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Abstract: The paper presented herein investigates the effects of using supplementary cementitious
materials (SCMs) in quaternary mixtures on the compressive strength and splitting tensile strength
of plain concrete. In addition, environmental benefits resulting from the proposed solutions were
analysed. A total of four concrete mixtures were designed, having a constant water/binder ratio of
0.4 and total binder content of 352 kg/m3. The control mixture only contained ordinary Portland
cement (OPC) as binder, whereas others incorporated quaternary mixtures of: OPC, fly ash (FA),
silica fume (SF), and nanosilica (nS). Based on the obtained test results, it was found that concretes
made on quaternary binders containing nanoadditives have very favorable mechanical parameters.
The quaternary concrete containing: 80% OPC, 5% FA, 10% SF, and 5% nS have shown the best results
in terms of good compressive strength and splitting tensile strength, whereas the worst mechanical
parameters were characterized by concrete with more content of FA additive in the concrete mix, i.e.,
15%. Moreover, the results of compressive strength and splitting tensile strength are qualitatively
convergent. Furthermore, reducing the amount of OPC in the composition of the concrete mix in
quaternary concretes causes environmental benefits associated with the reduction of: raw materials
that are required for burning clinker, electricity, and heat energy in the production of cement.

Keywords: quaternary concrete; energy saving; fly ash (FA); silica fume (SF); nanosilica (nS);
mechanical parameters; environmental benefits; cement manufacturing process

1. Introduction

Concrete is a common building material that was already used in the Neolithic [1], while the
oldest known concrete is the flooring discovered in 1985 in Yiftah El in southern Galilee, coming
from—as it was later established—approx. 7000 BC [2,3].

However, the rapid development in the application of this construction material in industry
occurred in modern times despite the fact that the history of concrete is over 9000 years old. Concrete
began to be the leading material in human civilization exactly on 21 October 1824 in Leeds (England),
when the production of the artificial binder—the ordinary Portland cement (OPC), which is the main
binder in concrete—was patented by an English bricklayer and explorer Joseph Aspidin. It is worth
mentioning that concrete—which is made with OPC—soon after its patenting, became the most widely
used man-made material. The increase in the concrete’s world production has been so rapid and, at
the same time, significant that currently more than 1 m3 (by volume) and 2.5 t (by weight) of concrete
per earth inhabitant is produced every year. Therefore, concrete, with current production of around
10 billion tons per year, is the main civilization material with high durability, e.g., [4]. The fact that
OPC production increased from several dozen tons in 1824 to 1.7, 3.3, and 4.1 billion tons in 2000, 2010,
and 2019 respectively, is also significant [5].
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Based on the Mineral Commodity Summaries, elaborated each year by the U.S. Department of
the Interior U.S. Geological Survey, Figure 1 shows exactly how the amount of cement produced has
changed over the first 20 years of the 21st century. The figure also presents information regarding the
global production of clinker, i.e., the basic material from which OPC is made [5].
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Figure 1. World cement and clinker production at the beginning of the 21st century [5].

From the figure, it can be concluded that there has been stabilization in the quantity of both
materials produced over the last period after the dynamic and significant increase in the production of
clinker and cement binder during the first 15 years of the 21st century. It can be noticed that the global
cement production is equal to approx. 4.1 billion tonnes, while clinker is produced in an amount of 3.6
to 3.8 billion tonnes per year (Figure 1). Moreover, Figure 2 reveals the latest data on OPC and clinker
production, including countries with the largest global share in this branch of industry.
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However, geographical maps showing the graphical intensity of cement production in individual
countries and in the country with the largest annual production of this binder, i.e., in China (Figure 2)
are shown in [6,7], respectively.

Based on the above data (Figure 2), it can be noticed that, for many years, two Asian countries,
i.e., China and India, have been the leader in OPC and clinker production [7]. In addition, an over 50%
share of China in the above summaries can also be noticed. In the case of these countries (as well as
several other, e.g., Vietnam, Egypt, and Japan), significantly lower level of clinker produced can be
seen in relation to the amount of cement produced. This proves that these countries are implementing
the principles of sustainable development (production of sustainable OPC), of which one of the goals
is to replace the clinker components in OPC composition with other materials, the so-called cement
binder substitutes (see Section 2).

Generally, the goal of such actions, which have been implemented for many years, is: to reduce the
environmental pollution from cement production and the damage to natural resources from aggregate
mining in the concrete industry [8], and to limit the use of natural raw materials needed for clinker
burning (this process requires approximately 1.7 tons of raw materials, mainly limestone, per ton of
clinker produced [9]; 6.97 bn tons per year), as a result of which it would be possible to reduce the
amount of energy that is needed to produce cement and reduce the greenhouse gases (GHG) generated
in these processes; mainly CO2. Therefore, the assumption of the production of low-emission cements
would be possible with a reduction of the clinker/cement ratio to 0.7, which is supposed to happen in
2050. Currently, although the indicator gradually decreases, it is still at a very high level. In 2000, it was
equal to 1.06, while in 2010—0.94 (Figure 2). The current clinker/cement ratio is 0.9 (Figure 3), which is
definitely too high when comparing with the plans for the implementation of green technologies in the
cement industry, e.g., [10–15].
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Unfortunately, some of the countries with the largest share in the production of OPC do not
comply with the concept of lowering the clinker/cement ratio. Countries, such as: USA, Russia, Iran,
and Turkey produce much more clinker in relation to the amount of cement produced (Figure 2).
This indicates that these countries do not comply with the principles of sustainable development in the
cement production process as well as the low energy efficiency of the cement plants in these countries.

Moreover, the OPC manufacturing process is energy intensive and the depletion of natural
resources, such as limestone [16,17] (see Section 2). Therefore, the only proper course of action for the
cement-concrete industry is a further research on the improvement of its parameters, optimization, and
development of its applications, as well as the analysis of the best available techniques and production
technologies in terms of environmentally friendly impact. Thanks to these activities, it could be possible
in the near future to include cement production process in the low carbon economy. This would be
based on reducing the energy consumption in the clinker burning process and binder production.
Such actions would also significantly reduce the consumption of natural resources, e.g., [18–22].
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Absolutely, in the cement industry, the utilization of a sustainable binder that has a lower energy
consumption and carbon dioxide (CO2) emission than OPC is becoming increasingly important [23].

Therefore, the continuous development in the field of new technologies of the production of
concrete mixes, focusing on both the economic and environmental aspects, leads to the search for
increasingly innovative and useful solutions. One of these solutions can be application of fabric
reinforced cementitious mortar composites (FRCM). This proposal is a new and valid solution in the
field of strengthening of existing masonry and reinforced concrete structure, e.g., [24,25].

Therefore, in the following article, the most commonly used methods are discussed in order to
reduce the impact of cement and concrete production on the environment. On the other hand, one of
the most innovative concepts aimed at conscious and effective improvement of concrete composite
parameters, i.e., the modification of concrete using nanotechnology, was broadly presented, e.g., [26,27].
The presented technological solution was also referred to clear benefits associated with reducing energy
consumption as a result of its use.

The article also proposes a proprietary solution for the material modification of concrete with
the combined use of three nanoadditives, i.e.: siliceous fly ash (FA), microsilica (SF), and nanosilica
(nS) [28–35]. The aim of this concept would be a synergistic effect for improving the properties of
modified composites as a result of the interaction of three active pozzolanic cement binder substitutes.
The proposal of limiting cement consumption as a result of replacing it with useful industrial waste
was supported by the results of our own tests of concrete for the production of which a binder modified
with three nanoadditives was used. Such actions allowed for:

• a clear improvement in the basic mechanical parameters of concrete composites, i.e., compressive
and tensile strength and

• the reduction of natural resources and energy consumption required in the OPC production process.

2. Energy Consumption in Cement Production Process and Concepts of Its Reduction

The production of Portland clinker and subsequent production of cement is a multi-stage process
and it requires considerable amounts of energy. Energy is necessary to carry out individual technological
operations, from the extraction of raw materials that are needed to burn clinker to the transport of
the finished binder to the concrete plant [36–38]. According to [39], Figure 4 provides a process flow
diagram of the general cement production process and the associated inputs, during various steps of
the production process.
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In general, the following types of energy consumption needed at different stages of OPC production
can be distinguished [38]:

• electricity consumption for production of clinker,
• electricity consumption for production of cement,
• specific consumption of electricity for clinker,
• specific consumption of electricity for cement,
• electricity consumption for other activities in the plant, and
• fuel consumption.

In addition, it should be noted that thermal and electrical energy are both needed in the entire
cement production process (Figure 4) [39]. Its necessary amount required to produce cement (especially
in the case of electricity) also depends on the technology used to prepare raw materials for clinker
burning. The wet method is definitely more energy-consuming. This is why it is successively replaced
by the more economical dry method (Table 1).

Table 1. Total thermal and electrical energy consumption in dry and wet process [39,40].

Type of Energy
Type of Method

Dry Process Wet Process

Thermal energy consumption (GJ/ton clinker) 4.60 5.86–6.28
Total electricity required (kWh/ton clinker) 130 149

Based on the papers [39,40], Table 1 presents the total thermal energy consumption and total
electricity required in clinker manufacturing process. The table includes the division into the amount
of necessary energy required for both the dry and wet method. However, the detailed consumption
of thermal and electrical energy at individual stages of clinker burning and cement production are
given in [39,40]. Furthermore, Table 2 summarizes the average specific thermal and electrical energy
consumption for few selected countries [39,40]. During the analysis, the countries with the lowest,
highest, and average energy consumption were taken into account. Other detailed data on energy
consumption during cement production in selected countries, such as: Poland, India, or Croatia,
are given in the papers [41–43], respectively.

Table 2. Comparison of electrical and thermal specific energy consumption (SEC) for few selected
countries around the world [39,40].

Country
Type of SEC

Electrical SEC (kWh/ton) Thermal SEC (GJ/ton)

India 88 3.00
China 118 4.00

United States 141 4.60
World best 65 2.72

Based on data that are presented in Table 2, it can be stated that the annual consumption of
thermal and electrical energy in the cement production process is in the range of 3.0–4.6 GJ/ton
and 88–141 kWh/ton [39,40]. However, it was estimated that a typical, well-equipped cement plant
consumes approximately 4 GJ energy to produce one ton of cement, according to other literature data
(having regard to the share of all the above-mentioned types of energy that are necessary in the cement
production process) (Figure 3) [44]. This value corresponds to the consumption of thermal energy in
OPC production process in China, which is a country that produces more than half of the annual global
resources of this binder (Figure 2). Therefore, thermal and electrical energy consumption indicators
in cement production for China were taken into account in further considerations. The reference to
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the energy consumed by this country is also justified as the values of the annual consumption of both
types of energy in OPC production process for China are intermediate between the upper and lower
limits for both thermal and electrical energy (Table 2).

Therefore, in conjunction with data on the annual cement production (Figure 1), it can be concluded
that, currently, in global terms, the production of this binder consumes approx. per annum:

• 16 EJ of thermal energy and
• 484 TWh of electrical energy.

Therefore, the reduction of energy consumption in the cement binder production process has
been one of the priority issues of engineering and environmental protection for a long time. Various
standard ways for saving energy in cement production are given in [45]. For this purpose, research is
conducted as well as new material and technological solutions are proposed and partly implemented.
Their primary goal is to reduce as much energy consumption as possible, which is necessary in OPC
production at almost all stages (Figure 4). Therefore, there is an increasing number of new concepts of
sustainable cement production, i.e., a binder generating less negative impact on the environment and
the economy, e.g., [46–55]. Therefore, research on innovative solutions in this field covers many areas.
They mainly concern the following:

• increase of the energy efficiency in OPC production process due to the implementation of modern
technologies for preparing raw materials for clinker burning while using the dry method and the
resignation from the more energy-consuming and outdated wet method, e.g., [56],

• improvement of energy efficiency in the context of a significant reduction of thermal energy
consumption in OPC production process, e.g., [18–22],

• capturing and storage of CO2, e.g., [49,56,57],
• increase in the share of alternative fuels to replace coal and coke in the cement kiln firing process,

e.g., [9,40,58–62], and
• replacing clinker in cement by other mineral or non-mineral components (e.g., fly ash, furnace slag,

silica fume, and others), referred to as supplementary cementitious materials (SCMs), e.g., [63–74].

It is particularly important to implement the last two concepts in the cement binder production
process from the point of view of environmental protection. Both of them relate to the possibility
of using previously used materials. In most cases, these are the problematic and even dangerous
residues from the production processes from other sectors of the economy. Their brief characteristics
are presented below.

Alternative fuels are another source of energy used by cement producers around the world.
They can replace the basic sources of energy used by cement kilns to produce the high temperatures
that are necessary for the formation of clinker, such as: coal, fuel oil, petroleum coke, and natural
gas [61]. These fuels are usually derived from the mixtures of industrial, municipal and hazardous
wastes [53]. Alternative fuels used in cement industries can be solid or liquid. They are required
to have an appropriate chemical content, depending on the type of components and their organic
contents [61].

There are five main groups of solid alternative fuels and they are listed below:

(1) Agricultural biomass residues.
(2) Non-agricultural biomass residues.
(3) Petroleum based wastes.
(4) Miscellaneous wastes.
(5) Chemical and hazardous wastes.

In addition, specific types and corresponding kinds of alternative fuels can be distinguished
(they are given in details in [10,59–63]), i.e.:
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(a) liquid waste fuels,
(b) solid waste fuels, and
(c) gaseous waste.

Limiting the amount of clinker in the binder composition through various non-clinker materials,
such as SCMs, is another way that can significantly reduce energy consumption in the cement
production process. This is confirmed by, among others, analyzes presented in [66].

Until recently, this group only included standard and verified binder substitutes mainly in the
form of small and reactive mineral additives (e.g., fly ash, silica fume, granulated furnace slag).
As these materials, being a problematic industrial waste, positively affected the parameters of concrete
composites and were effectively utilized (in concrete technology), the concepts of cement binder
substitution have been evaluated and developed dynamically. Therefore, attempts were made and
intensive research was carried out on the possibility of using more and more new materials in the
composition of the concrete mix, which are a problematic waste in various industries. As a result
of this, attention was paid to many other areas of human activity producing in large amounts of
waste, which at the same time could be the valuable modifiers of the composite structure. Therefore,
various agricultural waste, fish farming waste, as well as ceramic and glass waste are used in concrete.
Such actions, in the context of environmental protection, are justified, because, as demonstrated in
numerous studies, substituting OPC with SMCs in concrete mix causes an almost perfectly linear
reduction of the energy consumption necessary in the cement binder production process, e.g., [75].

In general, there are six main groups of SCMs and they are listed below:

(1) Industrial wastes.
(2) Nano industrial wastes.
(3) Agriculture farming waste.
(4) Aquaculture farming wastes.
(5) Natural minerals.
(6) Dust and powders.

Most of the concrete structure modifiers that are presented in the above groups are widely known
and used. However, the progress in the modification of concrete composition has been inspired by the
achievements of learning about new, unusual materials for many years.

The current development in the engineering of building materials is unquestionably evolving
towards learning and improving the structure of concrete composites at the micro- and nanoscale
levels. This situation is certainly influenced by an increasing amount of financial expenses on this
branch of science (calculated in million Euros per year) and, thus, by more and more advanced research
as well as more and more spectacular results. It can be stated that, in recent years, there has been a
revolution in the nanotechnology that has had a huge impact on various fields of science, such as:
chemistry, engineering, and biology [76]. Significant traces of nanotechnology can be found in the
field of technology for a long time in: information technology, electrical engineering, electronics,
materials science, and robotics. It is also impossible not to notice them in the area of concrete and
concrete structures [77]. It is anticipated that the nanomodification will be the dominant path in
the development of modern building materials through the optimal selection of nanoparticles that
effectively modify their structure.

An important area, in which the quickly developing nanotechnology follows the growing
requirements of the materials producers, is the construction industry. Although a lot of products based
on the nanotechnology are already available on the construction market, the most modern applications
are presently developed, which are dedicated to the building materials. Nanotechnology brings the
outstanding, improved properties to this sector, such as mechanical strength, biological resistance,
self-cleaning ability, energy saving, and thermal insulation, leading to the revolution in the sustainable
construction: safe and relatively cheap buildings, railways, airport pavements, and roads [78].
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In the construction industry, one of the most important areas, in which the use of nanotechnology is
quite transparent, is associated with the production of concrete. Nanotechnology has great potential in
the contribution to understanding the behaviour of this material, to improve its mechanical properties,
to reduce production costs, and to implement concepts and ecological materials on a larger scale,
e.g., [79].

Nanoengineering allows for grasping problems from the nano- to macro-scale and justifies the
technical properties of materials, referring to their structure. The group of concrete nanomodifiers
includes both nanoadditives and nanoadmixtures, e.g., [80,81].

Therefore, bearing the numerous advantages associated with the use of nanoadditives in concrete
technology in mind, the following article presents the results of testing concrete of which cement
binder has undergone multi-material modification. For this purpose, two traditional cement binder
substitutes were used, i.e., siliceous fly ash (FA) and non-condensed silica fume (SF), as well as modern
nanoadditive in the form of nanosilica (nS).

On the other hand, low-calcium fly ash, high-calcium fly ash, and granulated blast furnace slag
are the most widely known, standardized, and used SCMs in cement and concrete composition [80,81].
However, among the above mentioned alternative materials, fly ash (FA), a by-product of thermal
generation in coal power stations, appears to be one of the most commonly used materials in industry,
e.g., [82–84]. It should be added that the most important characteristics that determine the benefits
of substituting OPC with FA are primarily the high pozzolanic activity of these materials and their
fine graining.

Therefore, microscopic analysis of FA particles will be a part of the studies (see Section 4.2).
Moreover, due to the fine particle size and high reactivity of the FA, it was assumed that this material
would be the main modifier of the structure of the analyzed composites.

At this point, it should be emphasized that FA is an abundant commodity in many countries
using steam coal for power production. There are hundreds millions tons of industrial waste produced
annually across the World, as FA is a by-product obtained in the process of hard coal combustion.
Up to date –800 millions tones of the FA is generated each year in the World [85] and, in the future,
one should expect to increase this quantity to 2100 million tones in 2031–32 [86]. It is also known,
from numerous literature reports, that this waste material is used to a greater or lesser extent in many
countries around the world, e.g., [85,87–89]. According to [87], in some countries (e.g., Israel), all of the
FA is utilized whereas in some countries only low percentage is used (e.g., USA). Blisset and Rowson
indicate that FA utilization are 39% in the USA and 47% in Europe, whereas the global average is
estimated to be close to 25% [88]. It means that this is approximately 200 millions tones per annum [83].
Other literature data indicate that FA utilization rates of 50% for the USA, over 90% for the Eurpean
Union, and respectively 67% for China and 60% for India [89].

Therefore, the use of FA in the concrete industry and other industries is significant. On the other
hand, their quality determines the possibility of their use in the composition of the concrete mix,
because the provenance of the FA can affect the mechanical properties of concrete elements. However,
as demonstrated [90], in practice mainly used locally available FA.

Furthermore, no reports were found that this material was forbidden for use as a substitute for
cement binder. However, it was shown that replacement of cement with FA is an important task from
the ecological point of view and is clearly environmentally friendly activity, through such actions
as [91–94]:

• reduction of FA landfills,
• reduction of extraction of natural resources,
• reduction of energy consumption needed to produce clinker, and
• reduction of CO2 emission produced during the production of clinker and cement.

Similar advantages are also obtained while using other SCMs, which have been
characterized above.
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It should also be noted that, based on previous studies, the effect of the modification of concrete
composites FA in the amount of 20 and 30% of cement weight was recognized quite well, e.g., [32,63–65,95].
On the other hand, it is also known that the most beneficial effects are brought by the modification of
the concrete structure SF in the amount of 10%, while nS —5%, e.g., [96–98].

The parameters of concrete composites, for which three analysed mineral additives were separately
used, have already been well recognized, e.g., [99]. However, in the presented experiments, it is
planned to examine the interaction of pozzolanic additives and assess their synergies in relation to
improving the mechanical parameters of cement-based concrete. Considering the occurrence of the
main binder, i.e., OPC, it should be stated that the analysed concretes will contain a matrix based on
quaternary binders, e.g., [100–113].

It should be noted that concretes that are based on the structure of four different binders have
already been the subject of several publications. Some of them, e.g., [100] have been published even
in this year, which indicates that this topic is not fully recognized. The properties of such materials
were most often analyzed in terms of assessing their mechanical parameters, e.g., [101–105], checking
the intensification of hydration processes as a result of the proposed material modification, e.g., [107]
and the effect of such solutions on improving the corrosion resistance of composites, e.g., [104]. These
experiments concerned ordinary [95,96,106,109], self-compacting [105,106,109], and high performance
concretes [109,110].

However, in previous studies the composition of modified binders was based, apart from OPC,
only on traditional SCMs, such as: FA, SF, furnace slag (FS), and metakaolin (MK), e.g., [103]. Tests have
also been carried out while using powders as modifiers, i.e., limestone powder (LM) and marble
powder, e.g., (MP) [102]. In the literature, there were no results of testing the properties of concretes
made on quaternary binders, which would contain nanoadditives.

Therefore, the scope of undertaken research included:

• analysis of mechanical parameters of concrete composites made on quaternary binders
with nanomaterials,

• microstructural examinations of the main concrete modifier, i.e., grains of fly ash, and
• assessment of the amount of thermal and electrical energy as well as raw materials that could be

saved as a result of the proposed material modification.

3. Experimental Section

3.1. Materials

All of the materials (exluded nanosilica) used in the studies came from the area of Polish. Nanosilica
was imported from South Korea. The following materials were used for making the mixtures:

• ordinary Portland ceement CEM I 32.5 R from Chełm cement plant, with: the compressive strength
equal to 23.3 MPa in the age of two days and 50 MPa after 28 days of curing, specific surface area
0.33 m2/g, specific gravity 3.11 g/cm3, mineralogical composition in accordance to the standard
EN 197-1:2011- Cement - Part 1 [114],

• class F fly ash from local power plant is a result of energetic combustion of hard coal in the Puławy
thermal-electric power station, with specific surface area 0.36 m2/g and specific gravity 2.14 g/cm3,

• non-condensed silica fume from Łaziska Ironworks, with specific surface area 1.40 m2/g and
specific gravity 2.21 g/cm3,

• nanosilica Konasil K-200 from OCI Company Ltd., with specific surface area 200 m2/g and specific
gravity 1.10 g/cm3,

• natural gravel aggregates of maximum grain size up to 8 mm, from Las Suwalski deposit, with
specific density 2.65 g/cm3 and compressive strength 34 MPa,

• a pit sand from Markuszów deposit with: siliceous nature, a maximum diameter of 2 mm, specific
density 2.60 g/cm3 and compressive strength 33 MPa,
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• superplasticizer STACHEMENT 2750 based on polycarboxylates; 1.8% of -binding material weight,
with a very high liquefaction effect—which is retained for a longer period than with the common
used superplasticizers,

• laboratory pipeline water free from contamination,
• In elaboration of recipes of concrete mixtures having the additives one took an assumptions that:
• the total amount of binding material in the concretes will be constant,
• the constant amount of the binder substitute at 10% and 5% was for SF and nS, respectively,
• a variable parameter was the addition of FA, which replaced the OPC in the amount of: 0%, 5%

and 15%, and
• the same water-binder ratio at level 0.4 in all mixtures.

Based on the above, during the design of the experiments, the following compositions of concrete
mixes with various amounts of additions were planned:

• REF—without any additives,
• FA-00+SF-10+nS-5;
• FA-5+SF-10+nS-5; and,
• FA-15+SF-10+nS-5.

The specimens for strengths tests were made of concrete mixtures in which solid contents of:
binder, sand, gravel, water, and superplasticizer—in the following quantities: 352, 676, 1205, 141, and
6 kg/m3, respectively were used. Figure 5 shows the appearance of all materials used in the studies.
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Gravel and sand were both dry mixed in a drum mixer for 2 min. followed by addition of the
binder materials (OPC and FA) which was further mixed for 3 min. Subsequently, half of the mixing
water was added for mixing of 2 min. and followed by the remaining water and superplasticizer.

The superplasticizer was dosed in a very large amount, i.e., 1.8% of binding material (0.6% above
the upper recommended limit) due to the reduced workability of the concrete mix due to the addition
up to three microfillers, i.e., FA, SF, and nS. This allowed for freely molding specimens.

The cast specimens were covered with a polyurethane sheet and damped cloth. After two days,
all of the specimens were demoulded. Afterwards, they were kept for 14 days in a chamber with
a moisture-saturated atmosphere and for another 14 days under laboratory conditions (20 ± 2 ◦C).
After 28 days of curing, the compressive strength tests and splitting tensile strength tests were
carried out.
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3.2. Methods

In the experimental part, this article focuses on analysing compressive strength (f cm) and splitting
tensile strength (f ctm) in concrete made with quaternary binders. Analysis of strength parameters were
conducted on six specimens, made for each series of concrete, after 28 days of their curing. In concretes
with modified matrix, OPC was replaced by pozzolanic additives by weight.

All of the tests were carried out on cubic specimens with dimensions: 150 × 150 × 150 mm.
The main steps of preparing specimens for tests included the following activities:

• Lubrication the molds with an anti-adhesive agent.
• Preparation of a concrete mixture.
• Casting of cubes in plastic forms.
• Curing of the specimens after casting. This procedure lasted two days.
• Demoulding of cubes by using compressor.
• Curing of the specimens in a chamber with a moisture-saturated atmosphere. This procedure

lasted two weeks.
• Removing specimens from the water.
• Final preparation of specimens for testing.

Compression and tensile strength were both tested using a compression machine (Walter + Bai ag)
with a maximum load of 3000 kN. The specimens were loaded statically. The compressive strength
tests and the splitting tensile strength tests were both conducted according to the standards of series
EN 12390, exactly according to the standards:

• EN 12390-3:2011+AC: 2012 Testing hardened concrete—Part 3: Compressive strength of test
specimens [115] and

• EN 12390-6:2009 Testing hardened concrete—Part 6: Tensile splitting strenght of test
specimens [116].

In addition to testing the mechanical parameters of concretes, the microstructure of the grains of
main modifier, i.e., FA, was also analysed. In own studies, microscopic observations were carried out
with application of the Scanning Electron Microscope (SEM) to assess the microstructure of the FA.
SEM is one of the best and most widely used techniques for the chemical and physical characterization
of the FA, as noted by Vassilev and Vassileva [117].

The microstructural testing was carried out using a QUANTA FEG 250, which was equipped
with an energy dispersive Spectroscopy (EDS EDAX), at magnification from 200 up to 80,000 times.
The tests were performed in both the low and high vacuum by using secondary electrons (SE).

Except for assessing strength parameters in concretes modified with pozzolanic additives and
microstructure of FA particles, the additional purpose of the study was to determine the environmental
benefits associated with the possibility of reducing:

• raw materials for burning clinker,
• heat energy consumption, and
• electricity consumption.

as a result of limiting the use of OPC in the composition of the concrete mixture and replacing this
basic binder with fine and reactive SCMs.

4. Results and Discussions

4.1. Mechanical Parameters

The average values of compressive strength and splitting tensile strength of concretes, after
28 days of their curing, (with error bars) are given in Figures 6 and 7, respectively. In addition, Table 3
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presents the percentage increases of both analysed mechanical parameters in relation to the values that
were obtained for the reference concrete.Energies 2020, 13, x FOR PEER REVIEW 12 of 20 
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Table 3. Compressive strength and splitting tensile strength of concretes.

Mix
The Values of Analysed Parameters Compared to Concrete REF (%)

f cm f ctm

REF 100 100
FA-00+SF-10+Ns-5 140.6 138.6
FA-5+SF-10+Ns-5 148.2 146.9
FA-15+SF-10+Ns-5 130.8 129.7

When analysing the results obtained for both f cm and f ctm, it should be stated that the highest
indices of strength, both compressive and tensile, had concrete with a quaternary binder, containing a
smaller proportion of FA, i.e., 5%. Therefore, an increase of over 40% in both strengths was observed
in comparison to the reference concrete in the case of concrete of series FA-5+SF-10+Ns-5 (Table 3).
The other two modified matrix composites also had higher mechanical parameters when compared to
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REF concrete. However, the f cm and f ctm values for these materials were about a dozen or so percent
lower when compared to the results obtained for the concrete with the best parameters. Definitely the
least favourable effect of modification was achieved for the 15% FA concrete. Although this substitute
was characterized by fine granulation and high reactivity (Figures 8 and 9) with a larger amount
of this additive, the effect of reducing the strength of the composite, which was characteristic for
FA, during the period below 90 days of curing became visible [95,118]. Moreover, it was observed
that the results of compressive strength and splitting tensile strength in quaternary concretes are
qualitatively convergent.
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It should also be noted that, in all series of concrete with quaternary binders, the results f cm and
f ctm clearly exceeded the values of strength parameters that were obtained for unmodified concrete.
In the case of compressive strength, an advantage ranging from 30% to 48% was obtained, while,
in the case of tensile strength—from 30% to almost 47%. Therefore, it should be recognized that all of
the proposed compositions of concrete mixtures were characterized by very favourable mechanical
parameters. In the case of concrete of FA-5+SF-10+Ns-5 series, the obtained strengths were close to the
strengths obtained for the high-performance concretes.
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4.2. Microstructural Analysis

Figure 8 shows a view of FA grains, in which particles with a diameter of a few to several µm
prevail. This is one of the forms of FA grains occurring in larger quantities. Figure 8 shows the FA
agglomerate. Agglomerates were composed of different fractions of FA, most often in sizes from 1.0 to
several dozen µm. An interesting forms of FA of this type were also shown in [119].

Figure 9 shows the responsive FA grain that was observed in the cement matrix structure after
28 days of curing. The grain surface exposes a highly advanced pozzolanic reaction process and it is
well embedded in the matrix structure, i.e., it has almost negligible cracks in the area of contact with
the paste [120–122]. Highly responsive FA grains only after four weeks from the preparation of batches
indicate that these are materials with high activity in contact with the cement matrix. Such processes
are usually postponed in the case of FA modified cement paste. They become visible only after three
months and sometimes even after half a year [95].

4.3. Energy Savings

In addition to the obvious benefits of the proposed material modification in terms of a clear
improvement in the mechanical parameters of concretes, the substitution of cement binder in the
composition of a concrete mix also brings definite environmental benefits. Table 4 presents the values of
the annual reduction in the consumption of natural resources that are necessary in the clinker burning
process and the limitations in the consumption of heat and electrical energy needed for the production
of cement binder when replacing OPC with individual compositions of SCMs.

Table 4. Reduction of the annual consumption of products when replacing the OPC with three additives.

Analysed Product
Reduction for Consumption of Product for Different Series of Concrete

Unit
REF FA-00+SF-10+Ns-5 FA-5+SF-10+Ns-5 FA-15+SF-10+Ns-5

Cement 0 615,000,000 820,000,000 1,230,000,000 (ton)
Raw materials for burning clinker 0 104,550,000 1,394,000,000 2,091,000,000 (ton)

Electricity 0 72.6 96.8 145.2 (TWh)
Heat energy 0 2.4 3.2 4.8 (EJ)

The analysis that is presented in Table 4 were made while taking the savings that could be obtained
by replacing cement with a suitable composition of additives on an annual assumption into account:

• cement production in the amount of 4.1 bn tons (Figure 1),
• consumption of natural resources in an amount of 6.97 bn tons [9],
• electricity consumption in the cement production process that occurs in China—484 TWh

(Table 2), and
• heat energy consumption in the cement production process that occurs in China—16 EJ (Table 2).

As a result of using the proposed solutions, it is possible to limit the consumption of particular
products:

• raw materials required for clinker burning by one- to two-billion tonnes,
• heat energy in the production of cement by 2.4 to 4.8 EJ, and,
• electricity in the production of cement by 73 to 145 TWh.

In addition, it is concluded that the greatest environmental benefits, when using concretes based
on quaternary binders, are obtained when using the concrete of series FA-15+SF-10+Ns-5 based on data
in Table 4 (30% OPC substitution). The smallest reduction in the consumption of particular products
can be obtained when only SF and Ns are added to concrete (OPC substitution at 15%).

5. Conclusions

This study investigates the behavior of quaternary concrete after incorporating: FA, SF, and nS.
The experimental results revealed that the addition of SCMs, such as: FA, SF, and nS in OPC very
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positively affects the mechanical properties of concrete. The article also highlights the environmental
aspect of the proposed solutions.

Based on the test results, the following conclusions can be drawn:

(1) Concretes containing fly ash and nanoadditives in the cement composition have very favourable
strength parameters—30% to over 40% in relation to the values obtained for concrete
without additives.

(2) The quaternary concrete containing: 80% OPC, 5% FA, 10% SF, and 5% nS have shown the best
results of compressive strength and splitting tensile strength.

(3) The worst mechanical parameters were characterized by concrete containing more content of FA
additive in the concrete mix, i.e., 15% (70% OPC + 15% FA + 10% SF + 5% nS).

(4) The results of compressive strength and splitting tensile strength are convergent qualitatively.
(5) Replacing of cement in the composition of a concrete mix, with fly ash and nanoadditives,

is advantageous from an ecological point of view. It primarily allows for reduction of electricity
and heat energy in the processes of cement production.

(6) Quaternary concrete containing fly ash and nanoadditives could be a good substitute of ordinary
concretes. This material can promote the utilization of waste materials, such as fly ash and silica
fume in construction.
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