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Abstract: Disposal of the coal fly ash (CFA) generated from thermal power plants in huge quantities
is one of the major concerns for the industry, as well as the natural environment. On the other hand,
CFA can be used within a certain percentage range in the cement concrete mix as a replacement for
cement. Nanomaterials can also be used to improve the properties of concrete. Therefore, this study
investigated the effects of nanosilica (nS) on the mechanical parameters and microstructure of CFA
cement concretes. This study utilized an nS content of 5%, along with three CFA contents, i.e., of 0, 15,
and 25% by volume. Mechanical property tests and a thorough overview of changes in the structure of
modified concrete were carried out to study the effect of the CFA content on the analyzed parameters
of concrete containing nS. This study had the goal of elucidating the reinforcing mechanisms of
CFA concrete by nS and providing design guidance for the practical engineering applications of
CFA-nS composites. Based on the conducted studies, it was found that the combined usage of nS and
CFA has synergistic and positive effects on improving mechanical parameters and microstructure
in such concretes. The combined strengthening of a cement matrix by nS and CFA can fill the pores
and microcracks in concrete composites and effectively improve the mechanical properties and
microstructure of such materials. In this study, the optimal improvement was achieved when the
concentration of additions was 5% nS and 15% CFA. The 28-day compressive strength and splitting
tensile strength were increased by 37.68 and 36.21%, respectively, in comparison to control concrete.
Tailored blended cements composed of nS and CFA content (up to 30% replacement level) can
significantly improve the parameters of concrete composites, as well as reduce the carbon footprint
of cement-based materials—constituting a step toward the production of eco-friendly concretes.

Keywords: coal fly ash (CFA); nanosilica (nS); eco-friendly concrete; SCMs; mechanical parameters;
microstructure; C-S-H phase; microcracks; pores; synergistic effect

1. Introduction

The goal of producing environmentally sustainable concrete [1–5] is primarily to
reduce the consumption of pure OPC in the technology of manufacturing these composites,
by replacing it with other useful mineral-based materials [6–11]. In practice, such materials
are referred to as Supplementary Cementitious Materials (SCMs), and their large group
consists of various types of industrial, agricultural, and other waste [12–18].

However, for many years, the basic SCM used in eco-friendly concrete, e.g., [19], has
been coal fly ash (CFA) [20–24]. This is due to the fact that 800 million tons of CFA are
generated annually in the world [25], and it is also possible that in 2031–2032 it will be
about 2100 million tons [26]. According to [27], India and China are the primary biggest
nations for the generation of CFA worldwide with the production of 112 and 100 million
tons, respectively.

Coal fly ash has a positive effect on the numerous properties of concretes made with its
participation, and in addition, such action allows for the disposal of troublesome waste asso-
ciated with residues from energy production from coal combustion in power plants [28,29].
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The use of CFA in the amount of up to 20% improves, among others, the strength parame-
ters of the composite, and has a positive effect on reducing the negative effects of impact
and dynamic loads [30–35]. It also reduces the width of intra-material microcracks [36–42],
which improves the durability of the material and its fracture toughness [43–47].

Unfortunately, the use of high amounts of CFA generates a loss of mechanical proper-
ties at short ages [26,48,49]. It can be explained, among others, by the slow progression of
the pozzolanic reaction of CFA. For example, based on the earlier studies of composites
including 30% CFA, it was found that after 12 months of curing, 50% of CFA particles did
not enter into the pozzolanic reaction [50]. Therefore, among other things, because of this
reason, the limit amount of CFA in the low-volume fly ash concrete (LVFA) is probably
approx. 30% of cement mass [51].

Therefore, in order to eliminate this negative effect, attempts were made to combine
the use of FA with other, more reactive SCMs [52–55]. Satisfactory research results, resulting
from the synergy of both pozzolanic materials, were obtained, among others, in the case of
the use of CFA in combination with silica fume (SF) [56–58]. Particularly favorable results
were obtained in the case of concretes tested at an early age, because specifically in the
initial period of CFA curing, they are characterized by the lowest activity, and SF is able to
reduce the impact of this negative feature [59,60].

Another effective direction of the material modification of ash concretes in terms of
improving their mechanical parameters and microstructure may be the use of nanotech-
nology achievements for this purpose. This is related to, among others, the fact that the
current development in the engineering of building materials is evaluating in the direction
of learning and improving the structure of concrete composites at the micro- and nano-scale
levels [61–63]. The situation is certainly influenced by the increasing financial outlays
for this branch of science (counted in millions of euros per year), hence more advanced
research and its more and more spectacular results [64,65].

In the construction industry, one of the most important areas in which the application
of nanotechnology is fairly clear is the production of concrete. Nanotechnology has a great
potential to contribute to the understanding of the behavior of this material, in order to
improve its mechanical properties and strengthen the structure of the skeleton forming
the concrete composite, reduce production costs, and implement the concept of ecological
materials on a larger scale [66,67].

For these reasons, over the past years, nanomaterials have been widely used as SCMs
in cementitious composites. In recent years, researchers have investigated the effects of
different nanomaterials on concrete, e.g., nano-SiO2, nano-Al2O3, nano-TiO2, nano-ZnO2,
nano-CaCO3, nano-Fe2O3, carbon nanotubes, and C-S-H nanoseeds [68–73], as well as the
combined effects of such SCMs on cementitious composites, e.g.:

• Ground granulated blast furnace slag (GGBFS) + rice husk ash (RHA) + CFA [74];
• nS + limestone powder (LS) + CFA [75];
• nS + CFA [76];
• Nano-sized calcite (NC) + CFA [77];
• Nano-Fe2O3 + nano-SiO2 +CFA [78];
• GGBFS + nS + CFA [79];
• Silica fume (SF) + nS + CFA [80];
• SF + coconut fiber (CF) + CFA [81,82];
• SF + Ns + LS + CFA [83].

However, among the main group of nanomaterials, nano-SiO2 (nS) is the most widely
studied and used material [62,84]. Based on the previous studies, very positive results were
observed on the influence of the addition of nS on the many different properties of cement
composites. A few percent addition of nS to concrete improves, among other things, its
parameters such as [85–90]:

• Compressive strength;
• Flexural strength;
• Flexural fatigue performance;
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• Fracture toughness;
• Water anti-permeability;
• Chloride anti-permeability;
• Abrasion resistance;
• Frost resistance;
• Strength at elevated temperature;
• Decrease in water absorption capacity;
• Reduction in the porosity of the cement paste;
• The hydration of cement and generating a large amount of the C-S-H phase.

Although nS is a material that improves numerous parameters of concretes made with
its addition, it still remains a relatively expensive SCM [88]. Economic reasons, i.e., the
high price of nS, do not yet allow for widespread industrial use of this material [89,90].
Nevertheless, experimental work is still underway on the possibility of using nS as an
addition “mitigating” the negative impact of CFA used as an SCM in an amount above 20%.

So far, the combined effect of nS and CFA on concrete has also been investigated
among others in terms of evaluation:

• Hydration process, pozzolanic activity, and the pore size distribution and synergetic
effect formation mechanism [91];

• Early-age mechanical parameters [92];
• Rheological parameters, setting time, and Ca(OH)2 (CH) content [93];
• Impact resistance, chloride penetration resistance, and freezing–thawing resistance [76,94];
• The effects of nS on the properties of CFA-based geopolymers [95,96];
• The effects of nS on the properties of composites including CFA cenospheres [97];
• Physico-chemical behavior [98];
• Chloride ion penetration and effect of steel fiber [99];
• Improving impermeability [100];
• Enhancement mechanism in recycled aggregate concrete (RAC) [101,102];
• Durability properties [102];
• Workability and microstructure [103];
• Microstructure and properties of autoclaved aerated concrete [104];
• Water absorption [105];
• Exposure to high temperatures [106].

However, systematic investigations on the mechanical parameters and microstructure
of concrete with the simultaneous additions of CFA (in various percentage ranges) and nS
are still lacking, whereas the combined effect of nS and CFA on the mechanical parameters
and microstructure of concrete composites still remains poorly understood. Therefore, this
study utilized an nS content of 5%, along with three CFA contents, i.e., of 0, 15, and 25% by
volume. Mechanical property tests and a thorough overview of changes in the structure of
modified concrete were carried out to study the effect of the CFA content on the analyzed
parameters of concrete containing nS.

This research had the following main objectives:

• Elucidating the reinforcing mechanisms of CFA concrete by nS;
• Providing design guidance for the practical engineering applications of CFA-nS com-

posites.

Finally, the investigation presented was aimed at analyzing the properties of compos-
ites intended for the production of eco-friendly concretes [107,108].

2. Experimental Program
2.1. Materials

Cementitious materials include OPC (CEM I 32.5R) [109], low-calcium fly ash (CFA)—
class F according to ASTM C618-03 [110], and nanosilica (nS). Tables 1–3 contain, re-
spectively, the chemical components of cementitious materials, the physical properties of
cement, and the physical properties of other cementitious materials.
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Table 1. Chemical composition of binders.

Component (wt %)
Type CaO SiO2 Al2O3 Fe2O3 K2O SO3 MgO P2O5 TiO2 Ag2O Cl LOI *

OPC 71.06 15.0 2.78 2.72 1.21 4.56 1.38 - - - 0.08 1.24
CFA 2.35 55.27 26.72 6.66 3.01 0.47 0.81 1.95 1.89 0.10 - 3.20
nS - >99.8 - - - - - - - - - 1.0

* Ignition loss.

Table 2. Physical properties of OPC.

Analyzed Parameter

Specific
Gravity (g/cm3)

Specific Surface
Area (m2/g)

Average Particle
Diameter (µm)

Setting Time (min) Compressive Strength (MPa)

Initial Final 2 Days 28 Days

3.11 0.33 40.0 207 298 23.3 50.0

Table 3. Physical properties of mineral additions.

Type
Analyzed Parameter

Specific Gravity
(g/cm3)

Specific Surface
Area (m2/g)

Average Particle
Diameter (µm) Color (Visually)

CFA 2.14 0.36 30.0 Dark gray
nS 1.10 200 0.012 White

Additionally, in order to better visualize the differences in the size of the particles
of the SCMs used, Figure 1 shows photos of the morphology of both materials, i.e., CFA
and nS. The samples were selected in such a way as to present the particles of individual
additions at the same scale and at the same high magnifications (Figure 1). The particle size
analysis from Figure 1 confirms the data given in Table 3, which shows that the nS particle
size distribution is much finer in comparison to CFA grains.
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The specific density of the fine aggregate, i.e., pit sand (FA), used with a maximum
diameter of 2 mm is 2.60 g/cm3, and the compressive strength is 33 MPa. Natural gravel
is used as the coarse aggregate (CA), with a maximum particle size of 8 mm. The specific
density is 2.65 g/cm3, and the compressive strength is 34 MPa. Water (W) represents
laboratory pipeline water free from contamination.

Superplasticizer STACHEMENT 2750 (SP) is a polycarboxylic type (1.8% of binding
material weight was used). The SP was used to improve the workability of mixtures with
pozzolanic additions. It was related to the fact that, according to previous studies, the
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amount and specific surface area of the applied nS significantly affect the workability of
cement composites [111]. The use of nS in the concrete mix leads to a significant decrease
in its workability. It was found that the use of 2 and 4% nS in the concrete mix resulted in a
decrease in flow by about 40 and 60% [112,113]. In general, along with an increase in the
nS content, the workability of the mixtures decreases.

2.2. Mix Proportions and Specimen Preparations

The mixture proportions of the modified concretes are enumerated in Table 4, where
REF and T1, T2, and T3 represent the reference concrete without CFA and nS (REF) and
concretes made of ternary binders with an addition of 0% CFA and 5% nS by mass of
cement (T1), additions of 15% CFA and 5% nS by mass of cement (T2), and additions of
25% CFA and 5% nS by mass of cement (T3), respectively.

Table 4. Mixture proportions of concretes (kg/m3).

Mixture
Component

Water Binder RatioOPC CFA nS FA CA W SP

REF 352 0 0

676 1205 141

0

0.4T1 334.4 0 17.6 6
T2 281.6 52.8 17.6 6
T3 246.4 88 17.6 6

The manufacturing process of concrete specimens is illustrated in Figure 2. It contained
the following steps:

• In the beginning, FA and CA are mixed for 120 s;
• Next, OPC and CFA are poured into the mixture and mixed for 3 min;
• Subsequently, 0.5 mixed water and SP in combination with nS are poured in and

stirred for 120 s;
• In the last step, the remaining water is poured into the mixture and mixed for 2 min.
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Subsequently, the mixture was poured into the molds and vibrated intensively. The
specimens were demolded after curing for 2 days under laboratory curing conditions
(temperature 20 ± 2 ◦C; relative humidity >95%). Then, the curing process was continued
for 28 days.

2.3. Experimental Methods
2.3.1. Mechanical Parameter Tests

Mechanical property tests were carried out according to the European Standards EN 12390-
3: 2011 + AC: 2012 [114] and EN 12390-6: 2009 [115]. Compression strength f cm and splitting
tensile strength f ctm were investigated during the studies. In order to ensure the repeatability
of test results, 6 specimens for all composites and both mechanical tests were prepared and
reported after 28 days of curing. Cube specimens (150 mm × 150 mm × 150 mm) were used
for both types of tests, which were conducted in a hydraulic servo testing machine with
a maximum bearing capability of 3000 kN. During the experiments, the specimens were
loaded statically.
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2.3.2. Microstructural Investigations

In order to elucidate the influence of combined effect of CFA and nS particles on the
hydration mechanism for curing age of 28 days on analyzed concretes, microstructural
analysis was conducted. The quality of the interaction of the additions used with the
cement matrix was assessed with scanning electron microscope (SEM). The samples for
the SEM analysis were collected from the failed specimens after the strength tests. In the
course of the experiments, the following assumptions were made:

• The test specimens had rectangular shapes and approximate dimensions of 10 × 10 ×
3 mm;

• The test was conducted using a QUANTA FEG 250, which was equipped with energy
dispersive spectroscopy (EDS EDAX);

• For all specimens, the photos were taken at the same magnifications, i.e., 8000 and
16,000 times, and the same reference scales, i.e., 10 and 5 µm;

• For each type of composite, the photos were taken on 6 samples, and then 30 images
were taken for each sample, from which representative photos were selected;

• The characteristic places observed in the structure of the modified cement matrixes
were described in the photos.

In general, in the course of the conducted experiments, an effort was made to determine
the effect of strengthening the cement matrix in CFA concretes by using active nS to see if it
is possible to use such materials as eco-friendly concretes. The full scope of the research
program for macroscopic and microstructural examinations, with specific parameters of
specimens used in the studies, is given in Figure 3. In addition, Figure 3 contains photos of
all test stands.
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3. Results and Discussion
3.1. Mechanical Parameters

The compressive strength and splitting tensile strength of control concrete and modi-
fied concretes incorporating different contents of CFA and a constant content of nS, after
28 days of their curing, are depicted in Figure 4.
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Based on the obtained test results, it should be stated that the highest compressive
and splitting tensile strength was obtained for concretes containing the addition of two
different SCMs in the composition of the cement matrix, i.e., T2 and T3. The increases in
both strength parameters were:

• In the case of T2, almost 40% higher when compared to the values obtained for the
reference concrete (38% and 36% for f cm and f ctm, respectively);

• In the case of T3, almost 30% higher when compared to the values obtained for the
reference concrete (29% and 28% for f cm and f ctm, respectively).

A slightly lower, although still clear, increase in the value of strength parameters was
recorded for concrete containing only nS as a matrix modifier. For this composite, both
parameters increased only by almost 20%. Nevertheless, these results also appear to be
very advantageous in comparison to the values obtained for control concrete without any
additives (Figure 3). In addition, this concrete, i.e., T1 was also characterized by the greatest
convergence of the obtained test results (Figure 4). In order to clearly visualize the progress
in the obtained results of strength parameters, resulting from a significant and complex
modification of the cement matrix, Figure 5 shows the relative percentage increments of
f cm and f ctm for all tested composites.

The favorable strength results of OPC + CFA + nS composites result mainly from the
role of nS. In previous studies, it was observed that nS particles can activate CFA grains to
activity in the formation of the structure of the cement matrix [116]. This is due to the fact
that the CFA particles react only after a longer period of curing [117]. According to other
reports, the use of nS can improve the strength of concrete with CFA in the curing period of
28 days and 91 days [118].

Therefore, in order to explain the obtained results of the research on the mechanical
parameters of the analyzed composites, an in-depth analysis of their structure and mor-
phology of the observed phases of the cement matrix were proposed. The results of these
studies will be presented in the next section.

3.2. Morphology and Microstructure Analysis

SEM analysis was used to verify the microstructure of concretes investigated and to
provide a better understanding of the obtained mechanical parameter results. This is due
to the fact that the microstructure characteristics of modified concretes determine their
macroscopic properties to a certain extent, thus affecting the mechanical properties of these
composites [119].

The SEM microimages for the four types of analyzed concrete samples with two dif-
ferent types of magnification are shown in Figures 6–9. In order to better understand the
changes in the structure of modified concretes, as a result of the application of CFA and



Energies 2023, 16, 452 8 of 16

nS particles, all important observed details were also marked on the selected representa-
tive photos.
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Figure 6 shows the morphology of a typical reference concrete after 28 days of curing.
The main phases in this composite were still in the development stage and presented a
typical system containing the C-S-H phase, mainly in fibrous form and with a honeycomb
structure. In the thicket of these structures, hexagonal plates of the CH phase, i.e., port-
landite, were intensively distributed (Figure 6). At a larger magnification, i.e., 16,000 times,
it was possible to observe the CH plate completely surrounded by the second morphologi-
cal type of the C-S-H phase. The fragile CH phase in this concrete was visible both in large
unreacted clusters and during transformation (Figure 6).

In the concretes modified with these SCMs, i.e., in the eco-friendly concretes of the T1
to T3 series, the structures of the cement matrixes differed significantly compared to the
matrix of the reference concrete. First of all, in each of the concretes, reinforced by SCMs,
significant areas of the cement matrix in a compact and homogeneous form (DCM) could
be clearly observed (Figures 7–9).

In the case of the composite containing only the nS addition at the level of 5%, the
effect of reinforcing the cement matrix, as a result of this material modification, was the
least noticeable. The structure of this composite was slightly compact. In the concrete of
the T1 series, numerous porous areas filled with the ettringite (E) phase, microcracks, and
CH phase plates were visible. The matrix inhomogeneity area has been marked in Figure 7
with a yellow dotted frame.

Nevertheless, the CH phase was present in a much smaller amount than in the case of
REF concrete (Figure 6). This was probably due to the consumption of this weak concrete
phase, i.e., CH, by the reactive nS particles. It was found that the total exothermic heat of
the samples containing nS increased significantly in comparison to the mixtures without
this SCM [120].



Energies 2023, 16, 452 10 of 16

In addition, in the representative images of this composite, DCM was visible in small
areas (Figure 7). Similar results for 28-day concretes confirm the conclusions presented
in the work [121]. Moreover, in concretes with the addition of silica fume (SF), a similar
morphological system of phases in the cement matrix can be observed [122]. Such an image
of the material structure resulted in an improvement in the strength parameters in this
material, compared to the concrete of the REF series, only at the level of approx. 20%
(Figure 4).

In the composite of the T2 series containing the combined addition of nS and CFA
in the amount of 15%, a lot of DCM areas were visible (Figure 8). In this concrete, the
structure of the cement matrix looked the most homogenized of all the analyzed materials,
without clearly visible porous places. The reacting CFA grains, on the other hand, were
well embedded in the paste. The occurrence of CFA grains in the form of a ferrosphere
with stripline magnetite could be observed (Figure 8). The visible compacted and strongly
homogeneous form of the cement matrix in this composite was probably the result of the
synergy between two fine-grained and reactive materials, i.e., CFA and nS (Figure 8). The
effect of the pozzolanic reaction and synergy between both mineral additives resulted in
a clear strengthening of the material structure in T2 concrete, which in turn resulted in
obtaining the best mechanical parameters in this composite (Figure 4).

Furthermore, the following factors could have contributed to obtaining such a favor-
able structure of concrete with two pozzolanic additives: the high pozzolanic activity of
CFA, very high pozzolanic activity of nS, and filler effects of nS particles [123]. Similar
results in the case of application to the concrete of the combined nS addition at the level of
several percent and CFA in the amount of up to 20% were also observed in the work [103].

Unfortunately, the higher content of the SCM in the form of CFA, in the amount of
25%, partially delayed the processes of homogenization of the cement matrix. In previous
studies, it has been proven that the optimal level of CFA in the structure of concrete, which
can positively affect the parameters of composites with this addition, oscillates within 17%
and should not exceed 20%. For this reason, small areas of porous zones (P—marked in
yellow dotted frame), microcracks (MC), and cavities in the matrix after the separation of
CFA (C) grains, which were in the form of a dendritic ferrosphere (Figure 9), were visible
in the concrete structure of the T3 series.

Nevertheless, the synergy effect between additions, although slightly weakened, also
caused a partial stiffening effect of the cement matrix (visible DCM areas), which resulted
in an improvement in the mechanical parameters of this concrete compared to the results
obtained for REF concrete (Figure 4). Such effects result from the acceleration of early
reactions in this type of composite and the faster start of homogenization processes of the
cement matrix structure including Ns and CFA. This phenomenon was noted, for example,
in [55,124].

Additionally, apart from the benefits resulting from the effective reinforcement of
the structure of composites containing the addition of CFA and nS in the composition of
the cement matrix, such modification also brings measurable environmental benefits. It
should also be noted that the solution, presented in this article, has a two-way dimension
in this regard.

First of all, concrete can become more eco-friendly when the amount of CO2 generated
during the production of OPC is reduced as much as possible. With the progressing
pollution of the environment and legal sanctions limiting the amount of CO2 emitted into
the atmosphere, this is the main way for the production of concrete to be burdened with
less emission of this gas. The solution proposed in this article meets these requirements. It
consists in the substitution of a part of the basic binder by active pozzolanic materials, i.e.,
CFA and nS.

At the same time, the use of CFA in the concrete industry causes limited landfills in
the area of coal power plants. Therefore, the more CFA is utilized, the less it burdens the
environment in open landfills or in sedimentation tanks.
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On the other hand, the inclusion of nS in the cooperation in creating the structure of
composites containing CFA significantly increases the possibilities of using this industrial
waste to an even greater extent. Therefore, the solution proposed in the article meets the
requirements for eco-friendly concrete in a wide range.

4. Conclusions

The current study assessed the influence of nS on concrete composites in three separate
groups that contained 0%, 15%, and 25% CFA replacements, respectively. During the
studies, the effect of a combined modification by nS and CFA of concrete composites on the
main mechanical parameters and microstructure of such materials was analyzed. Based on
the conducted studies, it was found that:

(1) OPC substitution by each proposed combination of active pozzolan SCMs in the form
of CFA + nS brings clear benefits in the improvement of the main strength parameters
and cement matrix morphology of modified eco-friendly concrete.

(2) With both nS and CFA added together, the main mechanical parameters as well as the
microstructure of concrete composites could be further improved compared to those
with only nS or without any SCMs added. It means that the combined usage of nS
and CFA has synergistic and positive effects on improving mechanical parameters
and microstructure in such concretes.

(3) Due to the activation of CFA grains by very fine and highly active nS particles,
voids, pores, and initial microcracks in the structure of the cement matrix are filled.
Homogenization of the cement matrix effectively improves the mechanical properties
and microstructure arrangement of composites incorporating CFA and nS.

(4) The optimal improvement was achieved when the concentration of additions was 5%
nS and 15% CFA. An increase in CFA content, i.e., when the concentration of additions
was 5% nS and 25% CFA, showed lower strength development in this composite. This
was probably due to the delayed pozzolanic reactivity of the larger amount of CFA.

(5) In the structure of the analyzed concretes incorporating nS and CFA, after 28 days of
curing, the following could be observed:

• In the case of T1—a slightly compact concrete skeleton with numerous porous ar-
eas filled with the ettringite (E) phase, as well as microcracks and CH phase plates;

• In the case of T2—a compacted and strongly homogeneous cement matrix with-
out clearly visible porous places and with visible reacting CFA grains, well
embedded in the paste;

• In the case of T3—small areas of porous zones and microcracks in the cement
matrix and cavities in the paste after the separation of CFA grains.

(6) Tailored blended cements composed of nS and CFA content (up to 30% replacement
level) can significantly improve the parameters of concrete composites after 28 days
of their curing, as well as reduce the carbon footprint of cement-based materials—
constituting a step toward the production of eco-friendly concretes.

(7) Due to the loss of mechanical properties of concrete composites containing CFA,
mainly after a short period of curing, it is planned to conduct additional tests on the
mechanical and microstructural parameters of the composites in question both at an
early age, i.e., in the period up to 28 days, and after a long period of curing, i.e., from
28 days to a year. The results of these experiments will be the subject of subsequent
publications.
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23. Szcześniak, A.; Zychowicz, J.; Stolarski, A. Influence of Fly Ash Additive on the Properties of Concrete with Slag Cement.
Materials 2020, 13, 3265. [CrossRef]

24. Golewski, G.L. Studies of Natural Radioactivity of Concrete with Siliceous Fly Ash Addition. Cem. Wapno Beton 2015, 2, 106–114.
25. Belviso, C. State-of-the-art applications of fly ash from coal and biomass: A focus on zeolite synthesis processes and issues. Progr.

Ener. Combus. Sci. 2018, 65, 109–135. [CrossRef]
26. Hemalatha, T.; Ramaswamy, A. A review on fly ash characteristics—Towards promoting high volume utilization in developing

sustainable concrete. J. Clean. Prod. 2017, 147, 546–559. [CrossRef]
27. Kelechi, S.E.; Adamu, M.; Uche, O.A.U.; Okokpujie, I.P.; Ibrahim, Y.E.; Obianyo, I.I. A comprehensive review on coal fly ash and

its application in the construction industry. Cog. Eng. 2022, 9, 2114201. [CrossRef]

http://doi.org/10.3390/en12030559
http://doi.org/10.3390/en12030542
http://doi.org/10.1016/j.conbuildmat.2021.123729
http://doi.org/10.3390/ma15176023
http://doi.org/10.3390/ma15176098
http://doi.org/10.1016/j.tafmec.2022.103509
http://doi.org/10.1016/j.jclepro.2021.127734
http://doi.org/10.3390/en14154558
http://doi.org/10.1016/j.rser.2016.12.088
http://doi.org/10.3390/suschem3010008
http://doi.org/10.1016/j.tafmec.2022.103553
http://doi.org/10.1016/j.conbuildmat.2022.128823
http://doi.org/10.3390/suschem2040038
http://doi.org/10.3934/matersci.2020.6.911
http://doi.org/10.14311/AP.2019.59.0560
http://doi.org/10.1016/j.engfracmech.2022.108596
http://doi.org/10.1016/j.cscm.2022.e01325
http://doi.org/10.1016/j.cscm.2022.e01262
http://doi.org/10.3390/ma15072664
http://doi.org/10.3390/ma14051208
http://www.ncbi.nlm.nih.gov/pubmed/33806606
http://doi.org/10.3390/buildings12020192
http://doi.org/10.3390/ma13153265
http://doi.org/10.1016/j.pecs.2017.10.004
http://doi.org/10.1016/j.jclepro.2017.01.114
http://doi.org/10.1080/23311916.2022.2114201


Energies 2023, 16, 452 13 of 16

28. Al-Mansour, A.; Chow, C.L.; Feo, L.; Penna, R.; Lau, D. Green concrete: By-products Utilization and Advanced Approaches.
Sustainability 2019, 11, 5145. [CrossRef]

29. Cao, C.; Liu, H.; Hou, Z.; Mehmood, F.; Liao, J.; Feng, W. A Review of CO2 Storage in View of Safety and Cost-Effectiveness.
Energies 2020, 13, 600. [CrossRef]

30. Craciun, E.M. Energy Criteria for Crack Propagation in Prestresses Elastic Composites. Sol. Mech. Appl. 2008, 154, 193–237.
31. Golewski, G.L. On the Special Construction and Materials Conditions Reducing the Negative Impact of Vibrations on Concrete

Structures. Mater. Today Procs. 2020, 45, 4344–4348. [CrossRef]
32. Fakoor, M.; Shahsavar, S. The effect of T-stress on Mixed Mode I/II Fracture of Composite Materials: Reinforcement Isotropic

Solid Model in Combination with Maximum Shear Stress Theory. Int. J. Sol. Struct. 2021, 229, 111145. [CrossRef]
33. Mehri Khansari, N.; Fakoor, M.; Berto, F. Probabilistic Micromechanical Damage Model for Mixed Mode I/II Fracture Investigation

of Composite Materials. Theor. Appl. Fract. Mech. 2019, 99, 177–193. [CrossRef]
34. Golewski, G.L. Physical characteristics of concrete, essential in design of fracture-resistant, dynamically loaded reinforced concrete

structures. Mater. Des. Proc. Comm. 2019, 1, e82. [CrossRef]
35. Mehdizadeh, M.; Maghshenas, A.; Khosnari, M.M. On the Effect of Internal Friction on Torsional and Axial Cyclic Loading. Int. J.

Fatigue 2021, 145, 106113. [CrossRef]
36. Gil, D.M.; Golewski, G.L. Effect of Silica Fume and Siliceous Fly Ash Addition on the Fracture Toughness of Plain Concrete in

Mode I. IOP Conf. Ser. Mater. Sci. Eng. 2018, 416, 012065. [CrossRef]
37. Kovacik, J.; Marsavina, L.; Linul, E. Poisson’s Ratio of Closed-Cell Aluminum Foams. Materials 2018, 11, 1904. [CrossRef]

[PubMed]
38. Khaji, Z.; Fakoor, M. Strain Energy Release Rate in Combination with Reinforcement Isotropic Solid Model (SERIS): A New

Mixed-Mode I/II Criterion to Investigate Fracture Behavior of Orthotropic Materials. Theor. Appl. Fract. Mech. 2021, 113, 102962.
[CrossRef]

39. Golewski, G.; Sadowski, T. Fracture Toughness at Shear (Mode II) of Concretes Made of Natural and Broken Aggregates. Brittle
Matrix Compos. 2006, 8, 537–546.

40. Li, H.; Sun, H.; Tian, J.; Yang, Q.; Wan, Q. Mechanical and Ultrasonic Testing of Self-Compacting Concrete. Energies 2019, 12, 2187.
[CrossRef]

41. Li, H.; Sun, H.; Zhang, W.; Gou, H.; Yang, Q. Study on Mechanical Properties of Self-Compacting Concrete and its Filled in-line
Multi-Cavity Steel Tube Bundle Shear Wall. Energies 2019, 12, 3466. [CrossRef]

42. Abolhasani, A.; Nazarpour, H.; Dehestani, M. Effects of Silicate Impurities on Fracture Behavior and Microstructure of Calcium
Aluminate Cement Concrete. Eng. Fract. Mech. 2021, 242, 107446. [CrossRef]

43. Fakoor, M.; Rafiee, R.; Zare, S. Equivalent Reinforcement Isotropic Model for Fracture Investigation of Orthotropic Materials.
Steel Compos. Struct. 2019, 30, 1–12.

44. Berto, F.; Ayatollahi, M.; Marsavina, L. Mixed Mode Fracture. Theoret. Appl. Fract. Mech. 2017, 91, 1. [CrossRef]
45. Lata, P.; Kaur, I.; Singh, K. Transversely Isotropic Thin Circular Plate with Multi-Dual-Phase Lag Heat Transfer. Steel Compos.

Struct. 2020, 35, 343–351.
46. Lata, P.; Kaur, I. Thermomechanical Interactions in Transversely Isotropic Magneto Thermoelastic Solid with Two Temperatures

and Without Energy Dissipation. Steel Compos. Struct. 2019, 32, 779–793.
47. Golewski, G.L. An analysis of Fracture Toughness in Concrete with Fly Ash Addition, Considering All Models of Cracking. IOP

Conf. Ser. Mater. Sci. Eng. 2018, 416, 012029. [CrossRef]
48. Wang, X.; Gao, M.; Wang, M.; Wu, C. Chloride removal from municipal solid waste incineration fly ash using lactic acid

fermentation broth. Waste Manag. 2021, 130, 23–29. [CrossRef]
49. Szostak, B.; Golewski, G.L. Effect of Nano Admixture of CSH on Selected Strength Parameters of Concrete Including Fly Ash.

IOP Conf. Ser. Mater. Sci. Eng. 2018, 416, 012105. [CrossRef]
50. Fraay, A.L.A.; Bijen, J.M.; de Haan, Y.M. The reaction of fly ash in concrete. A critical examination. Cem. Concr. Res. 1989, 19,

235–246. [CrossRef]
51. Odler, I. Strength of cement (final report). Mater. Struct. 1991, 24, 143–157. [CrossRef]
52. Szostak, B.; Golewski, G.L. Rheology of Cement Pastes with Siliceous Fly Ash and the C-S-H Nano-Admixture. Materials 2021, 14,

3640. [CrossRef] [PubMed]
53. Ji, G.; Peng, X.; Wang, S.; Hu, C.; Ran, P.; Sun, K.; Zeng, L. Influence of Magnesium Slag as a Mineral Admixture on the

Performance of Concrete. Constr. Build. Mater. 2021, 295, 123619. [CrossRef]
54. Snellings, R.; Martens, G.; Elsen, J. Supplementary Cementitious Materials. Rev. Miner. Geochem. 2012, 74, 211–278. [CrossRef]
55. Kim, B.-J.; Lee, G.-W.; Choi, Y.-C. Hydration and Mechanical Properties of High-Volume Fly Ash Concrete with Nano-Silica and

Silica Fume. Materials 2022, 15, 6599. [CrossRef] [PubMed]
56. Gil, D.M.; Golewski, G.L. Potential of Siliceous Fly Ash and Silica Fume as a Substitute of Binder in Cementitious Concrete. E3S

Web Conf. 2018, 49, 00030. [CrossRef]
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