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This review article provides a comprehensive investigation into the effects of utilizing fly
ash (FA) along with other mineral additives such as metakaolin (MK), silica fume (SF),
hydrated lime (HL), and others on the properties of Self-Compacting Concrete (SCC). The
primary objective of this study is to analyze and synthesize existing research on the
simultaneous influence of various chemical additives and fly ash on the microstructure and
compressive strength of self-compacting concrete. Recognized for its ease of Keywords:

implementation and enhanced performance, self-compacting concrete is considered an Self-Compacting Concrete (SCC)
advanced technology in the concrete industry, and the use of mineral additives, particularly Fly Ash

fly ash, can contribute to the improvement of its mechanical properties and durability. The
methodology of these studies primarily involves examining the concrete microstructure Mineral addition

using Scanning Electron Microscopy (SEM) and evaluating the compressive strength of Scanning Electron Microscopy
concrete specimens at different ages. Results indicate that partial replacement of cement with (SEM)

activated fly ash (using sodium hydroxide) can reduce the hydration process while enhancing Interfacial Transition Zone (ITZ)
pozzolanic reactions, leading to improved strength properties. The optimal performance of

activated fly ash-based SCC, in terms of strength, was observed at 10% to 15% replacement.

SEM images revealed that fly ash particles are spherical, whereas activated fly ash particles

are angular and elongated, which contributes to improved concrete matrix density and

reduced porosity, thereby increasing compressive strength.Furthermore, studies on concrete

containing mineral additives demonstrated that MK provides higher initial strength

compared to other additives. This study concludes that the use of fly ash and other mineral

additives, particularly in combination with activators or hydrated lime, can effectively

enhance the mechanical and microstructural properties of self-compacting concrete, making

it a sustainable and efficient option for construction applications. This review also

underscores the importance of a profound understanding of the relationship between material

composition, microstructure, and mechanical properties for the optimal formulation of SCC.

This is an open access article under the CC BY licenses.
BY ©2026 Journal of Civil Engineering Researchers.

1. Introduction

Compressive Strength

DOI: 10.61186/JCER.8.1.16
DOR: 20.1001.1.22516530.1399.11.4.1.1

is considered the concrete of the future, as it will ultimately
replace traditional concrete due to its inherent advantages.

Self-Compacting Concrete (SCC) is recognized as a
milestone in concrete technology due to its improved
performance and more favorable working conditions. Over
the years, SCC has been introduced as the most advanced
and innovative development in concrete technology. SCC

Mineral admixtures are used in this concrete as fillers or
partial replacements for cement and aggregates to improve
concrete properties and produce environmentally friendly
SCC. Among these materials, Fly Ash (FA), as an artificial
pozzolan and a by-product of coal-fired industries, holds a
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special place. The use of fly ash in self-compacting
concrete, in addition to reducing cement consumption and
costs, leads to improved workability and flowability,
reduced heat of hydration, increased long-term stability,
and reduced permeability [1,2]. On the other hand, the use
of various admixtures is inevitable to achieve specific
properties and overcome certain challenges. When
replacing cement with any admixture, it must be noted that
microstructural ~ properties are  also  affected.
Simultaneously, these materials can have synergistic or
antagonistic effects on the fresh and hardened behavior of
concrete [3]. These interactions directly impact the
microstructure of concrete, including the distribution and
density of the cement paste matrix and the Interfacial
Transition Zone (ITZ) between the paste and aggregate.
The microstructure, in turn, is the main determining factor
for the compressive strength and other mechanical
properties of concrete. Therefore, a deep understanding of
the relationship between material composition (fly ash and
admixtures), microstructure, and mechanical properties is
crucial for the optimal formulation of self-compacting
concrete [4-6]. The microstructural characteristics of SCC
are investigated using advanced laboratory methods.
Among these methods, Scanning Electron Microscope
(SEM) analysis can be mentioned. The aim of this review
article is to summarize, analyze, and present an integrated
perspective of conducted research on the simultaneous
effect of using fly ash and various chemical admixtures on
the two key indicators of microstructure and compressive
strength of self-compacting concrete.

2 .Research Method

A growing number of researchers use advanced and precise
tools for research in the field of self-compacting concrete.
Figure 1 shows the results of VOSviewer software. This
software for scientometric analysis illustrates the extent of
publications and their connections in a specific field of
study [7]. As evident in the image generated by this
software, in the field of self-compacting concrete (SCC),
the most studies have been conducted in the areas of
microstructure study, compressive strength, investigation
of'the ITZ, and related topics. For this reason, in this article,
concrete has been studied and analyzed via Scanning
Electron Microscopy. Scanning Electron Microscopy
(SEM) is used to observe the surface of samples. In this
method, electrons are used instead of light to form an
image. When the sample surface is irradiated with a narrow
electron beam in the SEM, secondary electrons are emitted
from the sample surface. These secondary electrons form a
two-dimensional image of the sample surface, which is
detected by a detector. A comparison was made between
the compressive strengths of the mixtures, and its
relationship with the concrete microstructure was

investigated. The microstructure of the concrete mixtures
was analyzed using Scanning Electron Microscopy (SEM),
which helps in observing the microstructure of the cement
paste and the bond between the cement paste and
aggregate. The objective of this study is to analyze the
microstructural behavior of fly ash-based self-compacting
concretes using the SEM method and their compressive
strength through the replacement of concrete components
with  cost-effective and alternative  by-products.
Microstructural analysis does not only serve to prove the
theory but also aids in understanding the reasons behind the
results related to mechanical properties and durability.
Therefore, microstructural analysis provides a method for
studying the internal structure of concrete. In the following,
the studies conducted regarding each of the existing articles
in this field have been evaluated, and finally, these
materials are compared and analyzed.
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Figure 1. VOSviewer software results.

3.Related articles:

3.1.Fly Ash and Sodium Hydroxide

This study focuses on the structural and composite
behavior of self-compacting concrete (SCC) based on fly
ash activated with sodium hydroxide (NaOH). Fly ash was
partially replaced with ordinary Portland cement from 0 to
30 percent. The tests conducted on concrete samples
included workability, strength, microstructure, and impact
resistance. The results indicated that activated fly ash
reduces the heat of the hydration process in the concrete
mixture but enhances pozzolanic reactions, leading to
improved strength properties. The addition of activated fly
ash modifies the concrete's mineralogy, as evident in its
strength characteristics.
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The best performance of activated fly ash-based SCC, in
terms of strength, was observed at 10 to 15 percent
replacement, which can somewhat reduce the production
cost of SCC while providing the advantage of enhanced
strength. Table 1 shows the nomenclature and mix design
of each sample. [8]

Table 1.
Mix proportions
Mix Cement Fly ash Super plasticizeras
(kg/m’)  (kg/m’) (kg/m’)

SCCFO0 470 0 3.76
SCCF10 423 47 3.76
SCCF15 399.5 70.5 3.76
SCCF20 376 94 3.76
SCCF25 3525 117.5 3.76
SCCF30 329 141 3.76

Water (kg/m?)=183.3, M-sand (kg/m®)=962.8, Granite (kg/m*)=727.84
3.1.1.SEM Analysis

Figure 2 shows the scanning electron microscopy
(SEM) images of raw fly ash and activated fly ash. The
SEM images revealed that the raw fly ash particles have a
spherical shape (Figure 2a), whereas the activated fly ash
particles are elongated and angular (Figure 2b), which is a
result of continuous burning. SEM images of the concrete
are presented in Figure 3.

The structure and porosity of the concrete mixtures
differed, and it was found that the pore size of the
conventional concrete (Figure 3a) was larger than that of
the concrete made with the alkali-activated fly ash mixture
with 20% replacement (Figure 3b).

The roundness and smaller particle size were calculated as

2.047, indicating the angularity of the particles, as higher
roundness values mean a more angular material [9].
Consequently, better packing between particles was
achieved, and porosity in the matrix was reduced.
Therefore, the strength of the mixture increased. [8]

Figure 3. SEM morphology of concrete (a) control (b) 20% activated
fly ash concrete.

3.1.2.Compressive Strength

Testing of hardened concrete plays a very important
role in controlling and verifying the quality of cementitious
concrete operations. The compressive strength test is
essential in cases where tensile or shear strength is of
higher importance. Figure 4 shows the strength
characteristics of the concrete samples. The compressive
strength of the cubes (Figure 4) increased with the addition
of activated fly ash up to 15%; such that the resulting
strength at both 7-day and 28-day intervals was higher than
that of the conventional concrete mixture. However, a
further increase in the amount of activated fly ash led to a
gradual decrease in strength. A decrease in compressive
strength at replacements beyond 15% fly ash has also been
reported in another study [10]. This reduction might be due
to the increased siliceous minerals in the concrete matrix,
which reduced the hydration rate without providing a
sufficient curing period for the pozzolanic reactions to
complete fully. A longer curing process could improve the
strength performance of this type of concrete. [8]
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Figure 4. Strength properties of concrete
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3.2. Fly Ash, Silica Fume, and Metakaolin at High
Temperatures

In this study, SCC was developed using three different
admixtures—Fly Ash (FA), Silica Fume (SF), and
Metakaolin (MK)—as cementitious materials by replacing
cement. The mechanical properties of self-compacting
concrete mixed with FA and SF before heating showed
similar results, whereas the MK-based SCC exhibited
higher strength than the other mixtures. Regarding
specimens exposed to high temperatures up to 1000°C, the
SCC mixed with MK yielded the lowest residual strength
compared to the FA-based and SF-based mixtures. Further
microstructural investigations were conducted to examine
the internal structure of specimens subjected to different
heating temperatures.From the results,it is concluded that
the greater the strength gain due to aging (curing), the
greater the strength loss due to temperature increase. Table
2 shows the nomenclature and mixdesign of each sample.

[11]
Table 2.
Mix proprtions(kg/m®)
Mix Cement Sand CA SF/FA/IMK  W/C SP
NCC 360 607.00 1214.00 - 0.5 -
SCC-SF 324 961.17  932.14 36 049 4.6
SCC-FA 252 911.63  885.58 108 049 54
SCC-MK 306 94135  903.21 54 049 43

3.2.1.SEM Analysis

Analysis using Scanning Electron Microscopy (SEM)
was performed on samples of self-compacting concrete
(SCC) containing Fly Ash (FA), Silica Fume (SF), and
Metakaolin (MK) that were exposed to different
temperatures. Figure 5 shows SEM micrographs of the
SCC samples after exposure to temperatures of 500°C,
750°C, and 1000°C. Images 5a, 5b, and S5c show the
microstructure of the SCC-FA specimens at 500°C, 750°C,
and 1000°C, respectively. Images 5d, 5e, and 5f belong to
the SCC-SF specimens, and images S5g, Sh, and 5i are
related to the SCC-MK specimens. At higher temperatures,
damages such as porosity (voids) and microcracks were
observed in the specimens. Notably, all three compositions
(SCC containing FA, SF, and MK) developed significant
cracking at 500°C. At 750°C, the SEM images indicated
changes in the concrete's microstructure, such as increased
voids and widening of microcracks in the SCC matrix.
These changes were more severe in the SCC-SF and SCC-
MK compositions compared to SCC-FA. Furthermore, at
this temperature, the amorphous C-S-H gel underwent a
phase transformation, chemically bound water was
released from the C-S-H gel, and the long chains of the C-
S-H gel were broken. At 1000°C, the formation of

microcracks, voids, and new phases due to the degradation
of the C-S-H gel, along with the release of chemically
bound water, were the main reasons for the compressive
strength reduction compared to the unheated specimens.
[11-14]

3.2.2.Compressive Strength

The specimens were heated and tested at three different
curing periods—7, 14, and 28 days—to determine the
mechanical properties of the concrete. The compressive
strength results are reported as the average of three
concrete specimens tested at a specific temperature.
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Figure 5. SEM analysis of (a-c) SCC-FA;
(d-f) SCC-SF and (g-1) SCC-MK

The initial and residual compressive strength of self-
compacting concrete containing Fly Ash (FA) is shown in
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Figure 6. The figure indicates that increasing the curing
period (from 7 to 28 days) increases the strength, while
increasing the temperature reduces the compressive
strength of the mixture. In specimens that were water-cured
and then exposed to high temperature, a 70% to 80%
reduction in strength was observed (Figure 6a). Air-cooled
mixtures experienced a 55% to 75% strength reduction,
while some air-cooled specimens retained relatively better
strength (Figure 6b). The initial compressive strength and
strength reduction in self-compacting concrete containing
Silica Fume (SF) and Metakaolin (MK) exposed to high
temperature are shown in Figures 7 and 8, respectively.
Similar to the concrete containing FA, specimens with SF
and MK also gained strength with increased curing age and
experienced strength loss with increased temperature. The
mixture containing SF under AC conditions had a strength
reduction of 55% to 75% (Figure 7a), and under WC
conditions, it was between 60% and 80% (Figure 7b). The
mixture containing MK under AC conditions showed a
strength reduction of 65% to 80% (Figure 8a), and under
WC conditions, it was between 80% and 85% (Figure 8b).
The mixture containing MK achieved the highest initial
compressive strength compared to the other mixtures but,
in return, suffered the greatest strength loss upon exposure
to heat. [11,15]
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Figure 6. Strength loss of SCC-FA- a) Air-cooled specimens and b)
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3.3. Fly Ash, Metakaolin, and Hydrated Lime

21

This study evaluated the compressive strength and hydration development of self-compacting concrete with reduced cement
content (SCC-LC). To achieve this, Portland Cement (PC), Metakaolin (MK), Fly Ash (FA), and Hydrated Lime (HL) were
used in binary, ternary, and quaternary cementitious mixtures. Nine SCC mixes were produced according to Table 3: [16]

Table 3.
Concrete compositions (kg/m3).
Mix PC FA MK HL SAND GRAVEL WATER SP FINES PASTE W/B %SAND
(L/M?) (L/M?)
C500 500 - - 870 880 200 13.0 500 360.3 1.3 49.7
NBC 300 - - 1053 867 180 7.8 * 266.2 1.8 54.8
B500.FA 200 300 - - 870 880 170 9.0 500 358.1 0.9 49.7
B500.FAHL 200 300 - 25 870 880 170 9.6 525 369.2 0.9 49.7
B500.FAM 150 250 100 - 870 880 170 9.6 500 359.8 0.9 49.7
B500.FAMHL 150 250 100 25 870 880 170 12.3 525 371.0 0.9 49.7
B400.FA 160 240 - - 1034 916 140 12.4 400 290.5 0.9 53
B400.FAHL 160 240 - 20 1034 916 140 12.4 420 299.4 0.9 53
B400.FAM 120 200 80 - 1034 916 140 13.5 400 291.9 0.9 53
B400.FAMHL 120 200 80 20 1034 916 140 13.5 420 300.8 0.9 53
EFNARC rules - - - 750-1000 150-210 380-600 300-380 0.85-1.1 48-55

The assessment of compressive strength gain was
conducted at 3, 7, 14, 21, 28, and 90 days. Hydration
assessment was performed using X-ray Diffraction at 28
days. The obtained results proved the feasibility of
producing self-compacting concrete (SCC-LC) with a
cement content between 120 and 200 kg/m® due to the
excellent ability of FA and MK to maintain cohesiveness.
The compressive strength measured at 28 days for SCC-
LC ranged between 25 and 40 MPa, with a cement
efficiency of 3.2 to 5.0 kg/m* per MPa. SEM and X-ray
diffraction showed that the main hydrated products formed
were Gismondine and C-S-H, and Portlandite was fully
consumed in the hydration by 28 days, except in the SCC
mixture with FA and HL. [16]

3.3.1.SEM Analysis

The hydration process was evaluated using Scanning
Electron Microscopy (SEM). These tests were performed
only on the B500 — Low-Cement Self-Compacting
Concrete (SCC-LC) specimens. The SEM testing was also
conducted using a Nova Nano SEM 200 device. The
samples used in this test were also taken from the crushed
concrete after the compression test on day 28. In SCC
concretes containing HL, it is observed that hydrates such
as C-S-H have formed, and calcium sulfoaluminates (Y)
and calcium aluminosilicate hydrate (known as
Gismondine) (G) are also present. The formation of
crystalline calcium aluminosilicate hydrates is due to the
extra alumina and silica available from the FA and MK.
This phenomenon has been confirmed by other research as

well [17]. Figure 9 shows the presence of the Gismondine
phase. This phase can form in cementitious systems with
high FA and MK content, especially when the Aluminum
to Calcium ratio (Al/Ca) in the mix is high. The formation
of calcium aluminosilicate at room temperature is
facilitated by the high initial pH and the rapid dissolution
of amorphous silica and alumina phases [18]. In Figure 9,
the SEM micrograph of sample B500.FAM shows the
presence of FA, the C-S-H phase, hydrated calcium
sulfoaluminates (Y), and Gismondine (G). The
morphology of Gismondine in some areas appears as a
ball-of-wool-like structure (G), which has been previously
reported by Hug et al. [16, 19].

Figure 9. SEM images of B500.FAM after curing at 28 days
3.3.2.Compressive Strength
The compressive strength of the Low-Cement Self-

Compacting Concrete (SCC-LC) specimens tested at ages
of 3,7, 14, 21, 28, and 90 days, after curing at 20+£2°C, is
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shown in Figure 10. As expected, the compressive strength
increases over time. The SCC-LC compositions with B5S00
and B400 ratios at 28 and 90 days exhibited compressive
strengths in the ranges of 20-40 MPa and 28-58 MPa,
respectively. Even with a very low cement content
(between 120 and 200 kg/m?), the obtained compressive
strength values confirm the usability of this type of
concrete in constructions where the required compressive
strength is typically between C20/25 and C30/40.Figure 10
shows that hydrated lime improved the compressive
strength of the SCC. The percentage increase in strength
for each mix is indicated. The 55.5% increase in
compressive strength of the BSOOFAHLmix is notable,
reaching a compressive strength of 58.3 MPa at 90 days,
whereas the BSOOFA mix only achieved 37.5
MPa.Hydrated Lime (HL) had the most significant effect
on increasing both early-age and ultimate strength, as the
B500 and B400 compositions generally produce low
amounts of Portlandite.

According to Figure 10, the strength increase with HL
addition is more pronounced when the binder composition
consists only of cement and fly ash (FA). Ternary
compositions including cement, metakaolin (MK), and FA
showed a lower percentage increase in strength, as evident
in the BSOOFAM and B400FAM mixes.

Previous investigations also showed that adding 5%
hydraulic lime had a better effect than 3%. Furthermore,
MK was found to play a vital role in increasing the early-
age strength up to 28 days. SCCs containing only FA (such
as B500FA and B400FA), even with higher cement
content, had less early-age strength gain compared to
mixes containing MK. This indicates the higher reactivity
of metakaolin compared to fly ash, which improves the
hydration process and fills the microscopic voids in the
concrete, consequently increasing the compressive
strength.

A comparison between Figures 10(a) and 10(b) shows
the positive effect of using MK as a replacement for cement
and FA on the 28-day strength. Notably, the BSOOFAMHL
mix contains only 150 kg/m* of cement, while BSOOFA
contains 200 kg/m? of cement, yet both achieved a similar
compressive strength (~40 MPa). A similar case is
observed in Figures 10(c) and 10(d), where the
B400FAMHL mix with only 120 kg/m? of cement reached
27.5 MPa at 28 days, similar to B400FAHL with 160
kg/m?3.Considering the cement content, the SCC-LC mixes
also demonstrated consistent and environmentally friendly
performance in concrete strength development at 28 days.
At 90 days, this sustainability characteristic became even
more pronounced. [16]
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3.4. Fly Ash and Palm Oil Fuel Ash

This article evaluates the feasibility of using Palm Oil
Fuel Ash (POFA) and Fly Ash (FA) as replacements for
Ordinary Portland Cement (OPC) in Self-Compacting
Concretes (SCC). The compressive strength of the

self-compacting concrete was determined at 7, 28, and
90 days using cubes and cylinders, and its microstructural
properties were identified using Scanning Electron
Microscopy (SEM). When comparing POFA and FA, it
was found that FA performed better than POFA for equal
OPC replacements. Furthermore, the TNY combination
showed significant improvement in its microstructural
characteristics compared to POFA and FA. The results also
indicate that incorporating POFA and FA at higher
replacement levels has significant potential for use as
medium-strength concrete. Subsequently, DTA shows that
the Ca(OH). content for all samples with higher
replacements at later ages was lower than that of the control
sample. It also showed a relationship between Ca(OH). and
the compressive strength of SCC, which should be useful
for forensic investigations indicating the amount of
hydrated products in concrete.

The use of the two by-products, palm oil waste ash and
coal ash, will lead to a cleaner and more cost-effective
waste disposal solution for these industries, as well as
benefits for the construction sector. Table 4 shows the
nomenclature of each sample. [20]

potential for use as medium-strength concrete.
Subsequently, DTA shows that the Ca(OH)- content for all
samples with higher replacements at later ages was lower
than that of the control sample. It also showed a
relationship between Ca(OH). and the compressive
strength of SCC, which should be useful for forensic
investigations indicating the amount of hydrated products
in concrete.

The use of the two by-products, palm oil waste ash and
coal ash, will lead to a cleaner and more cost-effective
waste disposal solution for these industries, as well as
benefits for the construction sector. Table 4 shows the
nomenclature of each sample. [20]

3.4.1.SEM Analysis

Figure 11 shows that the control sample at 90 days has
a denser structure with a significant amount of C-S-H gel
observed, but only a negligible amount of Calcium
Hydroxide (CH) and Ettringite. The C-S-H gel, which has
a fibrous appearance, is clearly adhered to the surface of
the plate-like CH crystals or to the aggregates, eventually
forming larger crystals.

Table 4.
SP Content for all SCC mixes..
Mix SP (kg/m®)
C 1.10
FA10 0.80
FA20 0.75
FA30 0.66
FA40 0.66
POFA10 1.10
POFA20 1.10
POFA30 1.20
POFA40 1.40
TNY10 1.10
TNY20 1.10
TNY30 1.10
TNY40 1.10

Furthermore, Figure 12 shows that the SCC containing
Palm Oil Fuel Ash (POFA) has a network-like structure,
likely indicating the presence of secondary C-S-H gel. A
very small amount of CH (crystals with higher brightness)
is also visible, which is confirmed by the TGA curve (small
endothermic peak and mass loss).

The micrograph of SCC containing Fly Ash (FA) in
Figure 13 shows a substantial amount of Ettringite, which
could be due to the higher amount of Aluminum Oxide
(ALz0s) in FA (about 20%) compared to POFA (8.9%) or
OPC (5.2%).

In Figure 14, it can be observed that the TNY40 sample
has formed larger clusters of C-S-H and Ettringite. It can
also be seen that these samples are denser than the POFA
and FA concretes. Moreover, the lower aluminum oxide
content in POFA reduced the Ettringite formation in the
TNY concrete. [20]

g

Figure 11. SEM Image for Control SCC at 90 days.
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Figure 14. SEM Image for TNY40 at 90 days.

3.4.2.Compressive Strength

As the percentage replacement of Palm Oil Fuel Ash
(POFA) and Fly Ash (FA) increases, the compressive
strength of binary and ternary self-compacting concretes
decreases compared to the control sample. Compared to
other materials, the highest recorded compressive strength
at similar replacement percentages belonged to concretes
containing FA. As observed in Figures 15 to 17, samples
with lower replacement percentages (e.g., 10% at 28 days)

had strength similar or equal to the control sample, but
at higher replacement percentages, FA had about 1.4 times
higher strength than POFA. This indicates that mixes
containing POFA weaken the strength gain process in
hardened concrete.
In all samples containing SCMs, strength improvement
was observed at later ages. This is attributed to the

pozzolanic properties and the micro-filling effect of the
waste particles. The cube and cylinder compressive
strengths of the SCC samples are shown in Figures 15 and
16. Additionally, Figure 17 shows the cylinder-to-cube
strength ratio, which falls below the line provided by
Domone [21]. The compressive strength systematically
improves with age. [20]
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Figure 15. Cylinder compressive strength of SCC incorporating
blended POFA and FA.

S0

0 ||“““||“| ||||‘||“||“ “|||||“||“
7 28 %0

Age(day)
u Control HFA10 WFA20 EFA30 EFA40
EPOFAI0 NPOFA20 WPOFA30  EPOFA40  ETNY10

=1
(=]

Compressive srirength(MPa)
— (=] ["%) oy " [=,)
o o o o o o

Figure 16. Cube compressive strength of SCC incorporating blended
POFA and FA.
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3.5.Fly Ash and Blast Furnace Slag (Alkali-Activated)

Improving the rheology, morphology, and strength
performance of Alkali-Activated  Self-Compacting
Concretes (SCAAC) incorporating Fly Ash (FA) as a
replacement for Ground Granulated Blast Furnace Slag
(GBFS) remains challenging. To address this need, five
mixes with different amounts of FA (30, 40, 50, 60, and
70% by weight) as a replacement for GBFS were prepared.
The produced specimens were thoroughly investigated to
examine their textures, microstructures, and strength
properties. The various characteristics of the obtained
SCAACs were compared with the control mix containing
100% GBFS. The SCAACs prepared with 40, 50, and 60%
FA showed improved workability performance (plastic
viscosity, passing and filling ability, segregation
resistance). Furthermore, the compressive, tensile, and
flexural strengths of the SCAACs decreased with
increasing FA content. Concrete prepared with 70% FA
content showed a weak structure due to the formation of
fewer hydration products. The observed reduction in the
drying shrinkage of the proposed SCAACs was mainly
attributed to the addition of a higher amount of FA in the
mix. It has been established that replacing GBFS with FA
could be prospective for producing sustainable cement-free
self-compacting concretes useful for future-building
sectors. Table 5 shows the nomenclature and mix design of
each sample. [22]

Table 5.

Mix proprtions(kg/m3)
Mix code Cement FA GBFS Super

plasticizer
OPC 484 - - 7.26

SCAACI1 - - 484 0
SCAAC2 - 145.2 338.8 0
SCAAC3 - 193.6 290.4 0
SCAAC4 - 242 242 0
SCAACS - 290.4 193.6 0
SCAAC6 - 338.8 145.2 0

Gravel(kg/m®)=756, Sand(kg/m*)=844, Water(kg/m*)=252
3.5.1.SEM Analysis

Figure 18 displays the Scanning Electron Microscopy
(SEM) images of four selected Alkali-Activated Fly Ash
Concrete (SCAAC) specimens prepared with 0, 30, 50, and
70 percent Fly Ash (FA) as a replacement for Blast Furnace
Slag (GBFS). The images clearly show the effect of
changing the FA level on the surface texture of the samples.

Figure 18a shows the morphology of the control sample
(0% FA). This sample has a denser structure compared to
other samples prepared with different FA amounts.

The morphology of the concrete prepared with 30% FA
(Figure 18b) indicated the presence of fewer microcracks,

micro-pores, and unreacted particles compared to samples
prepared with 50 and 70% FA. This led to a reduction in
Compressive Strength (CS) in concretes containing more
than 30% FA. In Figure 18c, the concrete specimens
prepared with 50% FA as a GBFS replacement showed
more cracks and pores than the 30% and control samples,
which occurred due to the influence of CaO, Al.Os, and
SiO2 compounds on the hydration process. The
propagation of C-S-H and C-A-S-H gels in the concrete
matrix was less extensive with higher FA contents,
resulting in structures with weaker bonds compared to
samples with lower FA content (30%), which was the
reason for the poorer compressive strength performance of
these concretes compared to the control sample (0% FA).

The results in Figure 18d show an increase in cracks,
roughness, and pores on the sample surfaces when FA was
increased to 70%. Indeed, the C-(A)-S-H gels at low FA
levels had fully propagated over the sample surfaces,
creating a relatively smooth and solid texture.

According to reports [23-25], increasing the FA amount
can lead to an increase in the amount of unreacted quartz
(Si02) in the alkali-activated matrix, resulting in increased
porosity and poor morphology. In fact, the strength
performance of the proposed concretes was negatively
affected by high FA contents. It has been confirmed that
increasing the FA content (and simultaneously decreasing
the GBFS content) can negatively affect the formulation of
C-(A)-S-H gels, leading to the production of semi-reacted
gels (such as Mullite) and unreacted particles like quartz.
[22,26]

By 30% ¥ A

Figure 18. SEM micrographs of the concrete specimens containing
FA of (a) 0% (b) 30% (c) 50% and (d) 70%.

3.5.2.Compressive Strength

Figure 19 shows the compressive strength (CS)
performance of Alkali-Activated Fly Ash Concretes
(SCAACs) prepared with different amounts of Fly Ash
(FA) as a replacement for Blast Furnace Slag (GBFS). The
concrete specimens were tested at curing ages of 1, 3, 7,
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28, 56, and 90 days.Depending on the specimen age, the
compressive strength of the control specimens (containing
only GBFS) measured between 30 and 70 MPa, whereas
this range decreased to 20-55 MPa with an increase in the
FA amount (as a GBFS replacement). However, the
compressive strength of the SCAAC specimens at both
early and later ages was higher than that of ordinary
Portland cement (OPC)-based specimens. [22]
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Figure 19. FA contents dependent variation in the CS of the SCAACs
cured at different ages.

3.6. Fly Ash, Silica Fume, and Marble Cutting Slurry
Waste

The objective of this study is to produce economical and
high-efficiency HSSCC using MCSW, Fly Ash (FA), and
Silica Fume (SF). This contributes to the beneficial use of
MCSW and minimizes the need for using large amounts of
cement in HSSCC production, thereby significantly
reducing CO2 emissions. A total of sixteen HSSCC mixes,

in binary, ternary, and quaternary forms, were prepared by
combining MCSW, FA, and SF as cement replacements.
Among all HSSCC mixes, one mix with 100% cement
binder was prepared and designated as the control mix.
Mechanical performance was assessed in terms of
compressive strength, and microstructural investigation
was conducted using Scanning Electron Microscopy
(SEM) and Fourier Transform Infrared (FTIR) techniques.
It was observed that the addition of MCSW and FA
improved the fresh properties of HSSCC. The combined
use of 10% MCSW and 15% FA with 5% SF as cement
replacement led to enhanced mechanical performance and
improved microstructure. Table 5 shows the nomenclature
and mix design of each sample. [27].

3.6.1.SEM Analysis

Scanning Electron Microscopy (SEM) analysis was
performed to investigate the changes induced in the
microstructure of the concrete mixtures.The SEM image
related to the control mix is shown in Figure 20(a). This
image shows weak formation of the Interfacial Transition
Zone (ITZ) between the paste and aggregates. Also, the
presence of voids and cracks leads to its inferior
mechanical performance compared to the binary SSF mix.

In the 5SF mix, a well-formed Interfacial Transition
Zone (ITZ) is observed, as visible in Figure 20(b). This
image shows a dense paste and fewer voids.The quaternary
mix 15FA10M exhibited a very dense paste matrix and the
least number of voids, as displayed in Figure 20(c). The
appropriate proportioning and uniform distribution of
MCSW, FA, SF, and cement resulted in the improved
mechanical performance of the concrete. [27]

Table 6.
Quantities of materials in kg to produce one cubic meter HSSCC
Mix W/P* WATER Powder Content(kg/m®) Aggregate(kg/m®) SP(kg/m?)
Cement Marble Silica Fly Ash Fine Coarse
powder fume
C-1 0.33 181.5 550 0 0 0 970 722 7.7
5SF 0.33 181.5 522.5 0 27.5 0 970 722 8.25
10M 0.33 181.5 467.5 55 27.5 0 970 722 6.05
20M 0.33 181.5 412.5 110 27.5 0 970 722 4.95
30M 0.33 181.5 357.5 165 27.5 0 970 722 3.575
15FA 0.33 181.5 440 0 27.5 82.5 970 722 33
15SFA10M 0.33 181.5 385 55 27.5 82.5 970 722 1.925
15FA20M 0.33 181.5 330 110 27.5 82.5 970 722 1.65
15FA30M 0.33 181.5 275 165 27.5 82.5 970 722 1.815
25FA 0.33 181.5 385 0 27.5 137.5 970 722 1.65
25FA10M 0.33 181.5 330 55 27.5 137.5 970 722 1.375
25FA20M 0.33 181.5 275 110 27.5 137.5 970 722 1.1
25FA30M 0.33 181.5 220 165 27.5 137.5 970 722 1.375
35FA 0.33 181.5 330 0 27.5 192.5 970 722 1.21
35FA1OM 0.33 181.5 275 55 27.5 192.5 970 722 1.1
35FA20M  0.33 181.5 220 110 27.5 192.5 970 722 1.045

*water to powder ratio(total quantity of cement, MCSW, FA, and SF termed as powder)
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Figure 21. Variation in Compressive strength of HSSCC mixes

3.6.2.Compressive Strength

The results of the compressive strength test are

presented graphically in Figure 21. The strength increase
in the 5SF mix is due to the micro-filling and pozzolanic
effect of Silica Fume (SF).
The results indicate that replacing cement with MCSW
(Marble Cutting Slurry Waste) up to 10% in HSSCC yields
higher compressive strength than both the control mix and
the 5SF mix. The quaternary mix 15FA10M achieved the
highest compressive strength compared to all other mixes
at 7, 28, and 90 days. [27]

3.7.Fly Ash, Metakaolin, and Blast Furnace Slag

The objective of this study is to investigate the
mechanical and microstructural properties of Self-
Compacting Concrete (SCC) mixtures containing three
Supplementary ~ Cementitious  Materials  (SCMs):
Metakaolin (MK), Ground Granulated Blast Furnace Slag
(GGBS), and Fly Ash (FA). For the mixtures, cement was
replaced with SCMs at different levels. The mechanical
properties were evaluated in comparison to a control mix
(without SCMs). The microstructural properties were
investigated using SEM and EDS on mixtures with high
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Figure 20. (a). SEM micrograph of control mix, (b). SEM micrograph of SSF mix, (¢). SEM micrograph of 15FA10M mix.
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SCM content. The use of SCMs led to an increase in
compressive  strength. Metakaolin, as a cement
replacement material, had the most significant impact on
the mechanical and microstructural properties of SCC at all
ages. Table 6 shows the nomenclature and mix design of
each sample. [28]

3.7.1.SEM Analysis

Scanning Electron Microscopy (SEM) images were taken
of the SCC mixtures with the highest content of
Supplementary Cementitious Materials (SCMs) to
examine the microstructural characteristics of the
Interfacial Transition Zone (ITZ) and the paste surrounding
the aggregates. The SEM images for mixtures containing
20% Metakaolin (MK) and 30% GGBS with two different
water-to-binder ratios (w/b) are shown in Figures 22 and
23. Figure 22 shows SEM images of SCC mixtures
containing 20% by weight of MK with two w/b ratios.
Figure 22-a displays a drier structure compared to the same
mix with a w/b ratio of 0.45 (Figure 22-b). This indicates
that MK, in the presence of more water, is capable of
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producing a higher volume of C-S-H gel; meaning MK acts
more actively in the presence of excess water.

Table 7.
Mix proprtions(kg/m3)
Mix COD PC MK GGBS FA SP
Group 1, w/b=0.4,sand=802.9,gravel=877.2,lime=89.4,water1 60
40C 400 - - - 45
40M10 360 40 - - 8.6
40M20 320 80 - - 10.4
40G10 360 - 40 - 5.3
40G20 320 - 80 - 6.1
40G30 280 - 120 - 6.5
40F10 360 - - 40 3.9
40F20 320 - - 80 33
40F30 280 - - 120 3.6
Group 2, w/b=0.45,sand=732.5,gravel=851.7,lime=121.6,water=180
45C 400 - - - 43
45M10 360 40 - - 7.9
45M20 320 80 - - 9.6
45G10 360 - 40 - 49
45G20 320 - 80 - 53
45G30 280 - 120 - 5.8
45F10 360 - - 40 3.6
45F20 320 - - 80 3.1
45F30 280 - - 120 2.3

However, according to the compressive strength results
in Figures 2 to 4, these two mixes have nearly the same
compressive strength. This suggests that for high MK
contents, the concrete's flowability can be improved by
increasing the water content without having a negative
impact on compressive strength.

Figure 23 shows SEM images of SCC mixtures
containing 30% by weight of GGBS with two w/b ratios. It
is observed that there is a significant difference between
the paste of these two mixtures. The SCC mix with 30%
GGBS and a w/b ratio of 0.45 (Figure 23-b) has a more
uniform paste compared to the same mix with a w/b ratio
of 0.40 (Figure 23-a). The greater paste uniformity is
related to the higher water volume, but no difference in the
amount of C-S-H gel is observed between the two mixes.
This confirms that more water does not affect the increased
production of C-S-H gel in GGBS. Furthermore, the type
of cracking present in the 40G30 mix (Figure 23-a) is more
critical than the cracking in the 45G30 mix (Figure 23-b),
which is another reason for the importance of paste
uniformity, as it directly affects the quality of the transition
zone.In general, based on the SEM images presented in
Figures 22 and 23, it can be confirmed that MK has a
greater effect on strengthening the microstructure of the

transition zone compared to GGBS. This finding is
consistent with previous studies conducted by Asbridge
and Page .[29] [28]
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Figure 23. SEM pictures of 40G30 (a) and 45G30 (b).
3.7.2.Compressive Strength

The compressive strength of all Self-Compacting
Concrete (SCC) mixtures at 7, 28, and 56 days for two
water-to-binder ratios (w/b) is displayed in Figures 24, 25,
and 26. It is observed that mixes with a higher percentage
replacement of Metakaolin (MK) achieved higher
compressive strength for both w/b ratios. The SCC
concrete with 20% Metakaolin showed exceptionally high
compressive strength at all ages, particularly 77.7 MPa at
7 days with a w/b ratio of 0.4.The increase in early-age
strength of mixes containing MK is primarily due to the
rapid pozzolanic reaction of metakaolin. This pozzolanic
activity is related to the high silica content (about 25%) in
metakaolin, which improves the formation of C-S-H gel in
fresh concrete and enhances the properties of hardened
concrete at both early and later ages.

Also, the high specific surface area of MK particles
increases their reactivity.The SCC mixtures containing
Ground Granulated Blast Furnace Slag (GGBS) with a w/b
ratio of 0.4 also showed a significant increase in
compressive strength at all ages as the GGBS replacement
percentage increased. Compared to the control mix, all
GGBS mixes had lower strength at 7 days; however, the
30% GGBS replacement performed better after 28 days.
Moreover, all GGBS mixes with a w/b ratio of 0.45
achieved higher compressive strength than the control mix
at all ages. The SCC mixtures containing Fly Ash (FA)
showed lower strength than the control mix at all ages;
although, the compressive strength of these mixes
increased with a higher FA replacement level. [28§]
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Figure 26.Compressive strength of SCC for both w/b ratios at56 days

3.8. Fly Ash Microspheres and Phosphorous Slag
Powder

Self-compacting concrete with two types of pozzolanic
admixtures, namely Fly Ash Microspheres (FB) and
Phosphorous Slag Powder (PS), was studied in this
research. The mechanical properties and durability of self-
compacting concrete with different admixtures were
investigated. The results showed that the workability of the
concrete was optimal when FB and PS were added at 15%
each. While the early-age mechanical properties were not
as good as the control specimens, their long-term strength

exceeded that of the control with increased curing time.
Meanwhile, XRD, TGA-DTG, and SEM tests were
conducted on specimens cured for 7 and 28 days. SEM
testing confirmed that the excellent filling property and
pozzolanic effect of FB alter the interfacial bonding
between cement particles. Mercury intrusion porosimetry
tests indicated that the volume of internal pores decreases
with the addition of FB and PS. Table 7 shows the
nomenclature and mix design of each sample. [30]

Table 8.
Mix proportion of the specimens.

Weight of constituents kg/m?

of concrete
Mix design code System C FB PS
Control OPC 346 - -
CFB-5% OPC+20FB 326 17 -
CFB-10% OPC+40FB 306 34 -
CFB-15% OPC+60FB 276 51 -
CPS-5% OPC+20PS 326 - 17
CPS-10% OPC+40PS 306 - 34
CPS-15% OPC+60PS 276 - 51

C:Cement; FB:Fly ash micro-beadsl; PS:phosphorus slag powder; fine
aggragate=909; coarse aggregate=900; water=165; High performance water-

reducing agent=5.88
3.8.1.SEM Analysis

Scanning Electron Microscopy (SEM) images of the
different concrete samples are displayed in Figure
27 Figure 27(a) relates to the control sample cured for 7
days. It is observed that Calcium Hydroxide (CH) crystals
are uniformly dispersed within the concrete matrix, and
there are numerous micro-pores on the surface.Figure
27(b) shows the microstructure of the control sample after
28 days of curing. A significant amount of hydration
products is visible in the sample, but some microscopic
porosity still remains within the matrix.Figure 27(c) shows
the microstructure of the sample containing 15% Fly Ash
Microspheres (CFB-15%) after 7 days of curing. This
image shows that the surface of the FB particles is covered
with a layer of C-S-H gel, and CH is uniformly dispersed
over the concrete substrate. The amount of hexagonal CH
in this sample is significantly higher than in the control
sample in Figure 27(a). At the same time, only a few micro-
pores are observed on the surface of CFB-15%. The
number of these pores is dramatically reduced compared to
the control group, which is attributed to the significant
filling effect of the fly ash microspheres and the slight
reaction of FB with CH during the early stages of cement
hydration.Figure 27(e) shows the SEM image of the
sample containing 15% Phosphorous Slag (CPS-15%) after
7 days of curing. Due to the irregular surface shape of PS,
proper granular distribution with cement particles is not
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achieved, which increases micro-porosity in the
cementitious matrix. The reaction between PS and CH is
low in the early stages, as the amount of CH formed in the
matrix is small.Figure 27(f) shows the SEM image of CPS-
15% after 28 days of curing.

This image shows that PS has an irregular and solid
shape. The adhesive bond between cement and PS particles
is weaker than with FB. Even after 28 days of curing, some
detrimental porosity remains in the structure because the
filling effect of PS is not as effective as FB's. However, the
amount of calcium silicate hydrate gel has increased
significantly compared to day 7, leading to the increase in
mechanical
strength at 28 days. [30]
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Figure 27. (a) SEM of the control specimen (7 days, 5000 ). (b)
SEM of the control specimen(28 days, 5000 ). (c) SEM of the CFB-
15% (7 days, 5000_). (d) SEM of the CFB-15% (28 days,5000_). (e)
SEM of the CPS-15% (7 Days, 5000 ). (f) SEM of the CPS-15% (28
Days, 5000 ).

3.8.2.Compressive Strength

According to Figure 28, the compressive strength value
was significantly higher compared to the reference sample.
Therefore, adding Phosphorous Slag (PS) can severely
reduce the early-age strength of self-compacting concrete
compared to plain cement concrete, but it has little effect
on long-term strength. The 7-day compressive strength of
self-compacting concrete using Fly Ash Microspheres (FB)
shows no significant change compared to plain cement

concrete, indicating the higher early reactivity of FB
compared to PS.

FB possesses high fineness, high purity, and an excellent
filling effect as a micro-fine particle, even compared to PS.
This characteristic allows FB to uniformly fill the spaces
between cement particles, improving the pore structure of
the concrete and resulting in a denser concrete.

As the cement hydration reaction progresses, the
concentration of Ca(OH): produced in the matrix gradually
increases until it reaches saturation and Ca(OH): crystals
precipitate. [30]
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Figure 28. Compressive strength of specimens
3.9. High-Volume Fly Ash and Calcium Carbonate

This research investigates the properties of SCC mixed
with different levels of Fly Ash (FA) and Calcium
Carbonate powder (CC). Ordinary Portland Cement was
replaced with FA at 20%, 30%, and 50% by weight, and
with Calcium Carbonate at 5%, 10%, and 20% by weight.
The total powder content was 550 kg/m?, and the water-to-
binder ratio remained constant at 0.28 for all mixes. The
SCC properties, including workability and the properties of
various fresh and hardened concrete mixtures, were
studied.

The results indicate that self-compacting concrete
containing high volumes of ternary mixes with FA and CC
meets the EFNARC standard requirements for filling
ability, passing ability, and segregation resistance.
Increasing FA and CC led to a decrease in unit weight,
strength, and shrinkage, but increased the air content and
water absorption. The highest compressive strength at 120
days exceeded 70 MPa. Furthermore, SCC mixes
containing 70% [binder replacement?] had compressive
strengths over 50 MPa. Microstructural analysis revealed
that the calcium-silica ratio (CaO/SiO2) played a role in
increasing compressive strength, and the cost of SCC was
reduced by 8 to 21 percent. Table 8 shows the
nomenclature and mix design of each sample. [31]
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Table 9.
Mixture proportions of materials used.
Mix Cementitious materials(kg/m?)
%replacement Cement Fly Calcium
ash  carbonate
Control 0 550 - -
20FA5CC 25 412.5 110 27.5
20FA10CC 30 385 110 55
20FA20CC 40 330 110 110
30FA5CC 35 357.5 165 27.5
30FA10CC 40 330 165 55
30FA20CC 50 275 165 110
S0FASCC 55 247.5 275 27.5
S0FA10CC 60 220 275 55
S0FA20CC 70 165 275 110

Water(kg/m3)=154, Fine aggregate (kg/m3)=815, Coarse aggregate (kg/m3)=720,
HRWR(%)=2.2

3.9.1.SEM Analysis

SEM images of selected SCC mixes with different
amounts of Fly Ash (FA) and Calcium Carbonate (CC) are
shown in Figures 29a to 29d. The morphology of the
control sample is seen in Figure 29(a), showing a
significant amount of Calcium Hydroxide (Ca(OH).) and a
moderate amount of Ettringite crystals within the hydrates,
along with smaller pores. The SEM micrograph of the
20FASCC sample is shown in Figure 29(b), which
primarily consists of a relatively dense layer of hydrates
and shows no significant difference from other mixes
containing FA and CC. No large air-induced cracks or
voids are visible.The 30FA10CC sample in Figure 29(c)
has a weak Interfacial Transition Zone (ITZ) between the
paste and aggregate, along with visible surface cracks. In
contrast, the SOFA20CC sample (Figure 29(d)) shows a
substantial amount of unreacted fly ash on the surface. The
larger voids in the SCC mixes due to the addition of FA
and CC indicate loose granular compounds and increased
porosity near the interfacial zone; a small amount of
Ettringite crystals is also observed within the hydrates. [31]

3.9.2.Compressive Strength

The results of the compressive strength test for Self-
Compacting Concrete (SCC) at 7, 28, 60, and 120 days are
shown in Figure 30. The control concrete has compressive
strengths of 54, 56, 61, and 69 MPa at the respective ages.
The trend of increasing compressive strength of SCC
during the curing period shows that strength increases
significantly with longer curing duration. However, a
reduction in compressive strength occurs when cement is
replaced with higher amounts of Fly Ash (FA) and Calcium
Carbonate (CC). The development of compressive strength

in concrete has an inverse relationship with the amount of
FA and CC, as reducing the cement content and replacing
it with powder materials affects the concrete's hydration
reaction. Furthermore, CC and FA are very fine materials
that increase water demand.
b A By

1y

Mortar matrix

Figure 29. SEM micrographs of (a) Control (b) 20FA5CC (c)
30FA10CC and

When the water-to-binder ratio remains constant, the
high water absorption by the cementitious materials
reduces the chemical reaction between water and cement,
consequently leaving voids in the hardened concrete which
lower the compressive strength. There are three SCC mixes
that exhibited higher compressive strength than the control
concrete: 20FA5CC, 20FA10CC, and 30FA5CC, where
the total cement replacement is equal to or less than 35%.
However, when the cement replacement exceeds 40%, all
mixes have lower compressive strength than the control
sample because the mass of cement is replaced with FA and
CC, which have lower density than cement.

This changes the paste volume relative to the aggregate
grading and reduces the water-to-binder ratio (by volume);
consequently, this ratio decreases as the cement
replacement increases. In this study, the SOFA20CC mix
has the lowest compressive strength, being 34%, 29%,
24%, and 17% lower than the control sample at 7, 28, 60,
and 120 days, respectively. [31]

7

28 Age(day) 60 120
= Control =20FASCC ~ m20FAIOCC ®20FA20CC  m30FASCC
=30FALOCC mW30FA20CC m50FASCC — W30FALOCC — mS0FA20CC

Compressive srirength(MPa)
— [=) %) Fy n =) ~1 =]
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Figure 30. Compressive strength for all SCC mixes.
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3.10.Class F Fly Ash, Circulating Fluidized Bed
Combustion Fly Ash, and Ground Granulated Blast
Furnace Slag

In the present study, the improvement of mechanical
properties and durability of Cement-Free Self-Compacting
Concrete (NC-SCC) with FFA was evaluated using
experimental compressive strength tests. The experimental
results indicated that adding 30% by weight of FFA as a
partial replacement for slag was considered the optimal
amount for producing cement-free self-compacting
concrete with the highest mechanical properties, including
compressive strength, dynamic modulus, and superior
durability properties due to the lowest water absorption and
volume of permeable voids calculated from the test on the
initial and secondary rates of capillary water absorption.
The microstructural performance, identified using
Scanning Electron Microscopy (SEM), clearly showed that
the structure of the Interfacial Transition Zone (ITZ)
between the binder and aggregate in the NC-SCC appears
to be strengthened by additional hydration products
associated with the FFA particles when the optimal amount
of FFA is added. Table 9 shows the nomenclature and mix

design of each sample. [32]
Table 10.
Mixture proportions of NC-SCC
Quantities (kg/m®)

Mix code Water GBFS FFA CFA Sp

SFC00 196 430 0 64 1.49
SFC10 193 382 42 64 2.62
SFC30 186 289 124 62 4.04
SFC50 182 201 201 60 331

FA=868, CA=853
3.10.1.SEM Analysis

To investigate the reactivity of Class F Fly Ash (FFA)
in Cement-Free Self-Compacting Concrete (NC-SCC)
mixtures, the internal microstructure of three hardened
binders with different FFA contents—0% (mix SFCO00),
30% (mix SFC30), and 50% by weight (mix SFC50)—is
shown in Figures 31(a to c).

The micrograph in Figure 31(b), related to the SFC30
mix, shows that a very good bond is observed between the
hydrated binder matrix and the aggregate surface.
Furthermore, a typical Interfacial Transition Zone (ITZ)
between the aggregate surface and the matrix was seen,
with an approximate thickness of 8 to 12 micrometers,
resulting from additional hydration products derived from
the FFA particles, leading to a denser microstructure and
higher compressive strength.In contrast, the micrographs in
Figure 31(a) (mix SFCO00) and Figure 31(c) (mix SFC50)

showed weaker bonds between the hydrated binder matrix
and the aggregate surface compared to Figure 31(b).
Additionally, in the micrograph of Figure 31(c) (mix
SFC50), several unhydrated FFA particles were observed,
indicating that these unreacted particles create a porous
structure, consequently leading to increased water
absorption and reduced compressive strength. [32]

4 > " T s X R | Y
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Figure 31. SEM micrographs of NC-SCC with different FFA
amounts at age 28 days: (a) SFC00; (b) SFC30; and (c) SFC50

3.10.2.Compressive Strength

The effect of Class F Fly Ash (FFA) on the compressive
strength development of Cement-Free Self-Compacting
Concrete (NC-SCC) at 7 and 28 days was investigated, as
shown in Figure 32. The results showed that mixtures with
FFA added as a partial slag replacement at 10% and 30%
by weight (mixes SFC10 and SFC30) increased the 28-day
compressive strength by 16.67% and 19.56%, respectively,
compared to the mix without FFA. However, the lowest
compressive strength was observed in the mixture
containing 50% by weight of FFA (mix SFC50). This was
due to the high FFA content, which created a weak binding
system because of the increased number of unhydrated
FFA grains. [32]
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Figure 32. Influence of FFA on compressive strength of NC-SCC at
ages 7 and 28 days.
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3.11.Fly Ash and Red Mud

This study proposes using Red Mud (RM) for the partial
replacement of Fly Ash (FA) (12.5, 25, and 50% by weight)
in Self-Compacting Concrete (SCC) and investigates the
effect of red mud on the fresh and hardened properties and
the microstructural behavior of SCC. Slump flow, T500,
and J-ring tests were conducted on the fresh SCC mixtures.
The hardened properties of the red mud SCCs, including
compressive strength, tensile strength, and modulus of
elasticity, were studied. Furthermore, the chemical
composition and microstructural properties of the red mud
concrete samples were analyzed using X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), and Energy
Dispersive X-ray Spectroscopy (EDS), respectively. The
results indicate that the mechanical strength of the concrete
increases with the amount of red mud. SCC specimens
containing 50% red mud exhibited the best performance in
terms of compressive strength and modulus of elasticity.
The results from microscopic studies showed a slight
improvement in the Interfacial Transition Zone (ITZ)
between the aggregate and cement paste for the red mud
concrete compared to the control concrete. XRD results
revealed that the chemical composition of the cement paste
containing red mud showed higher sodium and iron
content. With increasing red mud content, some Albite
crystals, appearing in triclinic form, were also identified by
XRD. Table 10 shows the nomenclature and mix design of
each sample. [33]

Table 11.
Concrete Mix Details (1 m3 concrete).
Mix code Fly Red mud Super
ash(kg/m’) (kg/m®) plastcizer (L)
Control 220 0 1.9
RMCI12.5 192.5 27.5 2.5
RMC25 165 55.5 4.02.9)
RMC50 110 110 5.5(4.5)

w/b ratio =0.36, Water(kg/m*)=195, Cement(kg/m?)= 320, 10 mm aggregate
(kg/m®)=870, Beach sand (kg/m*)=645

3.11.1.SEM Analysis

Scanning Electron Microscopy (SEM) was used to
identify the characteristics of the hardened cement paste
and the Interfacial Transition Zone (ITZ) between the
cement paste and aggregates. The cement paste was
visually examined to identify specific behaviors leading to
incompatibility in the mix. Microcracks and
incompatibilities might be the reason for abnormal strength
increases or decreases in different mixtures. The crystalline
structure of the cement paste was also identified.

The typical microscopic structure of the hardened
cement paste in concrete containing red mud and the

control concrete is shown in Figure 33. In general, a dense
structure is observed due to the self-compacting nature of
the concrete. The cement paste was examined for the
presence of microcracks or unusual cracking patterns
throughout the matrix.

In Figures 33a and 33b, the cement paste appears relatively
uniform, and no significant cracks are observed. However,
compared to RMCO, more voids were seen in the RMC12.5
mix, which might have caused the strength reduction at 56
days. The SEM image of the cement paste in RMC25
(Figure 33c) shows more microcracks than the other mixes,
yet it does not appear more porous, as no significant dark
areas are seen in the mix. This suggests that the gravel,
sand, fly ash, and other materials are not well bonded
together. In the RMC50 mix (Figure 33d), minor cracks
were observed, similar in length and thickness to those in
RMC25. These cracks are attributed to the high porosity of
red mud, which increases water absorption and
consequently reduces tensile strength, as tensile strength is
more sensitive to this type of microcracking. It was
observed that adding red mud can cause some
microcracking in the concrete. [33]

Figure 33. SEM images of cement paste: a) RMCO, b) RMC12.5, ¢)
RMC25, d) RMC50.

3.11.2.Compressive Strength

The results of the compressive strength test are presented
in Figure 34, where the horizontal lines represent the values
of the control sample. It is observed that the strength
development trend was very similar among the different
mixes. The RMCO0 mix had the lowest strength at all stages
compared to the other mixes, except for RMC12.5 at 56
days. The overall trend of compressive strength at 56 days
indicated an increase in strength with higher red mud
content. It is evident that the most significant differences
were related to the strength increase at 7 days, where the
differences reached up to 13% for the 12.5% and 50%
replacement levels. The primary reason for this is likely the
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presence of a significant amount of Hatrurite (a mineral) in
the cementitious structure, which will be discussed further.
At 56 days, the compressive strength slightly increased
with the amount of red mud, with a maximum difference
of less than 4%. Therefore, it can be concluded that the
effect of red mud content on compressive strength is not
highly significant, but overall, the compressive strength
values of the SCC mixes containing red mud were higher
than those of the control concrete. [33]

4.Summary of Compressive Strength for All
Specimens

Table 12 provides a summary of the compressive strength
of all specimens mentioned in this study. All strengths
listed in this table are for the age of 28 days to allow for an
accurate comparison of the results. Furthermore, each
specimen is compared to its respective control mix, and the

percentage change in compressive strength is indicated in
a separate column. The names used for each specimen
correspond to the nomenclature from the original article,
each of which can be found in the relevant section of this

study.
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Figure 34. Comparison of compressive strength test results.

Table 12.

Summary of compressive strength of all samples
section Mix ID code  Compressive strength CONTROL Percentage of changes
Fly Ash and Sodium Hydroxide SCCF10 36.5 335 8.955223881
Fly Ash and Sodium Hydroxide SCCF15 355 335 5.970149254
Fly Ash and Sodium Hydroxide SCCF20 26 335 -22.3880597
Fly Ash and Sodium Hydroxide SCCF25 11 335 -67.1641791
Fly Ash and Sodium Hydroxide SCCF30 10 335 -70.14925373
Fly Ash, Silica Fume, and Metakaolin SCCFA 24.5 23 6.52173913
Fly Ash, Silica Fume, and Metakaolin SCCSF 23 23 0
Fly Ash, Silica Fume, and Metakaolin SCCMK 27 23 17.39130435
Fly Ash, Metakaolin, and Hydrated Lime B500FAHL 40.9 60.1 -31.94675541
Fly Ash, Metakaolin, and Hydrated Lime B500FA 27.8 60.1 -53.7437604
Fly Ash, Metakaolin, and Hydrated Lime B500FAM 32.6 60.1 -45.75707155
Fly Ash, Metakaolin, and Hydrated Lime =~ B500FAMHL 40 60.1 -33.44425957
Fly Ash, Metakaolin, and Hydrated Lime B400FAHL 28.4 60.1 -52.74542429
Fly Ash, Metakaolin, and Hydrated Lime B400FA 20 60.1 -66.72212978
Fly Ash, Metakaolin, and Hydrated Lime NVC 32.1 60.1 -46.5890183
Fly Ash, Metakaolin, and Hydrated Lime B400FAM 23 60.1 -61.73044925
Fly Ash, Metakaolin, and Hydrated Lime =~ B400FAMHL 27.5 60.1 -54.24292845
Fly Ash and Palm Oil Fuel Ash FA10 67 73 -8.219178082
Fly Ash and Palm Oil Fuel Ash FA20 63 73 -13.69863014
Fly Ash and Palm Oil Fuel Ash TNY10 62 73 -15.06849315
Fly Ash and Palm Oil Fuel Ash POFA10 59 73 -19.17808219
Fly Ash and Palm Oil Fuel Ash FA30 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash TNY20 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash POFA20 54 73 -26.02739726
Fly Ash and Palm Oil Fuel Ash TNY30 47 73 -35.61643836
Fly Ash and Palm Oil Fuel Ash FA40 46 73 -36.98630137

Continued on next page
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section Mix ID code Compressive strength CONTROL Percentage of changes
Fly Ash and Palm Oil Fuel Ash TNY40 41 73 -43.83561644
Fly Ash and Palm Oil Fuel Ash POFA30 38 73 -47.94520548
Fly Ash and Palm Oil Fuel Ash POFA40 35 73 -52.05479452
Fly Ash and Blast Furnace Slag GBFS30% 67.5 38.4 -3.571428571
Fly Ash and Blast Furnace Slag GBFS40% 60.5 38.4 -13.57142857
Fly Ash and Blast Furnace Slag GBFS50% 62.5 38.4 -10.71428571
Fly Ash and Blast Furnace Slag GBFS60% 55 38.4 -21.42857143
Fly Ash and Blast Furnace Slag GBFS70% 47 38.4 -32.85714286
Fly Ash, Silica Fume, and Marble 5SF 58 50.5 14.85148515
Fly Ash, Silica Fume, and Marble 10M 60 50.5 18.81188119
Fly Ash, Silica Fume, and Marble 20M 53 50.5 4.95049505
Fly Ash, Silica Fume, and Marble 30M 45 50.5 -10.89108911
Fly Ash, Silica Fume, and Marble 15FA 56 50.5 10.89108911
Fly Ash, Silica Fume, and Marble 15FA10M 63 50.5 24.75247525
Fly Ash, Silica Fume, and Marble 15FA20M 46 50.5 -8.910891089
Fly Ash, Silica Fume, and Marble 15FA30M 44 50.5 -12.87128713
Fly Ash, Silica Fume, and Marble 25FA 53 50.5 4.95049505
Fly Ash, Silica Fume, and Marble 25FA10M 58 50.5 14.85148515
Fly Ash, Silica Fume, and Marble 25FA20M 43 50.5 -14.85148515
Fly Ash, Silica Fume, and Marble 25FA30M 39 50.5 -22.77227723
Fly Ash, Silica Fume, and Marble 35FA 45 50.5 -10.89108911
Fly Ash, Silica Fume, and Marble 35FAIOM 47 50.5 -6.930693069
Fly Ash, Silica Fume, and Marble 35FA20M 43 50.5 -14.85148515
Fly Ash, Metakaolin, Blast Furnace Slag 0.4M10 85 52 63.46153846
Fly Ash, Metakaolin, Blast Furnace Slag 0.4M20 89 52 71.15384615
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G10 42 52 -19.23076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G20 42.5 52 -18.26923077
Fly Ash, Metakaolin, Blast Furnace Slag 0.4G30 53 52 1.923076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F10 28 52 -46.15384615
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F20 29 52 -44.23076923
Fly Ash, Metakaolin, Blast Furnace Slag 0.4F30 32 52 -38.46153846
Fly Ash and Phosphorous Slag Powder CFB5% 43 45 -4.444444444
Fly Ash and Phosphorous Slag Powder CFB10% 47.5 45 5.555555556
Fly Ash and Phosphorous Slag Powder CFB15% 50 45 1111111111
Fly Ash and Phosphorous Slag Powder CPS5% 46 45 2222222222
Fly Ash and Phosphorous Slag Powder CPS10% 45 45 0

Fly Ash and Phosphorous Slag Powder CPS15% 45.5 45 1.I11111111
Fly Ash and Calcium Carbonate 20FASCC 60 57 5.263157895
Fly Ash and Calcium Carbonate 20FA10CC 57 57 0

Fly Ash and Calcium Carbonate 20FA20CC 49 57 -14.03508772
Fly Ash and Calcium Carbonate 30FASCC 55 57 -3.50877193
Fly Ash and Calcium Carbonate 30FA10CC 51 57 -10.52631579
Fly Ash and Calcium Carbonate 30FA20CC 42 57 -26.31578947
Fly Ash and Calcium Carbonate S0FASCC 53 57 -7.01754386

Continued on next page
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section Mix ID code Compressive strength CONTROL Percentage of changes
Fly Ash and Calcium Carbonate S0FA10CC 42 57 -26.31578947

Fly Ash and Calcium Carbonate S0FA20CC 40 57 -29.8245614
Class F Fly Ash,Ground Granulated SEC10 39 335 16.41791045
Class F Fly Ash,Ground Granulated SFC30 40.5 335 20.89552239
Class F Fly Ash,Ground Granulated SFC50 315 335 -5.970149254

Fly Ash and Red Mud RMC12.5% 53 48.5 9.278350515

Fly Ash and Red Mud RMC25% 49.5 48.5 2.06185567

Fly Ash and Red Mud RMC50% 50 48.5 3.092783505

Figure 35 shows the eleven samples with the best effect
on 28-day compressive strength.
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Figure 35. eleven samples with the best impact on compressive
strength

5-Conclusion

Results from various studies indicate that fly ash, as an
artificial pozzolan, plays a key role in improving the
properties of SCC. Partial replacement of cement with FA,
in addition to reducing cement consumption and costs,
contributes to improved workability, reduced heat of
hydration, and increased long-term stability and reduced
permeability. However, the effect of FA on compressive
strength and microstructure depends on the replacement
level and the type of accompanying admixtures.

In general, the use of fly ash in combination with
various admixtures has high potential for producing SCC
with improved mechanical and microstructural properties.
Selecting the optimal type and amount of admixtures,
depending on the desired properties and environmental
conditions, is of great importance. Admixtures such as
metakaolin and silica fume, due to their high reactivity,
contribute to improving early-age strength, while fly ash
and blast furnace slag have a greater impact on long-term
strength and durability.

Precise control of mix proportions and the curing
process is essential to achieve the maximum benefits of
these materials. Microstructural analysis using SEM

provides a powerful tool for understanding the

performance mechanisms of these admixtures and for

optimizing self-compacting concrete mixtures.

Based on Table 12 and the points mentioned, the
following specific results can be stated regarding the role
of admixtures and fly ash:

[1] Fly Ash (FA), as an artificial pozzolan, improves the
workability, stability, and permeability of Self-
Compacting Concrete (SCC).

[2] Activating FA with Sodium Hydroxide (NaOH)
enhances pozzolanic reactions and improves
compressive strength at 10 to 15 percent replacement.

[3] Metakaolin (MK) significantly increases the early-age
strength of SCC but exhibits the greatest strength loss
at high temperatures.

[4] Silica Fume (SF) and MK undergo more severe
microstructural degradation at high temperatures
compared to FA.

[5] Hydrated Lime (HL), especially in combination with
FA and MK, significantly increases compressive
strength, particularly in low-cement concretes.

[6] Palm Oil Fuel Ash (POFA) performs less effectively
than FA in replacing cement, but its optimized
combination can be beneficial.

[7] Marble Cutting Slurry Waste (MCSW) combined with
FA and SF creates a dense paste matrix and an
improved Interfacial Transition Zone (ITZ) in SCC.

[8] Fly Ash Microspheres (FB), due to their high fineness
and purity, have a better filling effect than Phosphorous
Slag Powder (PS) and reduce porosity.

[9] The combination of FA and Calcium Carbonate (CC)
with a total cement replacement of less than 35% can
increase the compressive strength of SCC.

[10] Metakaolin (MK) has a greater effect on
strengthening the microstructure of the Interfacial
Transition Zone (ITZ) compared to Ground Granulated
Blast Furnace Slag (GGBS) and significantly increases
early-age strength.

[11] GBFS contributes to the improvement of SCC
strength in the long term but may result in lower
strength than the control concrete at early ages.
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[12] Precise control of mix proportions and the curing
process is essential to achieve the maximum benefits of
admixtures in SCC.
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