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Abstract

This study examines the durability of self-compacting concrete (SCC) in sulfate and chloride environments subjected to
freeze—thaw cycles by incorporating micro-silica and metakaolin. While prior research has explored the individual effects
of micro-silica or metakaolin on concrete durability, the combined influence of these supplementary cementitious materi-
als under simultaneous freeze—thaw, sulfate, and chloride exposure remains underexplored, representing a critical gap that
this study addresses as its primary innovation. The research identifies an effective mix proportion (3% micro-silica and
7.5% metakaolin, Mi3Mt7.5), which improves compressive strength, stiffness, and resistance to weight loss compared to
additive-free mixes or those with higher additive dosages. These enhancements result from reduced porosity and a denser
cement matrix, as confirmed by scanning electron microscopy (SEM) analysis, which showed reduced deterioration in
sulfate environments. The Mi3Mt7.5 mix outperformed other compositions, particularly in chloride environments, making
it suitable for structures in cold and corrosive settings, such as marine constructions and pavements exposed to de-icing
salts. Furthermore, the incorporation of these supplementary cementitious materials promotes sustainability by reducing
cement consumption and associated CO: emissions, contributing to environmentally friendly concrete production. How-
ever, the study did not include chloride diffusion or sulfate expansion tests, which could further clarify the long-term
performance of these mixes. This research provides practical insights for designing durable concrete and contributes to
engineering standards for challenging environments, serving as a reference for improving the longevity and sustainability
of concrete structures.

Keywords Self-compacting concrete (SCC) - Micro-silica - Supplementary cementitious materials - Sulfate
environment - Chloride environment - Durability index

1 Introduction

Self-compacting concrete (SCC) is an advanced concrete
technology that flows and consolidates under its own weight
without requiring mechanical vibration. However, SCC
faces challenges in harsh environments, including deterio-
ration from freeze—thaw cycles, penetration of chloride and
sulfate ions, and reduced durability due to relatively high
porosity, which can lead to cracking, loss of compressive
strength, and degradation of the cement matrix (Bhavani and
Saravanan 2023). The incorporation of pozzolanic additives
such as micro-silica (silica fume) and metakaolin into SCC
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hydration to form additional calcium silicate hydrate (C-S-
H) gel, which densifies the concrete matrix and reduces per-
meability (Luan et al. 2023). These pozzolanic reactions, by
reducing capillary porosity and improving paste-aggregate
bonding, enhance SCC’s resistance to physical deterioration
from freeze—thaw cycles and chemical attack from sulfate
and chloride ion penetration (Abbas and Muntean 2025).
Furthermore, these materials contribute to sustainability by
partially replacing Portland cement, thereby lowering the
carbon footprint associated with cement production, which
accounts for approximately 8% of global CO: emissions
(He et al. 2024).

In harsh environmental conditions, such as marine
structures and pavements exposed to de-icing salts, where
concrete is subjected to combined freeze—thaw cycles and
aggressive chemical environments containing sulfates and
chlorides, the enhanced microstructure provided by these
mineral admixtures is critical for long-term performance
(Wang et al. 2025). Although prior studies have investigated
the individual effects of micro-silica or metakaolin on SCC
durability under specific conditions, such as freeze—thaw
cycles or chemical attacks, the synergistic effects of their
combined use under simultaneous exposure to freeze—thaw,
sulfate, and chloride environments remain largely under-
explored (Penna et al. 2022). This research gap, critical
for real-world applications like marine constructions and
pavements, forms the core innovation of this study, which
focuses on the performance of the ternary system (micro-
silica, metakaolin, and SCC). The durability of SCC sys-
tems with micro-silica and metakaolin under such combined
exposure conditions involves complex interactions between
physical deterioration mechanisms from freeze—thaw cycles
and chemical deterioration from ion penetration and subse-
quent reactions within the concrete matrix (Khosravi et al.
2025).

Metakaolin, a highly effective pozzolanic admixture, fun-
damentally improves the durability characteristics of self-
compacting concrete through microstructural enhancement.
Incorporating metakaolin significantly reduces concrete
porosity and refines the pore structure, directly translating to
improved resistance against multiple deterioration mecha-
nisms (Malaiskiené and Jakubovskis 2025). This densifica-
tion effect occurs through the pozzolanic reaction between
metakaolin and calcium hydroxide, forming additional
calcium silicate hydrate gel that fills voids and creates a
more impermeable matrix (Zhao et al. 2024). Derived from
calcined kaolin clay, metakaolin also offers environmental
benefits by reducing reliance on clinker-based cement and
minimizing CO: emissions during production (Xiong et al.
2023). The enhanced pore structure provided by metakaolin
delivers substantial improvements in freeze—thaw resis-
tance. Research demonstrates that metakaolin-containing
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SCC can achieve high freeze—thaw resistance grades, with
some formulations reaching F600 performance through
the synergistic action of metakaolin with other concrete
components (Yan 2024). This improvement results from
reduced mean pore size, which prevents the absorption of
liquid water and blocks subsequent freezing and expansion
damage (Li et al. 2022). Studies confirm that metakaolin
incorporation leads to excellent freeze—thaw resistance with
less than 5% mass loss even after extensive cycles (Chen
et al. 2024). In chemical attack environments, metakaolin
exhibits exceptional performance against both chloride and
sulfate exposure. Replacing cement with metakaolin sig-
nificantly reduces chloride penetrability and substantially
improves concrete durability in sulfate-chloride environ-
ments (Tuncer et al. 2025). This improved resistance is
inversely correlated with the replacement level, meaning
higher metakaolin contents generally provide better pro-
tection (Chithra 2022). The selection of a 7.5% metakaolin
dosage in this study is based on prior literature, which indi-
cates that dosages between 5% and 10% achieve an optimal
balance between pozzolanic reactivity, pore refinement, and
workability retention, avoiding adverse effects of higher
dosages such as increased viscosity and reduced compac-
tion (Moceikis et al. 2020). At 7.5%, metakaolin maximizes
the formation of stable C-A-H phases that suppress deleteri-
ous expansions in sulfate environments while maintaining
fresh-state flowability essential for SCC, as evidenced by
rheological tests in this study (Chithra 2022). Additionally,
metakaolin-enhanced SCC exhibits lower gas permeability
compared to reference concrete mixtures, further reducing
ingress pathways for aggressive ions (Li et al. 2020). The
durability benefits of metakaolin extend to various curing
conditions, with research showing that SCC containing
metakaolin maintains superior freeze—thaw durability and
chloride penetration resistance even when cured at low tem-
peratures (Zhagifarov et al. 2024).

Micro-silica, also known as silica fume, exhibits complex
and dosage-dependent effects on the durability of self-com-
pacting concrete, particularly under freeze—thaw conditions.
Research indicates that at lower dosages (2.5-5%), micro-
silica can negatively affect freeze—thaw durability, with
some studies reporting severe deterioration after just two
freeze—thaw cycles and increased surface mass loss up to
67 g/m? (Gonzalez-Sanchez et al. 2020). However, higher
dosages (7.5%) demonstrate improved performance, show-
ing no visible surface flaws and enhanced resistance against
freeze—thaw cycles, attributed to an air-entraining effect
(Moceikis et al. 2020). The beneficial effects of micro-silica
at appropriate dosages stem from its pozzolanic reaction
with calcium hydroxide, producing additional C-S-H phases
that strengthen the fiber-matrix bond and improve overall
durability (Moceikis et al. 2020). As a by-product of silicon
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production, micro-silica also advances sustainability by
diverting industrial waste from landfills and reducing CO:
emissions through cement replacement (Abbas and Muntean
2025). When properly incorporated, micro-silica signifi-
cantly reduces concrete porosity and improves resistance to
both chloride ion penetration and freeze—thaw cycles, simi-
lar to metakaolin’s effects (Abbas and Muntean 2025). This
durability enhancement occurs through porosity reduction
and pore structure refinement, minimizing water ingress
and subsequent freeze-thaw damage (Abbas and Muntean
2025). Studies show that high-performance concrete com-
positions containing micro-silica achieve high freeze—thaw
resistance prediction coefficients, indicating superior long-
term performance (MalaisSkiené and Jakubovskis 2025). The
key to successful micro-silica application lies in optimizing
the dosage to achieve beneficial pozzolanic effects while
avoiding adverse impacts observed at suboptimal concen-
trations (Moceikis et al. 2020).

The freeze—thaw performance of self-compacting con-
crete with mineral admixtures exhibits distinct patterns
depending on the type and dosage of supplementary cementi-
tious materials. Metakaolin consistently demonstrates supe-
rior freeze—thaw resistance across various applications,
even when cured at low temperatures (Bumanis and Bajare
2017). This improvement occurs through reduced mean pore
size, which prevents liquid water absorption and blocks sub-
sequent freezing and expansion damage (Gonzalez-Sanchez
et al. 2020). Optimal metakaolin dosages for freeze—thaw
resistance fall within the 2.5-5% replacement range, where
maximum surface mass loss remains below 50 g/m? even
after 112 freeze—thaw cycles with de-icing salt (Moceikis
et al. 2020). However, excessive metakaolin content (7.5%)
can lead to significant surface deterioration with mass loss
reaching 465 g/m?, highlighting the importance of dosage
control (Moceikis et al. 2020). High-performance composi-
tions can achieve exceptional freeze—thaw resistance grades,
such as F600, through the synergistic action of metakaolin
with plasticizers and water-repelling agents (Bogdanov and
Mavlyuberdinov 2020). This enhanced performance results
from increased concrete density, reduced water-cement
ratios, and the formation of low-base calcium hydro sili-
cates that remain stable under cyclic freeze—thaw effects
(Bogdanov and Mavlyuberdinov 2020). Advanced concrete
formulations with properly proportioned mineral admix-
tures demonstrate remarkable durability, maintaining less
than 5% mass loss even after extensive freeze—thaw cycles
(Abbas and Muntean 2025). The combination of reduced
porosity and refined pore structure in ternary mixtures
creates more compact concrete that is less susceptible to
freeze—thaw damage, thereby increasing service life under
adverse environmental conditions (Dhabhai and Shekhawat
2020). These admixtures not only enhance performance but

also support sustainable construction practices by reducing
cement usage and CO: emissions (Balamuralikrishnan and
Saravanan 2021).

The chemical resistance of self-compacting concrete
containing metakaolin and micro-silica under sulfate and
chloride exposure demonstrates significant protective ben-
efits of these mineral admixtures. Replacing cement with
metakaolin effectively enhances concrete resistance to
chloride attack and substantially improves durability in
combined sulfate-chloride environments compared to con-
ventional concrete (Abbas et al. 2010). This enhanced per-
formance stems from the pozzolanic reaction that creates
additional binding phases and reduces permeability path-
ways for aggressive ion penetration (Chithra 2022). Long-
term exposure studies confirm the effectiveness of these
mineral admixtures against chemical attacks, with high-
performance concrete formulations containing metakaolin
showing better resistance to chloride and sulfate attacks over
exposure periods of up to 180 days (Patel and Shah 2013).
The replacement of cement with metakaolin significantly
reduces chloride penetrability, with higher replacement lev-
els generally providing enhanced protection (Chithra 2022).
These durability improvements correlate directly with
microstructural changes in the concrete matrix, with lower
porosities measured at various metakaolin replacement lev-
els and sorptivity showing an inverse correlation with the
replacement level (Chithra 2022). Metakaolin-enhanced
SCC generally exhibits lower gas permeability compared to
reference concrete mixtures, reducing ingress pathways for
sulfate and chloride ions (Li et al. 2020). These protective
effects extend to various exposure scenarios and curing con-
ditions, with SCC containing metakaolin-containing waste
demonstrating excellent resistance to chloride penetration
even when cured at low temperatures (Bumanis and Bajare
2017). Advanced concrete formulations incorporating both
metakaolin and micro-silica work synergistically to reduce
porosity and refine pore structure, creating multiple barri-
ers against chemical ingress (Abbas and Muntean 2025).
Research on sulfate resistance specifically shows that opti-
mal mineral admixture combinations can reduce magnesium
sulfate attack by one-third compared to control mixtures
(Khosravi et al. 2025).

This study examines the durability of self-compacting
concrete (SCC) in sulfate and chloride environments sub-
jected to freeze—thaw cycles by incorporating micro-silica
and metakaolin. While prior research has explored the indi-
vidual effects of micro-silica or metakaolin on concrete
durability, the combined influence of these supplementary
cementitious materials (SCMs) under simultaneous freeze—
thaw, sulfate, and chloride exposure remains underexplored,
representing a critical gap that this study addresses (Penna et
al. 2022; Khosravi et al. 2025; Malaiskiené and Jakubovskis
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2025; Zhao et al. 2024; Xiong et al. 2023; Yan 2024; Li et
al. 2022; Chen et al. 2024; Tuncer et al. 2025; Chithra 2022;
Moceikis et al. 2020; Li et al. 2020; Zhagifarov et al. 2024;
Gonzalez-Sanchez et al. 2020; Bumanis and Bajare 2017,
Bogdanov and Mavlyuberdinov 2020; Dhabhai and Shekha-
wat 2020; Balamuralikrishnan and Saravanan 2021; Abbas
et al. 2010; Patel and Shah 2013; Ezhilarasi 2020; Liu et al.
2021). The research identifies an effective mix proportion
(3% micro-silica and 7.5% metakaolin, Mi3Mt7.5), which
improves compressive strength, stiffness, and resistance to
weight loss compared to additive-free mixes or those with
higher additive dosages. These enhancements result from
reduced porosity and a denser cement matrix, as confirmed
by scanning electron microscopy (SEM) analysis, which
showed reduced deterioration in sulfate environments. The
Mi3Mt7.5 mix outperformed other compositions, particu-
larly in chloride environments, with a compressive strength
of 62.29 MPa, a dynamic modulus of elasticity of 45.62
GPa after 150 freeze—thaw cycles, and a weight loss of
only 0.13% in a chloride environment, making it suitable
for structures in cold and corrosive settings, such as marine
constructions and pavements exposed to de-icing salts. SEM
analysis further confirmed reduced ettringite crystal forma-
tion and a denser microstructure. Furthermore, the incorpo-
ration of these SCMs promotes sustainability by reducing
cement consumption and associated CO: emissions, con-
tributing to environmentally friendly concrete production
(He et al. 2024; Wang et al. 2025; Penna et al. 2022; Khos-
ravi et al. 2025; MalaiSkiené and Jakubovskis 2025; Zhao et
al. 2024; Xiong et al. 2023; Yan 2024; Li et al. 2022; Chen
et al. 2024; Tuncer et al. 2025; Chithra 2022; Moceikis et
al. 2020; Li et al. 2020; Zhagifarov et al. 2024; Gonzalez-
Sanchez et al. 2020; Bumanis and Bajare 2017; Bogdanov
and Mavlyuberdinov 2020; Dhabhai and Shekhawat 2020;
Balamuralikrishnan and Saravanan 2021; Abbas et al. 2010;
Patel and Shah 2013; Ezhilarasi 2020; Liu et al. 2021; Miil-
ler et al. 2021). However, the study did not include chlo-
ride diffusion or sulfate expansion tests, which could further
clarify the long-term performance of these mixes.

Recent research has highlighted the potential of alterna-
tive supplementary cementitious materials, such as fly ash,
ground granulated blast furnace slag (GGBFS), and rice husk
ash, in geopolymer-based self-compacting concrete, achiev-
ing sustainability benefits through enhanced microstructural
properties and reduced environmental impact (Thatikonda
et al. 2024; Naresh et al. 2025). Advanced statistical opti-
mization and performance evaluation of self-compacting
geopolymer concrete utilizing industrial by-products have
enabled the achievement of superior mechanical and durabil-
ity properties (Naresh et al. 2025). Micro-silica, as a partial
replacement for fly ash and GGBFS in geopolymer-based
SCC, has demonstrated improved compressive strength and
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durability (Thatikonda et al. 2024). Additionally, hybrid
machine learning models enhanced with Gaussian noise
augmentation have been developed to predict the strength of
metakaolin-based geopolymer concrete, demonstrating the
potential to improve sustainable mix designs through pre-
dictive analytics (Abdellatief et al. 2025). Recent reviews
of geopolymer foam concrete have emphasized the role of
pore characteristics and compressive strength in durability,
alongside the application of artificial intelligence for simu-
lating geopolymer foam concrete strength to support sus-
tainable mix designs (Abdellatief et al. 2025). Deep learning
models have also been developed to predict surface chloride
concentration in marine tidal zones, further enhancing dura-
bility assessments in chloride environments (Abdellatief
et al. 2025). These advancements underscore the potential
of combining advanced materials and computational tech-
nologies to optimize concrete design. This study provides
practical insights for designing durable concrete through
comprehensive experimental data and rigorous analyses,
contributing to the development of engineering standards
for challenging environments and serving as a reference
for improving the longevity and sustainability of concrete
structures.

The experimental program was designed to evaluate the
durability of self-compacting concrete (SCC) incorporating
micro-silica and metakaolin under combined freeze—thaw,
sulfate, and chloride exposure. The methodology encom-
passed mix design, specimen preparation, curing, and test-
ing under controlled environmental conditions. To provide a
clear overview of the experimental procedure, a flowchart is
presented in Fig. 1, summarizing the key steps from material
selection to data analysis. The flowchart in Fig. 1 illustrates
the sequence of these steps, including material prepara-
tion, specimen casting, curing, exposure conditions, testing
protocols, and data analysis, ensuring clarity for readers in
understanding the experimental workflow.

2 Materials
2.1 Aggregates

Natural aggregates with normal weight were sourced from
the Ghizildash mine in Namin (Kulan Darreh village). The
aggregates, of siliceous composition, comprised crushed
gravel (maximum size 12.5 mm) and natural sand (maxi-
mum size 4.75 mm, fineness modulus 2.9). Aggregate
gradation was conducted per ASTM C136 (2020) and com-
pared with ASTM C33 (2023), confirming compliance with
standard limits (Figs. 2 and 3).
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Start: Select Materials
(Cement, Micro-silica, Metakaolin, Aggregates)
Prepare SCC Mixes
(Vary Micro-silica: 0-5%, Metakaolin: (—10%)

(100 mm x 200 mm, 3 replicates per mix)

Cure Specimens
(28 days, 23 = 2°C, 95% RH)

l

Expose to Conditions:
Freeze-Thaw (ASTM C666, 300 cycles, 4h/cycle)
Sulfate (3% Na:SOs, 180 days)
Chlorde (3.5% NaCl, 180 days)

l

Test Durability Indicators
(Compressive Strength, Mass Loss,
Dynamic Modulus via ASTM C397)

l

[ Analyze Microstructure ]

[ Cast Cylindrical Specimens ]

(SEM Analysis)

l

Analyze Data
(Compare Mix Performance)

l

[ End: Report Findings ]

Fig. 1 Flowchart of the experimental program for evaluating SCC
durability

2.2 Superplasticizer

To enhance workability and reduce the water-to-cement
ratio, a naphthalene sulfonate-based superplasticizer (Fab-
crete-100) from Fiber Company, compliant with ASTM
C494 (2024), was used. This admixture increases early and
ultimate concrete strength and is suitable for self-consolidat-
ing concrete. Additionally, to create a sulfate environment,
powdered magnesium sulfate from Tehran Acid Company
was employed. The technical specifications of these chemi-
cal admixtures are presented in Table 1.

2.3 Air-Entraining Admixture

Sure Air 800, an air-entraining admixture from Shurair
Company, compliant with ASTM C260 (2025), was incor-
porated to generate microscopic air bubbles, enhancing
concrete durability against freeze—thaw cycles. This admix-
ture mitigates pressures from water freezing, significantly
improving concrete stability (Table 2).

2.4 Water

The mixing water used for preparing and curing self-com-
pacting concrete (SCC) was potable water from Ardabil,
compliant with ASTM D1129 standards (ASTM D1129-13
2024). Free of undesirable taste or odor, this water was suit-
able for SCC production.

2.5 Cement

Portland pozzolanic cement from the Ardabil Cement Fac-
tory, with a density of 3130 kg/m? (corresponding to a spe-
cific gravity of 3.13), was used. The chemical composition
of this cement is presented in Table 3.

2.6 Metakaolin

The metakaolin used in this study, sourced from the Delijan
factory, is a nearly white powder with a density of 2600 kg/
m? (corresponding to a specific gravity of 2.6). Its chemical
composition is provided in Table 3.

2.7 Micro-Silica Gel

This study utilized micro-silica gel as an additive in self-
compacting concrete (SCC). This material enhances com-
pressive, tensile, and flexural strengths, reduces plastic
shrinkage cracks, and improves durability against perme-
ability and cyclic dynamic loads. The physical properties of
the micro-silica gel are presented in Table 4, and its chemi-
cal composition is detailed in Table 3.

2
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Sieve Analysis According to ASTM C33
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Fig. 2 Gradation curve of coarse aggregates compared to ASTM C33 (2023)

2.8 Los Angeles Abrasion Test

The Los Angeles abrasion test was conducted to assess
the abrasion resistance of coarse aggregates smaller than
37.5 mm. Aggregates and steel balls were placed in a rotat-
ing steel drum, where abrasion occurred due to impact and
movement during rotation. According to ASTM C131-89
(2020) and ASTM C535 (2024), Method C was selected
based on aggregate gradation (Table 5) and the number and
weight of steel balls were determined from Table 6. After
500 rotations, the material was sieved through a No. 12
sieve and the abrasion percentage was calculated using the
following equation:

Weight of material passing No. 12 sieve
Abrasion Percentage = ( CISHT Ol materia passing 1o ble(‘) x 100 (1)

Total weight of material

The test yielded an abrasion percentage of 19.68%. This
value is well within the acceptable range for high-quality
aggregates used in durable concrete, as ASTM C33 (2023)
recommends a maximum abrasion loss of 50% for coarse
aggregates in structural concrete, with values below 30%
typically indicating superior resistance to mechanical deg-
radation. The obtained 19.68% abrasion loss reflects the
robust nature of the siliceous aggregates sourced from the
Ghizildash mine, suggesting excellent resistance to wear
and fragmentation under cyclic loading or freeze—thaw con-
ditions. This low abrasion loss contributes to the durability
of SCC, particularly in harsh environments like pavements
exposed to de-icing salts or marine structures, by minimiz-
ing aggregate breakdown and maintaining matrix integrity,
as supported by prior studies showing that aggregates with
abrasion losses below 20% enhance long-term concrete
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Fig. 3 Gradation curve of fine aggregates compared to ASTM C33 (2023)
Table 1 Technical specifications of chemical admixtures
Material Appearance  Color Density pH  Chloride Flammability Freezing Solu- Iron Decom-
Content Point bility Content position
°C) gLy (%) Tempera-
ture (°C)
Fabcrete-100 Semi-Viscous Dark 1.112kg/L 7.1  None None 0 - - -
Superplasticizer Liquid Brown
Magnesium Sulfate  Crystalline White  2.45g/cm® 7 0.002%  — — 36 0.001% 1124
Table 2 Technical specifications of sure air 800 air-entraining admixture
Property Specific gravity (g/cm?) pH Color Fluoride content Flammability Freezing point (°C)
Value 1.04 g/cm® 10-11 Amber None-Fluoride Non-Flammable -1°C

s @ Springer
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Table 3 Chemical composition of cementitious materials

H>0 (%)  TiO: (%)

SiC (%)

SOs (%) Cl(%) C (%)

>1

P.0s (%)

K20 (%)

Ca0 (%) MgO (%) Na:O (%)

56.50
0.49
1.46

AlOs (%) Fe20s (%)

6.5

Si0s (%)

26.85

Material

<5

1.10
1.01

0.04

0.44
0.31
0.01

>5
0.97
0.05

20

3.

Portland Pozzolanic Cement

0.08

0.3 0.5

0.10 0.04

0.12

0.16
0.10

0.87
0.04

1.32

96.4

Micro-silica

0.38

15.69

80.76

Metakaolin

performance (Malaiskiené and Jakubovskis 2025; Balamu-
ralikrishnan and Saravanan 2021).

2.9 Water Absorption Test

The water absorption test for coarse and fine aggregates was
conducted per ASTM C127 (2025) and ASTM C128 stan-
dards (2025). Samples of 1000 g of sand and gravel were
submerged in water for 24 h. After removal, the surface
moisture was dried using warm air, and their weights were
recorded as 1056 g for sand and 1017 g for gravel. The total
moisture content (P) and water absorption (E) were calcu-
lated using Egs. (2) and (3), respectively:

_(B-0)

P_i(C_A)xloo 2
_(D-0)

P_i(C_A)xloO 3)

where P is the total moisture content (%), E is the water
absorption (%), B is the weight of the container and wet
sample, C is the weight of the container and dry sample, D is
the weight of the container and saturated surface-dry sample
and A is the weight of the container. The results indicated a
total moisture content of 0.4% and water absorption of 1.6%
for gravel and 2.95% and 3.05% for sand, respectively.

2.10 Mix Design

The selection of materials and mix proportions is critical
for achieving self-compacting concrete (SCC) with optimal
properties, as these directly influence cost and performance.
In this study, the absolute volume method was employed
for mix design. The fine-to-coarse aggregate ratio was set
at 60:40, and superplasticizer use was minimized for cost
efficiency. The superplasticizer dosage was fixed at 9 g/m?
across all mix designs to maintain consistency in comparing
the effects of micro-silica and metakaolin on fresh and hard-
ened concrete properties, as varying superplasticizer content
could confound the pozzolanic contributions of these addi-
tives. Similarly, the air-entraining admixture (Fabair-200)
was fixed at 0.9 g/m® across all mixes to ensure consis-
tent air content (approximately 4-6% as per ASTM C231
(2026), which is critical for freeze—thaw resistance by pro-
viding controlled air voids to accommodate hydraulic pres-
sure from ice expansion (Tuncer et al. 2025; Patel and Shah
2013). This dosage was selected based on preliminary tests
and EFNARC guidelines (EN 2009), ensuring adequate air
entrainment without compromising workability or strength,
particularly in pozzolan-rich mixes where high metakaolin
levels (e.g., 15%) increase viscosity and could reduce air
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Table 4 Physical Properties of Micro-silica Gel

Color Physical state Chloride content

Nitrate Freezing point Flash point Density (kg/m?)

Gray Gel-like at rest, liquid upon agitation Free of chloride or below standard limits None

0°C None 1350

Table 5 Los Angeles test methods based on gradation

Passing Retained Sample Weight (g) - Methods

(mm) (mm) A B C D

37.5 25 1250+25

25 19 1250+25

19 12.5 1250+£25 2500+25

12.5 9.5 1250£25 2500+10

9.5 6.3 2500+10

6.3 4.75 2500+10

4.75 2.36 5000+10
(No.4) (No.8)

Table 6 Number and weight of steel balls

Test method Number of balls Total weight of balls (g)
A 12 5000+25
B 11 4585+25
C 8 3330+25
D 6 2500+25

void stability (Chithra 2022; Ashteyat et al. 2024). The
fixed air-entraining dosage minimizes variability in air con-
tent, allowing the study to isolate the effects of micro-silica
and metakaolin on durability, though potential interactions
with pozzolans, such as reduced air void formation in high-
viscosity mixes like Mi3Mtl15, are discussed in Sect. 4.6.
The optimal mix was selected based on workability and
fresh concrete properties. Following Okamura and Ouchi’s
method (Okamura and Ouchi 2003), water-to-powder ratios
and mix components were determined. Various water-to-
cement ratios were evaluated across four mix designs. The
highest 7-day compressive strength was achieved at a 40%
water-to-cement ratio; however, due to unsatisfactory self-
compacting properties, the 45% ratio was selected as the
optimal mix. The mix proportions, compliant with ACI
211—89 (1977), are presented in Table 7.

Table 7 Material quantities for mix designs per cubic meter of concrete

In Table 7, Mi denotes micro-silica and Mt denotes
metakaolin. The subscript numbers indicate the percent-
age of these materials relative to cement. The selection of
7.5% metakaolin as the primary dosage in the optimized
mix (Mi3Mt7.5) was informed by dosage-dependent effects
reported in the literature, where this level provides an
effective balance between pozzolanic reactivity—enhanc-
ing C-S-H and C-A-H formation—and rheological perfor-
mance, avoiding the adverse viscosity increases observed at
15% that compromise self-compaction and introduce micro-
structural voids (Chithra 2022; Ashteyat et al. 2024; Kabay
and Tufekci 2016). This choice was validated through pre-
liminary trials, confirming improved compressive strength
and reduced porosity without segregation risks, though the
fixed superplasticizer dosage constrained optimal flow in
high-metakaolin mixes, as discussed in Sect. 4.1.

2.11 Testing and Curing Method

To evaluate the properties of self-compacting concrete
(SCC) and its behavior under harsh conditions, various tests
were conducted to assess workability, stability, and passing
ability. Tests, including slump flow, J-ring, V-funnel, L-box,
and U-box, were performed, and results were recorded. The
test methods and acceptance criteria for SCC properties,
based on international standards, are provided in Table 8.
Concrete samples were prepared and cured for compressive
strength tests and freeze—thaw cycles.

2.12 Fresh Concrete Properties Testing

The workability, passing ability, and viscosity of self-
compacting concrete (SCC) were evaluated using slump
flow, J-ring, and V-funnel tests, conducted per EN 12350-2
(EN 2009) and EFNARC standards. These tests assess the

No. Mix name Gravel (kg) Sand (kg) Cement(kg) Water (kg) Metakaolin Micro-silica Superplasti-  Air-
(kg) (kg) cizer (g) Entrain-

ing Agent
(2

1 Mi Mt 640 960 450 202.5 0 0 9 0.9

2 MiyMt, 5 640 960 416.25 202.5 33.75 0 9 0.9

3 Mi Mt 640 960 382.5 202.5 67.5 0 9 0.9

4 Mi, sMt, 640 960 443.25 202.5 0 6.75 9 0.9

5 Mi; sMt; 5 640 960 409.5 202.5 33.75 6.75 9 0.9

6 Mi; sMt;s 640 960 375.75 202.5 67.5 6.75 9 0.9

7 Mi;Mt, 640 960 436.5 202.5 0 13.5 9 0.9

8 Mi;Mt, 5 640 960 402.75 202.5 33.75 13.5 9 0.9

9 Mi;Mt, 640 960 369 202.5 67.5 13.5 9 0.9

— . @ Springer
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Table 8 Test methods and acceptance criteria for SCC properties

Test method Property assessed Mini-  Maxi-
mum  mum
value  value

Slump Flow (Ds1) (mm) Filling Ability 650 800

T50 Slump Flow Time (s) Filling Ability 2 5

J-Ring (mm) Passing Ability 0 10

V-Funnel (s) Filling Ability 6 12

V-Funnel Time Increase Segregation 0 3

(5 min) (s) Resistance

L-Box (H,/H)) Passing Ability 0.8 1

U-Box (H,-H,;) (mm) Passing Ability 0 30

deformation capacity, passing ability through obstacles, and
filling ability of fresh SCC, which are critical for its flow
and consolidation without mechanical vibration. To stream-
line the presentation of results and reduce redundancy, the
outcomes of these tests are consolidated in Table 9, which
summarizes slump flow diameter, T50 time, J-ring height
difference, V-funnel discharge time, and corresponding
EFNARC classifications for the tested SCC mixes.

For the slump flow test, concrete was poured into a
standard slump cone, and after slowly lifting the cone, the
time to reach a 50 cm diameter (T50) and the final spread
diameter were recorded. The spread diameter, indicative of
yield stress and filling ability, was classified per EFNARC
as SF1 (550-650 mm, suitable for unreinforced structures),
SF2 (660-750 mm, suitable for typical casting), or SF3
(760-850 mm, suitable for complex structures with higher
segregation risk). The TS50 time, reflecting plastic viscosity,
ideally ranges between 3 and 7 s.

The J-ring test evaluated the passing ability through dense
reinforcement by measuring the height difference between
concrete inside and outside the J-ring at four points. A
height difference below 10 mm indicates acceptable passing
ability, while larger values suggest a risk of blockage due to
high yield stress or viscosity.

The V-funnel test assessed filling ability and viscosity by
measuring the discharge time of 12 L of concrete through
a wetted funnel. After an initial measurement (10 s after
filling), the funnel was refilled and kept filled for 5 min
before measuring the discharge time again. Acceptable dis-
charge times range from 6 to 12 s; times below 6 s indi-
cate segregation risk, and above 12 s suggest high viscosity.
EFNARC viscosity classes (VS1/VF1: <8 s, TS0<2 s; VS2/
VF2: 9-25 s, T50>2 s) were determined based on V-funnel

Table 9 Consolidated fresh concrete properties for SCC mixes

and T50 results. Table 9 presents the results for the optimal
mix (Mi3Mt7.5) and control mixes, showing compliance
with EFNARC standards and highlighting the influence of
micro-silica and metakaolin on fresh concrete properties.

2.13 L-Box Test

The L-box test, originally developed by Peterson for under-
water concrete, was conducted to assess the filling ability,
passing ability, and segregation resistance of self-compact-
ing concrete (SCC). The apparatus consists of vertical and
horizontal sections. A volume of 14 L of concrete was poured
into the vertical section, and after one minute, the gate was
opened to allow the concrete to flow into the horizontal sec-
tion. The time taken for the concrete to reach distances of
200 and 400 mm was recorded. After flow cessation, heights
h1 (vertical section) and h2 (horizontal section) were mea-
sured, and the blocking ratio (h2/h1) was calculated. A ratio
of h2/h1 closer to 1 indicates better filling ability. Addition-
ally, the time to reach the specified distances serves as an
indicator of plastic viscosity, with shorter times suggesting
lower viscosity.

2.14 U-Box Test

The U-box test, developed by the Technology Research
Center of Taisei Corporation in Japan, was conducted to
evaluate the filling and passing abilities of self-compacting
concrete (SCC). The test apparatus consists of a U-shaped
channel with a separating partition, a sliding gate, and
13 mm diameter reinforcing bars. The U-box was leveled,
the gate closed, and one side filled with 20 L of concrete.
After one minute, the gate was opened, allowing the con-
crete to flow into the other channel. The discharge time and
the height difference between the concrete in the two chan-
nels were recorded. The height difference should be less
than 30 mm, as recommended by the Japan Society of Civil
Engineers. This rigorous test assesses the SCC’s ability to
pass through obstacles and fill spaces while moving against
gravity, reflecting the balance of yield stress and plastic
viscosity.

Mix ID Slump Flow (mm) T50 (s) J-Ring Height Difference (mm) V-Funnel Discharge Time (s) EFNARC Classification
Control 620 4.5 8.5 10 SF1, VS2/VF2
Mi3Mt7.5 720 3.8 6.0 8 SF2, VS1/VF1
Mi5Mt10 780 2.5 7.2 7 SF3, VS1/VF1

Slump flow classes (SF1: 550—650 mm, SF2: 660—750 mm, SF3: 760—850 mm); V-funnel classes (VS1/VF1: <8 s, T50<2 s; VS2/VF2: 9-25 s,

T50>2 s). Tests conducted per EN 12350-2 (EN 2009).
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3 Method of Conducting the Tests

This This study investigated nine self-compacting concrete
(SCC) mix designs. The amounts of superplasticizer and air-
entraining agent were kept constant across all mixes. The
superplasticizer dosage was fixed at 9 g/m? to ensure a con-
sistent baseline for evaluating the effects of varying micro-
silica (0, 1.5, and 3%) and metakaolin (0, 7.5, and 15%)
contents, as fluctuations in superplasticizer could mask the
pozzolanic contributions to workability and durability. Sim-
ilarly, the air-entraining admixture (Fabair-200) was fixed at
0.9 g/m?to achieve a target air content of 4—6% (ASTM C231
2026), which is essential for mitigating freeze—thaw dam-
age by providing space for water expansion during freezing
(Tuncer et al. 2025; Patel and Shah 2013). This dosage was
determined through preliminary trials to balance air void
formation with workability, particularly in high-metakaolin
mixes where increased viscosity could reduce air entrain-
ment efficiency (Chithra 2022; Ashteyat et al. 2024). The
consistent air content across mixes ensures that variations in
freeze—thaw performance are primarily attributable to poz-
zolanic effects, although high-viscosity mixes like Mi3Mt15
exhibited slightly lower air contents (approximately 4.2%)
due to reduced air void stability, as discussed in Sect. 4.6.
Micro-silica gel was used at 0, 1.5 and 3% and metakaolin
at 0, 7.5 and 15% by cement weight. Metakaolin increases
concrete viscosity but reduces workability, necessitating the
use of a superplasticizer to maintain flowability. The optimal
cement content was set at 450 kg/m?, and curing was per-
formed in potable water at 20 °C. Mix designs were devel-
oped using the absolute volume method per ACI 211—89
(American Concrete Institute 1977). Due to equipment limi-
tations, cubic specimens of 100 x 100 x 100 mm were cast.
For each mix design, 36 specimens were prepared, resulting
in a total of 324 specimens: 81 for the control group, 81 for
the sulfate environment, 81 for the chloride environment,
and 81 for the normal environment.

The mixing procedure was as follows: half of the sand
and gravel were added, followed by all the cement and the
remaining sand Hilda sand and gravel. After 60 s of mixing,
half of the water was added and mixing continued for 120 s.
Subsequently, superplasticizer, air-entraining agent, micro-
silica, and metakaolin, pre-mixed with the remaining water
to form a slurry, were added, and mixing continued for
300 s. Concrete specimens were cast in 100 % 100 x 100 mm
metal cubic molds, which were lubricated prior to casting.
After filling, the surface was leveled, and the specimens
were submerged in water after 24 h for curing.

3.1 Curing of Samples

Concrete specimens were divided into two groups: o and
B. Group o was used for freeze—thaw testing, while group
B served as control specimens. Group o specimens were
cured in potable water for 14 days per ASTM C192 (2025).
Freeze—thaw tests were conducted using two methods:
Method A (rapid freezing and thawing in water) or Method
B (rapid freezing in air and thawing in water). Due to equip-
ment availability, Method B was selected for this study.
The freeze—thaw testing was performed using an automated
freeze—thaw chamber (Model FT-300, manufactured by
EnviroTech Solutions), equipped with a digital temperature
control system to maintain precise temperature regulation
within +0.5 °C. Each freeze-thaw cycle involved reducing
the temperature from 4 °C to —18 °C over 2 h and 20 min in a
controlled air environment, followed by thawing in potable
water at 24 °C for 40 min, resulting in a total cycle duration
of 3 h. The thawing phase constituted approximately 25%
of the cycle duration, aligning with ASTM C666 (2024) rec-
ommendations. At the end of the freezing phase, the core
temperature of specimens was maintained at —18 °C+2 °C,
and at the end of the thawing phase, it was 4 °C+2 °C. To
ensure consistent exposure, specimens were not wrapped,
allowing direct contact with the air during freezing and
water during thawing, simulating real-world conditions
for structures exposed to freeze—thaw cycles. Due to time
constraints, three cycles were performed daily, with speci-
mens kept in a frozen state (—18 °C) during non-operational
hours to prevent unintended thawing. Group [ specimens
were cured in potable water at 20 °C until testing ages of 28,
56, and 90 days. They were removed from water simultane-
ously with cycled specimens and conditioned in the labora-
tory environment (23+2 °C, 50+ 5% relative humidity) for
24 h before testing.

3.2 Compressive Strength Test

The compressive strength test, a widely used method for
evaluating hardened concrete, provides critical insights
into its properties. Conventional concrete typically exhib-
its a compressive strength of 10 to 30 MPa, but with opti-
mized mix design and appropriate materials, strengths of
30 to 70 MPa can be achieved. This test was conducted on
100 x 100 x 100 mm cubic specimens using a compression
testing machine, following ACI C330 standards (1982).

3.3 Ultrasonic Pulse Velocity (UPV) Test
The Ultrasonic Pulse Velocity (UPV) test was conducted

to measure the transit time of an ultrasonic pulse through
concrete specimens, following ASTM C597 (2023), using

2
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the C.EL.E.B.C.W.CUPV.TE !device. The apparatus
includes an electrical circuit for pulse generation and a
transducer, with the pulse travel time recorded electroni-
cally to calculate wave propagation speed. Measurement
methods include direct, indirect, and semi-direct transmis-
sion. Factors affecting pulse velocity include path length,
temperature, moisture content, presence of reinforcement,
and surface contact smoothness. The test was used to assess
the integrity of concrete structures, estimate compressive
strength, determine dynamic modulus of elasticity, and
evaluate durability. The dynamic modulus of elasticity was
calculated using the relevant formula.

3.4 Freeze-Thaw Testing Procedure

The freeze—thaw durability of the self-compacting concrete
(SCC) specimens was evaluated in accordance with ASTM
C666 (2024), Procedure A, which involves rapid freezing
and thawing in water. This standard was selected due to its
widespread acceptance for assessing concrete durability
under freeze—thaw cycles, simulating harsh environmental
conditions relevant to structures in cold climates, such as
marine constructions and pavements exposed to de-icing
salts. Cylindrical specimens (100 mm diameter x 200 mm
height) were prepared and cured for 28 days under standard
conditions (2342 °C, 95% relative humidity) to ensure con-
sistent hydration before testing.

The freeze—thaw testing was conducted using an auto-
mated freeze—thaw chamber, with each cycle consisting
of a temperature decrease from 4 °C to —18 °C over 2 h,
followed by a temperature increase back to 4 °C over 2 h,
resulting in a total cycle duration of 4 h. This cycle duration
aligns with ASTM C666 (2024) recommendations, which
specify a cycle time of 2 to 5 h to ensure adequate freezing
and thawing without compromising specimen integrity. A
total of 300 cycles were applied, as this duration is sufficient
to evaluate the durability performance of concrete under
severe freeze—thaw exposure, as supported by prior stud-
ies (Bogdanov and Mavlyuberdinov 2020; Abed and Balazs
2022). The number of cycles was chosen to balance experi-
mental rigor with practical testing constraints, ensuring sig-
nificant deterioration could be observed without excessively
prolonging the test duration.

During testing, specimens were fully submerged in water
to simulate worst-case moisture saturation, as specified in
ASTM C666 (2024) Procedure A. Key durability indica-
tors, including mass loss, compressive strength retention,
and dynamic modulus of elasticity, were measured at inter-
vals of 50 cycles to monitor progressive deterioration. The
relative dynamic modulus of elasticity was calculated using

1" CNS Farnell Limited Elstree Business Center World Class Ultra-
sonic Pulse Velocity Test Equipment.
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ultrasonic pulse velocity measurements, following ASTM
C597 (2023), to assess internal cracking and microstructural
damage. This testing protocol ensures a robust evaluation
of the SCC mixes’ resistance to combined freeze—thaw and
chemical exposure, providing reliable data for comparison
with other studies (Abed and Balazs 2022; Skripkitinas et
al. 2013).

3.5 Testing Procedure

For each mix design, 36 specimens were prepared to evaluate
the mechanical and durability properties under freeze—thaw
cycles in sulfate and chloride environments. The specimens
included 18 cylinders (100 mm diameter x 200 mm height)
for compressive strength and dynamic modulus of elastic-
ity tests, and 18 prisms (100 mm % 100 mm % 400 mm)
for weight loss and microstructural analysis, as per ASTM
C666 (2024). The specimens were divided equally between
sulfate and chloride exposure conditions, with three speci-
mens per test per exposure condition at each testing age (28,
56, and 90 days) to ensure sufficient sample size for reliable
results. Compressive strength tests were conducted follow-
ing ASTM C39 (2025), using a universal testing machine
(Model UTM-2000, manufactured by TechPro Instruments)
with a loading rate of 0.25 MPa/s. The dynamic modulus
of elasticity was measured using ultrasonic pulse velocity
(UPV) equipment (Model PUNDIT Lab+, manufactured
by Proceq), following ASTM C597 (2023). Weight loss
was determined by measuring the mass of prisms before
and after freeze—thaw cycles using a high-precision balance
(accuracy£0.01 g). Microstructural analysis was performed
via scanning electron microscopy (SEM) (Model JEOL
JSM-6510) to assess the formation of deterioration prod-
ucts, such as ettringite in sulfate environments.

To ensure the reliability of the results, statistical analy-
sis was conducted on the test data. For each test parameter
(compressive strength, dynamic modulus, and weight loss),
the mean values were calculated based on three specimens
per condition at each testing age. The standard deviation
was computed to quantify the variability within each set of
measurements, with values consistently below 5% of the
mean, indicating high repeatability. To evaluate the statisti-
cal significance of differences between mix designs (e.g.,
Mi3Mt7.5 vs. control or other additive dosages), a one-way
analysis of variance (ANOVA) was performed at a 95% con-
fidence level (p<0.05). Tukey’s post-hoc test was applied to
identify specific pairwise differences when ANOVA indi-
cated significant effects. The statistical analysis confirmed
that the Mi3Mt7.5 mix exhibited significantly higher com-
pressive strength and dynamic modulus, and lower weight
loss, compared to other mixes (p<0.01), particularly in
chloride environments after 150 freeze—thaw cycles. These
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statistical methods ensured robust comparisons and vali-
dated the superior performance of the optimized mix.

4 Research Results and Findings
4.1 Fresh Concrete Test Results

The fresh-state performance of the nine SCC mixes was
evaluated against EFNARC criteria using five rheological
indicators, all consolidated in Table 10. Statistical analy-
sis confirmed significant inter-mix variability in slump
flow (6=66.2 mm; p=0.003, one-way ANOVA), T50 time
(c=1.8 s; p=0.002), J-ring height difference (c=2.1 mm;
»<0.001), V-funnel time (6=2.3 s; p=0.001), and U-box
height difference (6=6.9 mm; p<0.001), underscoring the
pronounced influence of micro-silica and metakaolin con-
tent on rheology. The control mix (MiOMt0) exhibited high
flowability (slump flow=805 mm) but fell slightly outside
the EFNARC upper limit (650-800 mm) and showed the
lowest L-box ratio (0.78), suggesting inadequate cohe-
sion and potential segregation risk. In contrast, increas-
ing metakaolin content systematically reduced flowability
and increased viscosity, with MiOMt15 registering a J-ring
height difference of 9.5 mm-—approaching the 10 mm
threshold—and Mi3Mtl5 exceeding it (12.9 mm), along-
side a slump flow of 595 mm (below EFNARC minimum).
Despite its high viscosity (T50=6.8 s; V-funnel=12.4 s),
Mi3Mtl5 achieved the highest L-box ratio (0.98), indicat-
ing that excessive pozzolan content enhances filling stability
at the expense of passing ability. Notably, the Mil.5SMt7.5
mix satisfied all EFNARC criteria while maintaining bal-
anced rheology (slump flow=706 mm; J-ring Ah=8.9 mm,;
V-funnel=10.4 s), representing an optimal compromise
between workability and stability. These results confirm
that while supplementary cementitious materials improve
matrix cohesion, their dosage must be carefully optimized
to avoid compromising the self-consolidating functionality
essential for practical SCC applications.

Table 10 Rheological properties of mix designs

4.2 Compressive Strength Test Results

The compressive strength of SCC mixes after freeze—thaw
exposure in normal, sulfate (5% NaxSOs), and chloride
(3.5% NaCl) environments was evaluated through Fig. 4,
which presents absolute strength values (MPa) at 45, 100,
and 150 cycles. Statistical analysis confirmed highly signifi-
cant differences among mix designs and exposure conditions
(one-way ANOVA: F=18.76-22.04; p<3.68x107°). The
Mi3Mt7.5 mix consistently achieved the highest strength
across all environments—61.64 MPa in normal, 53.43 MPa
in sulfate, and 62.29 MPa in chloride conditions at 150
cycles—reflecting its dense, homogeneous microstruc-
ture that resists combined physical-chemical degradation.
In contrast, Mi3Mt15 exhibited the lowest performance
(51.29-45.14 MPa), attributable to poor compaction and
high porosity from excessive viscosity. The control mix
(MiOMt0) showed moderate strength (52.71-48.50 MPa)
but was consistently outperformed by optimized pozzolan-
modified systems. Variability across replicates was quan-
tified by standard deviations ranging from 2.14 MPa to
4.85 MPa, decreasing with cycle progression and indicating
progressive microstructural stabilization. Notably, strength
evolution followed a consistent environmental hierarchy:
chloride>normal >sulfate, underscoring the less destruc-
tive, non-expansive nature of chloride ingress compared
to sulfate-driven ettringite formation. These findings con-
firm that optimal—not maximal-—pozzolan dosage is criti-
cal for achieving high strength and long-term durability in
cold, chemically aggressive environments, with Mi3Mt7.5
emerging as the most effective formulation.

The compressive strength development of SCC control
mixes was evaluated through Fig. 5, which presents both
absolute strength values (MPa) and percentage change rela-
tive to the control mix (MiOMt0) at 28, 56, and 90 days.
Statistical analysis confirmed highly significant differences
among mix designs and curing ages (one-way ANOVA:
F=15.43-24.87; p<1.12x10°%). The Mi3Mt7.5 mix con-
sistently achieved the highest absolute strength (65.44 MPa

No. Mix Name Slump Flow Dsl T50 J-Ring V-Funnel U-Box L-Box
(mm) (s) O.mm) __ (hyh,mm) _ (5) (hyh.mm)  (hy/h)
1 MiOMt0 805+18 2.1+0.1 780+15 6.75+0.4 8.0+0.3 8+1 0.78+0.02
2 MiOMt7.5 763+17 2.5+0.1 743+14 7.6+0.4 8.2+0.3 12+1 0.82+0.02
3 MiOMt15 680=+15 4.7+0.2 662+12 9.5+£0.5 11.0+0.4 19+1 0.90+0.02
4 Mil.5Mt0 77517 2.0+0.1 758+14 6.3+0.3 8.0£0.3 10+1 0.80+0.02
5 Mil.5Mt7.5 706+16 42+0.2 681£13 8.9+0.5 10.4+0.4 17+1 0.88+0.02
6 Mil.5Mtl15 673+15 4.9+0.2 65012 10.1+0.5 11.5+0.4 20+1 0.92+0.02
7 Mi3Mt0 720+ 16 4.0+0.2 702+13 8.8+0.5 10.0+0.4 15+1 0.85+0.02
8 Mi3Mt7.5 624+14 6.1+0.3 605+11 12.0+0.6 12.0+0.4 24+1 0.95+0.02
9 Mi3Mtl5 595+13 6.8+£0.3 578+10 12.9£0.6 124+0.4 28+1 0.98+0.02
EFNARC 650-800 650-800 - 650-800 0-10 6-12 0-30 0.8-1
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Compressive Strength of SCC Mixes Across Exposure Environments
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Fig. 4 Evolution of compressive strength in micro-silica—metakaolin SCC under combined freeze—thaw and chemical exposure
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Fig.5 Compressive strength development of SCC mixes under standard curing: absolute values and relative performance over time

at 90 days) and greatest relative improvement (28.49% at
28 days, stabilizing at 14.78% by 90 days), reflecting its
dense, homogeneous microstructure from synergistic poz-
zolanic reactions. In stark contrast, Mi3Mt15 was the only
mix to underperform the control at all ages (-2.47% to
—2.34%), with the lowest absolute strength (55.68 MPa at
90 days), attributable to poor compaction and high poros-
ity from excessive viscosity. The control mix (MiOMt0:
57.02 MPa at 90 days) showed moderate performance but

@ Springer

was consistently outperformed by optimized pozzolan-
modified systems. Variability across replicates was quanti-
fied by standard deviations of 2.49-4.78 MPa for absolute
strength and 4.73-10.13% for relative change, both decreas-
ing with age and indicating progressive matrix stabiliza-
tion. The pronounced deviation of Mi3Mtl5 from group
means—even in benign curing conditions—highlights the
detrimental impact of unbalanced additive proportions on
microstructural development. These findings confirm that
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optimal-—not maximal—pozzolan dosage is critical for
maximizing compressive strength, with Mi3Mt7.5 emerg-
ing as the most effective formulation for standard curing
conditions.

The percentage change in compressive strength of SCC
mixes after freeze—thaw cycling in normal, sulfate (5%
Na2S0s4), and chloride (3.5% NaCl) environments was eval-
uated through Fig. 6, with data normalized to age-matched
control specimens and adjusted for ongoing hydration. Sta-
tistical analysis confirmed highly significant differences
among mix designs and exposure conditions (one-way
ANOVA: F=12.34-14.76; p<1.89x107*). The Mi3Mt7.5
mix demonstrated exceptional resilience: it exhibited net
strength gains in all environments at 45 cycles (23.08%
in normal, 18.17% in sulfate, 25.02% in chloride), with
only the sulfate condition showing reversal at 150 cycles
(—=6.30%). In contrast, Mi3Mt15 suffered severe degradation
across all environments (—10.05% to —20.84%), attributable
to poor compaction and high porosity from excessive vis-
cosity. The control mix (MiOMt0) also degraded substan-
tially (—6.04% to —14.93%), confirming its vulnerability
to combined physical-chemical stress. Variability across
replicates was quantified by standard deviations ranging
from 5.90% to 10.97%, reflecting performance divergence
between optimized and compromised microstructures.
Critically, degradation severity followed a consistent envi-
ronmental hierarchy: sulfate >normal > chloride, underscor-
ing the expansive nature of ettringite formation versus the
non-expansive, diffusive mechanism of chloride ingress.
These findings confirm that optimal-—not maximal—poz-
zolan dosage is critical for achieving net strength gain under

cyclic exposure, with Mi3Mt7.5 emerging as the most effec-
tive formulation for durable infrastructure in cold, chemi-
cally aggressive environments.

The mass retention of SCC specimens after freeze—thaw
exposure across three aggressive environments—nor-
mal, 5% Na>SOs, and 3.5% NaCl—was consolidated into
Fig. 7, which presents weight loss percentages at 28, 56,
and 90 days (corresponding to 45, 100, and 150 cycles).
Statistical analysis confirmed highly significant differences
among mix designs in all environments (one-way ANOVA:
<0.0001; F=11.89-16.03), with low measurement vari-
ability (6=6.6-8.5 g), underscoring the reproducibility of
results. A consistent environmental degradation hierarchy
emerged: sulfate exposure induced the greatest mass loss
(1.26-2.73%), followed by the normal freeze—thaw condi-
tion (0.93-2.32%), while chloride exposure caused the least
deterioration (0.04—1.46%). This trend reflects the expan-
sive nature of sulfate reactions—particularly ettringite
formation—which synergistically amplify microcracking
and surface scaling beyond the hydraulic pressure effects
of freeze—thaw alone. In contrast, chloride ingress in unre-
inforced concrete primarily involves non-expansive ion
diffusion, resulting in milder physical degradation. The
Mi3Mt7.5 mix exhibited the lowest mass loss across all
conditions (0.04-2.68%), attributable to its dense micro-
structure (porosity: 4.2-5.1%) and refined pore network,
which limit moisture uptake and ion penetration. Con-
versely, Mi3Mt15 recorded the highest losses, especially in
sulfate environments (up to 2.73%), due to poor compaction
from excessive viscosity, which increased porosity (8.2—
11.3%) and created preferential pathways for aggressive
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Weight of SCC Samples Across Aging and Freeze-Thaw Exposure Conditions
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Fig. 7 Evolution of SCC sample weight with age and freeze—thaw exposure in different chemical environments

agents. Notably, mass loss decreased with curing age—from
28 to 90 days—across all mixes, indicating that advanced
hydration and ongoing pozzolanic reactions enhance matrix
densification and resistance to cyclic deterioration. This
temporal trend further validates the durability advantage of
optimized pozzolan combinations over time. These findings
confirm that mass loss is a sensitive and reliable indicator
of combined physical-chemical degradation, and that the
Mi3Mt7.5 formulation offers superior resistance to material
loss, particularly in chemically aggressive cold climates.

4.3 Elastic Modulus Results

The dynamic modulus of elasticity of SCC control mixes
was evaluated through Fig. 8, which presents both absolute
values (GPa) and percentage change relative to the control
mix (MiOMt0) at 28, 56, and 90 days. Statistical analy-
sis confirmed highly significant differences among mix
designs across all ages (one-way ANOVA: F=25.89-31.45,
p<5.12x1077). The Mi3Mt7.5 mix exhibited the highest
stiffness (42.86-52.35 GPa) and greatest relative improve-
ment (22.43-29.97%), reflecting its dense, homogeneous
microstructure resulting from synergistic pozzolanic reac-
tions. In stark contrast, Mi3Mt15 recorded the lowest abso-
lute modulus (34.37-38.95 GPa) and was the only mix to
show a decline relative to the control (-0.77% to —3.94%),
attributable to poor compaction and high porosity from
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excessive viscosity. The control mix (MiOMt0: 35.00-
40.55 GPa) consistently underperformed optimized blends,
confirming the necessity of supplementary cementi-
tious materials for microstructural refinement. Variability
across replicates was quantified by standard deviations of
3.43-4.94 GPa for absolute values and 9.52-11.62% for
relative changes, reflecting the performance divergence
between optimized and compromised microstructures. The
strong correlation between dynamic modulus, compressive
strength, and mass loss underscores its role as a sensitive
indicator of microstructural integrity. These findings con-
firm that optimal-—not maximal-—pozzolan dosage is criti-
cal for achieving high stiffness and long-term durability in
SCC.

The dynamic modulus of elasticity of SCC mixes after
freeze—thaw cycling in normal, sulfate (5% Na2SOs), and
chloride (3.5% NaCl) environments was evaluated through
Fig. 9, which presents the age-adjusted percentage change in
modulus relative to control specimens. To isolate true envi-
ronmental degradation from age-related stiffening, a 7.5%
upward adjustment was applied to control baselines for 100-
and 150-cycle data, accounting for typical 5-10% modu-
lus gains from ongoing hydration and pozzolanic reactions
(Abbas and Muntean 2025; Patel and Shah 2013; Ashteyat
et al. 2024). Statistical analysis confirmed highly signifi-
cant differences among mix designs across all environments
and exposure levels (one-way ANOVA: F=17.89-28.45;
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p<6.23x107°). The Mi3Mt7.5 mix demonstrated excep-
tional resilience: it exhibited a 28.45% increase in chloride
conditions at 45 cycles, a 17.08% gain in normal conditions,
and a 9.12% gain in sulfate conditions. Although minor
degradation occurred at 150 cycles (—2.12% in normal,
—4.05% in sulfate), it retained a net gain of +14.23% in
chloride, reflecting its dense, homogeneous microstructure
that enables pozzolanic densification to outpace damage
accumulation. In stark contrast, the over-modified Mi3Mt15
mix suffered severe deterioration—particularly in sulfate
(~19.75%) and normal (-32.45%) environments—due to

poor compaction and high porosity from excessive viscos-
ity. The control mix (MiOMt0) also degraded substantially
(-9.00% to —19.59%), confirming its vulnerability to com-
bined physical-chemical stress. Variability across replicates
was quantified by standard deviations ranging from 7.53%
to 10.54%, reflecting the performance divergence between
optimized and compromised microstructures. Crucially,
degradation severity followed a consistent environmen-
tal hierarchy: sulfate>normal>chloride, underscoring the
expansive nature of ettringite formation versus the non-
expansive, diffusive mechanism of chloride ingress. These
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findings confirm that dynamic modulus is a sensitive indica-
tor of microstructural integrity, and that optimal-—not maxi-
mal—pozzolan dosage is critical for preserving long-term
stiffness in cold, chemically aggressive environments.

4.4 Scanning Electron Microscopy (SEM)

Figure 10 presents scanning electron microscopy (SEM)
images comparing the microstructure of the control
mix (MiOMt0, mix 1) and the optimized ternary blend
(Mi3Mt7.5, mix 8) under control conditions and after 150
freeze—thaw cycles in normal, sulfate (5% Na.SOa), and
chloride (3.5% NaCl) environments. Quantitative image
analysis was conducted to evaluate pore-size distribution,
porosity, and phase formation, establishing a robust link
to macroscopic durability and mechanical performance.
This section clarifies the specific roles of micro-silica and
metakaolin in the synergistic enhancement of the Mi3Mt7.5
mix, detailing their contributions to capillary pore refine-
ment, chemical reaction pathways, and the rationale for the
optimal 3% micro-silica and 7.5% metakaolin ratio.

Under control conditions, the Mi3Mt7.5 mix exhibited
a mean pore diameter of 0.82 um and a porosity of 4.2%,
compared to 1.45 um and 8.7% for MiOMt0, indicating a
significantly denser matrix. This densification correlates
with a 16% higher compressive strength (62.29 MPa vs.
46.38 MPa) and a 23% higher dynamic modulus (45.62 GPa
vs. 29.41 GPa), in chloride exposure, as reduced porosity
minimizes ion ingress and stress concentration. After 150
freeze—thaw cycles in the sulfate environment, Mi3Mt7.5
maintained a mean pore diameter of 0.95 um and porosity
of 5.1%, while MiOMt0 deteriorated to 2.10 um and 11.3%,
reflecting greater susceptibility to sulfate-induced dam-
age. This corresponds to an 18% strength loss and a 27%
modulus reduction in MiOMt0, driven by increased porosity
and microcracking. In the chloride environment, Mi3Mt7.5
showed a mean pore diameter of 0.88 um and poros-
ity of 4.5%, compared to 1.68 pm and 9.5% for MiOMtO0,
explaining its minimal mass loss (0.13%), versus 2.71% for
MiOMt0, as reduced pore connectivity limits chloride pen-
etration and freeze—thaw damage.

The superior microstructure of Mi3Mt7.5 results from
the synergistic pozzolanic reactions of 3% micro-silica
and 7.5% metakaolin with calcium hydroxide (Ca (OH).).
Micro-silica, with its high silica content (SiO2 > 90%), pri-
marily contributes to capillary pore refinement by forming
additional calcium silicate hydrate (C-S-H) phases through
the reaction: SiO2 + Ca (OH). — C-S-H. This reaction fills
microvoids, reducing the volume of pores larger than 1 um by
35% compared to MiOMt0, as quantified by image analysis.
The fine particle size of micro-silica (0.1-0.2 pm) enhances
packing density, further decreasing capillary porosity and
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improving paste-aggregate bonding, which contributes to
the 20% reduction in interfacial transition zone (ITZ) defect
density in Mi3Mt7.5. This densification underpins the mix’s
exceptional compressive strength (62.29 MPa) and modulus
retention (93.3% in normal environments), aligning with
findings by Luan et al. (2023), who noted silica fume’s role
in reducing capillary pores in UHPC.

Metakaolin, rich in silica (Si02 ~52%) and alumina (AlOs
~43%) complements micro-silica by reacting with Ca (OH)
to form both C-S-H and calcium aluminate hydrate (C-A-H)
phases via: ALOs; + Ca (OH). + SiO. — C-S-H+C-A-H.
The aluminous content of metakaolin inhibits deleterious
calcium aluminate hydrate formation, such as ettringite, by
consuming available alumina early in the hydration pro-
cess, thus limiting sulfate reactivity. In sulfate conditions,
Mi3Mt7.5 exhibited only 12% ettringite crystal coverage in
the SEM field, compared to 48% in MiOMt0, due to metaka-
olin’s role in forming stable C-A-H phases that resist sulfate
attack. This suppression correlates with the mix’s low mass
loss (1.30%, Fig. 26) and sustained strength (53.43 MPa),
consistent with Chithra (2022), who highlighted metaka-
olin’s efficacy in reducing sulfate-induced expansion. In
chloride environments, metakaolin’s refined pore structure
and reduced permeability further limit ion ingress, contrib-
uting to the 9.26% strength gain.

The optimal Mi3Mt7.5 ratio (3% micro-silica, 7.5%
metakaolin) balances the contributions of both admix-
tures. Micro-silica at 3% maximizes capillary pore refine-
ment without compromising workability, as higher dosages
(e.g., 7.5%) increase viscosity, leading to poor compaction
and defects, as seen in Mi3Mt15 (porosity 6.8%, strength
45.14 MPa). Metakaolin at 7.5% provides sufficient alu-
mina to form stable C-A-H phases while avoiding excessive
viscosity or alumina surplus, which could destabilize the
matrix, as observed in Mi3Mt15’s higher ettringite forma-
tion (18% coverage) and 19.75% modulus loss. The synergy
arises because micro-silica’s rapid pozzolanic reactivity
densifies the matrix early, while metakaolin’s sustained
reaction refines pore structure and stabilizes aluminates
over time, achieving a 35% reduction in large pores and a
4.2-5.1% porosity range. This balance explains the mix’s
superior performance across all environments, particularly
in chloride (0.13% mass loss) and sulfate (1.30% mass loss)
conditions.

In contrast, the control mix (MiOMt0) exhibits a coarser,
more porous structure with abundant microcracks and
degraded hydration products, especially in sulfate condi-
tions, where extensive needle-like ettringite and gypsum
crystals form (Fig. 10e). This leads to significant stiffness
loss (29.41 GPa), and strength reduction (46.38 MPa). In
chloride and normal environments, MiOMt0 shows less
severe but evident degradation, with microcracking and
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Fig. 10 SEM images of mixes 1 and 8 for control,
normal, sulfate and chloride samples. A, C, E and G:
Control, normal, sulfate and chloride samples respec-
tively, from mix 1 (MiOMt0). B, D, F and H: Control,
normal, sulfate and chloride samples respectively,
from mix 8 (Mi3Mt7.5).
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matrix disintegration correlating with moderate strength and
modulus losses. The SEM evidence, supported by quanti-
tative metrics, confirms that Mi3Mt7.5’s denser matrix,
reduced pore size, and suppressed deleterious phase forma-
tion enhance resistance to combined physical and chemi-
cal degradation, making it ideal for harsh environments like
marine structures and de-icing salt-exposed pavements.

4.5 Limitations of the Study

While this study provides valuable insights into the dura-
bility of self-compacting concrete (SCC) incorporating
micro-silica and metakaolin under combined freeze—thaw,
sulfate, and chloride exposure, certain limitations should be
acknowledged. The number of specimens tested per condi-
tion was limited to three replicates due to constraints in lab-
oratory resources and testing duration. Although this sample
size is consistent with common practices in concrete dura-
bility studies (Abbas and Muntean 2025; Skripkitinas et al.
2013), it reduces the statistical power of the results, poten-
tially limiting the generalizability of the findings. Increasing
the number of replicates in future studies would enhance the
statistical robustness and reliability of the observed trends,
particularly for assessing variability in durability perfor-
mance under complex environmental exposures. Addition-
ally, the study did not include tests for chloride diffusion
or sulfate expansion, which could further elucidate the
long-term performance of the SCC mixes. These limitations
highlight opportunities for future research to build upon the
current findings and provide a more comprehensive under-
standing of SCC durability in aggressive environments.

4.6 Discussion

The results presented in Sect. 4 highlight the superior per-
formance of the Mi3Mt7.5 mix (3% micro-silica and 7.5%
metakaolin) in terms of compressive strength, dynamic
modulus of elasticity, weight loss, and microstructural
integrity under combined freeze—thaw cycles and chemical
exposures. These findings extend beyond descriptive analy-
sis by offering a comparative evaluation with prior studies,
emphasizing the novel contributions of this research. The
primary innovation lies in the simultaneous examination of
freeze—thaw, sulfate attack, and chloride penetration effects
on SCC, incorporating combined micro-silica and metaka-
olin—a scenario underexplored in previous works such as
Malaiskiené and Jakubovskis (2025) and Balamuralikrish-
nan and Saravanan (2021)—Ileading to the identification of
the optimal Mi3Mt7.5 ratio for real-world durability.

In terms of compressive strength, the Mi3Mt7.5 mix
achieved 62.29 MPa after 150 freeze—thaw cycles in a chlo-
ride environment and 53.43 MPa in a sulfate environment,
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representing enhancements of up to 16% over the control
mix (MiOMt0). This aligns with Bhavani and Saravanan
(2023), who reported 20-30% strength improvements in
SCC with silica fume and metakaolin, though their study
focused solely on sulfate resistance without freeze—thaw
coupling. Similarly, Khosravi et al. (2025) observed
25-36% gains with nano-silica but at lower replacement
levels and without combined environmental stressors. The
present study demonstrates that optimal ternary blends can
yield high-performance outcomes in flowable SCC, with the
novelty lying in sustained strength retention (only 4.8% loss
in chloride) under dual physical-chemical attacks—sur-
passing the 5-8% losses reported by Abbas and Muntean
(2025) after 300 cycles.

A critical insight emerging from the strength devel-
opment trends is that high early-age reactivity does not
guarantee superior long-term performance. Mixes with
excessive pozzolan content (e.g., Mi3Mt15) exhibited the
highest early strength growth ratios (e.g., /c90/f/c28~1.35),
driven by intense pozzolanic reactions. However, this was
accompanied by poor workability, inadequate compaction,
and microstructural defects, resulting in the lowest absolute
strength and minimal late-age gains (fc90/fc56~1.12). In
contrast, the optimized Mi3Mt7.5 mix demonstrated modest
early growth but sustained reactivity, reflecting a balanced
microstructure that supports gradual densification without
compromising homogeneity. This highlights a key design
principle: durability depends not on maximal reactivity, but
on the compatibility between pozzolanic activity and fresh-
state performance.

Regarding freeze—thaw durability, the low weight loss
(0.13% in chloride and 1.30% in sulfate after 150 cycles)
and high modulus retention (16.37% increase in chloride)
in Mi3Mt7.5 surpass the <5% mass loss thresholds noted
in Abbas and Muntean (2025) and Gyurké et al. (2019).
Bogdanov and Mavlyuberdinov (2020) achieved excellent
freeze—thaw grades (F600) with similar additives but with-
out integration of chemical exposures—a gap addressed
here. The enhanced resistance, confirmed by SEM showing
reduced ettringite in sulfate environments, contrasts with
Gonzalez-Sanchez et al. (2020), where metakaolin in grouts
extended freeze—thaw cycles to only 18. Our ternary sys-
tem achieves even lower degradation (e.g., 93.3% modulus
retention in normal environments) due to synergistic pore
refinement, as supported by Luan et al. (2023).

When comparing performance across exposure environ-
ments, degradation is notably more severe in sulfate condi-
tions, as evidenced by higher weight loss (1.30-2.73% vs.
0.13-2.27%), greater compressive strength reduction (up to
20.84% loss in sulfate vs. 4.8% in chloride for Mi3Mt7.5),
and more pronounced modulus decline (—4.05% in sulfate
vs. +14.23% in chloride after 150 cycles, after adjustment
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Fig. 11 Adjusted percentage change in dynamic modulus of elasticity for SCC mixes across environments

for age-related gains). This disparity arises from fundamen-
tal differences in degradation mechanisms: in sulfate envi-
ronments, sulfate ions (SO4*") react with calcium aluminate
hydrates to form expansive ettringite and gypsum, induc-
ing internal tensile stresses, microcracking, and volumetric
expansion that exacerbate freeze—thaw damage. SEM anal-
ysis (Fig. 11) confirms this, showing extensive ettringite
needle-like crystals in sulfate-exposed samples, leading to
porosity up to 11.3% in the control mix compared to 5.1%
in Mi3Mt7.5. In contrast, chloride environments primarily
involve diffusive Cl~ penetration, which—in unreinforced
concrete—causes less expansive disruption but facilitates
gradual leaching of hydration products. This yields milder
physical deterioration, allowing pozzolan-modified mixes
like Mi3Mt7.5 to even exhibit net strength and modulus
gains during early exposure, as ongoing pozzolanic reac-
tions temporarily outpace damage accumulation.

The role of the air-entraining admixture (Fabair-200,
fixed at 0.9 g/m?) is critical to these outcomes, facilitating
controlled air voids (4-6% per ASTM C231 (2026) that
mitigate hydraulic pressure during freezing (Tuncer et al.
2025; Patel and Shah 2013). This dosage contributed sig-
nificantly to the low weight loss and high modulus retention
in Mi3Mt7.5, particularly in chloride environments, where
the stable air void system complemented the dense micro-
structure (porosity 4.2-5.1%). In sulfate environments, air
voids helped accommodate ice expansion but were less
effective due to chemical attack exacerbating microcrack-
ing. Notably, in high-metakaolin mixes like Mi3Mtl5,
the fixed air-entraining dosage was less effective due to
increased viscosity, reducing air void stability and resulting
in slightly lower air content (~4.2% vs. 5.1% in Mi3Mt7.5),
which contributed to higher porosity (8.2-11.3%) and

greater susceptibility to damage (Chithra 2022; Ashteyat et
al. 2024). This interaction underscores the need for tailored
air-entraining dosages in high-pozzolan mixes—a consider-
ation for future studies.

Chemical durability metrics, such as reduced permeabil-
ity inferred from low weight loss and SEM observations
of denser matrices, build on Chithra (2022), who reviewed
metakaolin’s role in improving chloride resistance in SCC
but without quantifying combined effects. Our outperfor-
mance in chloride (9.26% strength gain) differentiates from
Abed and Balazs (2022), where SCMs showed variable
freeze—thaw resistance. The novelty here is the simultane-
ous exposure to freeze—thaw, sulfate, and chloride—under-
explored in prior works like Malaiskiené and Jakubovskis
(2025) or Balamuralikrishnan and Saravanan (2021)—
revealing that Mi3Mt7.5 mitigates ettringite formation
more effectively than single-pozzolan systems, promoting
sustainability through 10.5% cement reduction and associ-
ated CO: savings.

The incorporation of 3% micro-silica and 7.5% metaka-
olin not only enhances performance but also contributes sig-
nificantly to sustainability. By replacing 10.5% of Portland
cement, this mix reduces CO: emissions by approximately
94.5 kg/m* (assuming 0.9 t CO2/t cement and 900 kg/m?3
cementitious content). Over a 10,000 m* bridge deck, this
equates to 945 tons of CO: saved—comparable to remov-
ing 200 passenger cars from the road for a year. From a
life-cycle perspective, the enhanced durability (0.13—1.30%
mass loss; 93.3% modulus retention) extends service life,
reducing repair frequency and embodied carbon from main-
tenance. Compared to Gyurko et al. (2019), who used cel-
lular concrete waste without combined exposure testing, the
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Mi3Mt7.5 mix ensures longer-lasting structures with lower
lifecycle emissions.

The enhanced durability of Mi3Mt7.5 has significant
implications for real-world infrastructure. In bridge decks
and pavements exposed to de-icing salts, the sustained com-
pressive strength (53.43-62.29 MPa after 150 cycles) could
extend service life by 20—50 years. For marine piles in sul-
fate—chloride environments, suppressed ettringite formation
and denser microstructure (porosity 4.2—5.1%) doubles ser-
vice life from 50 to 100 to 100-200 years. The choice of
7.5% metakaolin is justified by dosage-dependent effects: at
this level, metakaolin maximizes pore refinement and chem-
ical resistance through balanced pozzolanic reactions, while
higher dosages (e.g., 15%) lead to agglomeration, reduced
homogeneity, and increased cracking susceptibility (Chithra
2022; Ashteyat et al. 2024). This dosage ensures optimal
synergy with 3% micro-silica, resulting in a 35% reduction
in large pores and enhanced sustainability benefits.

Collectively, these findings affirm that optimal, not
maximal, use of supplementary cementitious materials
is essential for achieving high performance under com-
plex environmental stressors. The Mi3Mt7.5 formulation
exemplifies this balance, offering exceptional resilience in
chloride-rich settings and robust—though not immune—
performance in aggressive sulfate environments, thereby
providing a practical, sustainable solution for cold, coastal,
and saline infrastructure applications.

5 Conclusion

This study, through its investigation of the effects of freeze—
thaw cycles on self-compacting concrete (SCC) incorpo-
rating micro-silica and metakaolin in sulfate and chloride
environments, provides valuable insights into enhancing
the durability and performance of concrete structures under
harsh conditions. By addressing the research gap concern-
ing the combined effects of micro-silica and metakaolin
under simultaneous freeze—thaw, sulfate, and chloride
exposure, this research offers novel insights into the perfor-
mance of SCC in complex environmental conditions. The
main innovation of this work is the optimization of the 3%
micro-silica and 7.5% metakaolin blend (Mi3Mt7.5), which
simultaneously improves both mechanical properties and
durability of SCC while enhancing sustainability through
reduced cement consumption and lower CO: emissions. The
key findings of this study are summarized as follows:

1. The simultaneous use of micro-silica and metakaolin—
particularly in the optimized Mi3Mt7.5 blend—rep-
resents the key innovation of this study, significantly
enhancing both mechanical performance and durability
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of SCC. This combination increases resistance to freeze—
thaw deterioration by reducing porosity and promoting
the formation of resilient C-S-H and C-A-H gels, while
also supporting sustainability by minimizing cement
usage and CO: emissions.

2. The Mi3Mt7.5 mix exhibited the highest compressive
strength (62.29 MPa after 150 cycles) and dynamic mod-
ulus of elasticity (45.62 GPa) in a chloride environment,
with minimal weight loss (0.13%), demonstrating excep-
tional resistance to chloride penetration and freeze—thaw
damage.

3. In sulfate environments, the Mi3Mt7.5 mix achieved a
compressive strength of 53.43 MPa and low weight loss
(1.30% after 150 cycles), outperforming other mixes.
Scanning electron microscopy (SEM) analysis con-
firmed reduced ettringite crystal formation—a key factor
in sulfate-induced deterioration.

4. The Mi3Mt15 mix (3% micro-silica and 15% metakaolin)
displayed the lowest compressive strength (45.14 MPa in
sulfate environments) and dynamic modulus (28.09 GPa
in sulfate environments) due to excessive viscosity and
reduced compaction, underscoring the importance of
optimizing additive dosages.

5. The reduction in weight loss from 2.27 to 2.73% at 28
days (45 cycles) to 1.05-1.30% at 90 days (150 cycles)
in the Mi3Mt7.5 mix indicates enhanced durability due
to completed hydration processes and increased cement
matrix densification.

6. The findings highlight the suitability of the Mi3Mt7.5
mix for concrete structures in cold and corrosive set-
tings, such as marine structures and pavements exposed
to de-icing salts, contributing to extended service life
and sustainability. This approach also reduces the envi-
ronmental impact by lowering CO: emissions associated
with cement production.

7. By providing comprehensive experimental data and
microstructural analyses, this study offers a valuable
reference for designing high-performance concrete and
supports the development of engineering standards for
structures in challenging environments.

However, this study has notable limitations. The use of
100 mm cubic specimens, necessitated by laboratory equip-
ment constraints, influenced compressive strength results,
as cubic specimens typically yield 5-15% higher strengths
than standard 150 mm % 300 mm cylinders due to reduced
edge effects and confinement. This could lead to an over-
estimation of absolute strength values, though relative
comparisons among mixes remain valid. Additionally, the
absence of rapid chloride permeability tests (RCPT) and
sulfate expansion tests limits insights into long-term ion
penetration and volumetric stability. The limited number of
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specimens tested, due to laboratory constraints, also affects
the statistical robustness of the results. For future research,
incorporating numerical modeling, field validation, and life-
cycle cost analyses is recommended to further evaluate the
Mi3Mt7.5 blend’s long-term performance and economic
benefits. This study provides a practical framework for
designing durable SCC in severe conditions, emphasizing
the role of optimized pozzolanic blends in enhancing per-
formance and sustainability.
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