimen. These reductions indicate a more
refined and less permeable microstructure, which
enhances the concrete’s resistance to moisture ingress
and aggressive ion penetration. The synergistic
interaction between micro-silica and zeolite contributes
to the formation of additional calcium silicate hydrate
(C-S-H) and calcium alumino-silicate hydrate (C—A—S—
H) gels, which densify the matrix, block capillary pores,

and enhance the integrity of the cement paste.
Consequently, the use of these mineral admixtures not
only improves strength characteristics but also
significantly bolsters the long-term durability of the
concrete.
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