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Abstract

:

Striving for reduction of production costs and constraints on natural resources cause the use of waste materials as substitutes of traditional raw materials to become increasingly important. Dynamic development of sewerage systems and sewage treatment plants observed over the recent years leads to increase of mass of the produced sewage sludge. According to the Waste Law, the municipal sewage sludge can be used if it is properly stabilized, e.g., through thermal processing. This process results in significant quantities of fly ash which must be properly utilized. The paper presents results of investigations of influence of partial replacement of cement by the fly ash from sewage sludge on concrete parameters. It was designed as a C20/25 class concrete mix, based on the Portland cement CEM I 42.5R with various ash content. Physical and chemical properties of the ash as well as frost resistance and the compressive strength of the concrete after 28, 56 and 365 days of curing were investigated. The obtained results of investigations confirm the possibility of application of fly ash wastes as a cement substitute in the concrete manufacturing. If a predefined quantity of cement is replaced by the fly ash, then one can obtain cement composite with good strength parameters.
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1. Introduction


Cement—a mineral hydraulic binder, built the modern world; now it turns out that it also destroys it. At the moment, it is irreplaceable; it remains a key material for the construction of the world economy. According to the data of the International Statistics Yearbook [1], the worldwide production of cement in 2000 amounted to over 1.67 billion tons and in 2013—4.07 billion tons. Currently, it is consumed at ca. 4.5 billion tons per year. The problem is that the production of 1 ton of cement, depending on the technology, causes emission of 0.5 to 1 ton of CO2. It means that the cement production is responsible for 5% of global carbon dioxide emission. The direct source of carbon dioxide emission in the cement industry is the process of raw material calcination (approx. 62%) and fuel combustion (approx. 38%), while the indirect ones are means of transport and electricity production, as well as mining of mineral resources and primary fuels. High CO2 emission by the cement industry resulted in the development of a strategy to reduce this emission by: improving production processes, modernizing equipment, replacing primary fuels with alternative fuels from waste, optimizing the cement composition, and recovering heat energy from production processes. Striving for reduction of production costs and constraints on natural resources cause that use of waste materials as substitutes of traditional raw materials becomes increasingly important [1,2,3].



The dynamic development of sewage networks and municipal sewage treatment plants, visible in the last 20 years, leads to the formation of an increasing amount of municipal sewage sludge. Currently, the method of their management is subject to the Act of 14 December 2012 on waste (Journal of Laws 2013, item 21) [4] as well as executive regulations and laws specific to the way of their generating, processing and impact on the natural environment. Taking into account the ban on the storage of sewage sludge binding from 1 January 2016 [5], their management has become not only a technical and economic problem, but also an ecological one. Until then, the generated sewage sludge was landfilled or, after initial stabilization (aerobic, anaerobic, with lime), was released into the environment, e.g., as fertilizers or for earthworks. However, due to the sanitary hazard, high weight and hydration, they have always been a technical problem. Taking into account the presence of toxic substances and heavy metals, limiting the possibility of their use in agriculture, thermal methods are the most appropriate way of sewage sludge disposal. As a result of this process, the volume of waste (sludge) is reduced and the heat or electric energy is obtained, as well as the content of sulfur and nitrogen compounds in the exhaust gas is reduced. The secondary waste material generated in sewage sludge thermal treatment installations is waste (fly ash) with the code 19 01 14, which also requires appropriate management. Due to their origin, these ashes are characterized by specific properties (high phosphorus content), absent in by-products of coal combustion. In line with the idea of Circular Economy—a near-zero emission economy—ashes from sewage sludge should be treated as a potential product [4].



According to the binding regulations in Poland ([5], pos. 108), implementing the Directive of the European Parliament and Council (EU/2010/75) [6] within their scope, insofar as the ashes produced during the combustion of sewage sludge satisfy defined requirements, they can be used to prepare concrete mixtures for construction purposes, with the exception of buildings intended for the permanent residence of people or animals and for the production or storage of food. Due to the increase in the generated sewage sludge, it became necessary to find alternative methods of their application. One of such methods is utilization in technology of concrete and other building materials based on cement [5,6].



Concrete is currently the most widely used man-made composite material, and second after water, in the entire range of materials used. It is an ecological material, made of local raw materials—aggregate, cement, water, admixtures and mineral additives, with the smallest carbon footprint. The use of secondary raw materials in the production of concrete—fly ash from thermal conversion of sewage sludge (as a partial replacement for cement—a cement substitute) is important not only from the economic but also the environmental point of view. In the environmental aspect, the benefits of using fly ash include, among others:




	
limitation of the use of natural deposits, and thus savings in fossil fuels and natural resources and limitation of the devastation of the land surface as a result of the exploration of aggregates;



	
reduction of the environmental pollution by reducing the emission of harmful gases (carbon dioxide);



	
reduction of the amount of landfilled waste;



	
recovery of land occupied by ash dumps.








The research on the fly ash from thermal conversion of sewage sludge (SSA) presented in the literature focuses on determining its potential for application in building materials such as: burnt tiles, bricks [7,8,9], glass ceramics [10,11,12], mortars, cement pastes and concretes [13,14,15,16]. This additive is used as a direct substitute for cement, sand or clay. It is assumed that mixing a certain amount of SSA with other ingredients does not adversely affect the compressive strength of mortars and concretes. Monzo et al. [17] found that mortars matured in water at 40 °C and containing up to 30% SSA did not show a reduction in compressive strength compared to reference mortars without the addition of ash. The changes in mortar strength are related to the pozzolanic properties of the SSA, the content of C3A in the cement and the maturation conditions. In the studies of Cyr et al. [18], ash was introduced to the mortars in the amount of 25% and 50%. It was estimated that SSA caused a decrease in compressive and bending strength compared to the control mortars. Lin et al. [19] concluded in their research that the fly ash from thermal conversion having a finer graining shows a higher pozzolanic activity, which results in a higher compressive strength of building materials. Chen et al. [20] analyzed the effect of ash as a substitute for cement and sand in concrete. Their tests showed satisfactory compressive strength of the prepared composites. Ing et al. [21] as well as Pinarli and Kaymal [22] confirmed that mortars containing up to 10% SSA have similar or greater compressive strength than conventional mortars. Baeza-Brotons et al. [23] proved a satisfactory strength after 28 days of maturation of concrete containing 5, 10, 15 and 20% of ash. Moreover, they found that the ash influences the water absorption in the cement composite. In the studies of Chang et al. [24], it was confirmed that the fly ash used as an additive to concrete mix in the quantity up to 10% has a positive effect on compressive strength. In addition, this additive also affects the water absorption capacity of the material. Chen and Poon [25] proved in their studies that the pozzolanic effect of SSA is weaker than that of powdered fly ash (PFA). However, at the same exchange level of up to 20% of cement, the compressive and bending strength of the mortars are comparable. The optimal content of the fly ash from thermal conversion of sewage sludge in cement composites, according to the information provided by other authors, is within 5–20% [26,27,28,29,30,31,32,33,34]. Pozzolanic properties and chemical composition of the fly ash from thermal conversion of sewage sludge used as a substitute of cement in concrete show analogy to traditional mineral additives [35].



The main goal of the research was to analyze the influence of the properties of the fly ash from sewage sludge on the strength parameters and frost resistance of concretes produced with their participation, in accordance with the assumptions of the circular economy. The obtained test results were compared to the zero sample containing no fly ash in its composition.




2. Materials and Methods


Procedures based on the guidelines contained in current EU regulations and standards were used to conduct the tests. Figure 1 shows a conceptual diagram of the conducted research.



A mix of ordinary concrete of C20/25 class with the consistency of S3 was designed for experimental work, according to PN-EN 206+A1:2016-12, using the Bukowski’s method of three equations [36,37]. For the preparation of the mixture, CEM I 42.5R Portland cement, pebble aggregate of fine fraction (grains of diameter 0–2 mm) and coarse fraction (2–16 mm), water and an additive—fly ash—were used. In all compositions of the concrete mix, the same composition of the sand aggregate selected by the sieve analysis method and the constant composition of the gravel aggregate selected by the iteration method were maintained (Table 1). The phase composition and chemical and physical parameters of the cement according to the requirements of EN 197-1:2012 [38] are shown in Table 2 and Table 3. As a partial replacement for cement, an additive was used—the fly ash from fluidized combustion of municipal sewage sludge in the “Czajka” sewage treatment plant in Warsaw. In order to compare the properties of ordinary concretes produced in a traditional way and concretes containing the fly ash from thermal conversion of sewage sludge in their composition, samples were prepared: OC—no additive, FA—with the addition of the fly ash from thermal conversion of sewage sludge in the amount of 5% to 25%.



The composition of the individual concrete mixes per 1 m3 is shown in Table 4.



In order to determine the effect of the fly ash from thermal conversion of sewage sludge on the basic properties of concrete mix and concrete, the following properties were tested: bulk density (EN 12350-6:2011) [39], the consistency in a slump test (EN 12350-2:2011) [40] and air content in a pressure method (PN-EN 12350-7:2011) [41]. Compressive strength was tested in accordance with the guidelines specified in BS EN 12390-3: 2019-07 [42] in the hydraulic testing machine MATEST H011 (Brembate Sopra, Italy) after 28, 56 and 356 days of maturation. Frost resistance was tested with use of a direct method according to the procedure described in the PN-B-06265:2004 standard [43] in the “Toropol” chamber (Warsaw, Poland). The resistance of the modified concrete was carried out in a PK 1100/5 furnace (Termolab SC, Warsaw, Poland) at a temperature of 400 °C, 600 °C, 800 °C. For testing, the samples were dried to a constant mass at a temperature of 105 °C ± 5 °C in a drying oven. The tests performed during the heating of the samples correspond to the conditions occurring during the fire [44]. Based on the results of these investigations and their statistical analysis, a material model was developed as a function describing the dependence between composition (component content) and properties of the composite. The input variables of the model are material factors determining the composition of concrete [45]. The output variables are the values of those characteristics of the material that determine its suitability. It is a statistical-experimental model determined as a quadratic function. On the basis of the determination coefficient R2, an evaluation of the adaptation of the model to the results obtained was performed. The model was developed for the concretes with addition of ashes from thermal conversion of sewage sludge for which the compressive strength was examined after heating at 400 °C, 600 °C and 800 °C.



Municipal sewage supplied to the sewage treatment plant is mainly a mixture of domestic and industrial sewage, also supplied with rainwater and water infiltrating from the ground. The qualitative and quantitative characteristics of such wastewater depend on the type and condition of the sewage system, the amount of water used, the industrialization of the city or the standard of living of the inhabitants. Both the quantity and composition of wastewater flowing into sewage treatment plants generally change in the daily, weekly, monthly and yearly cycle. An important and binding rule for this reason is that there is no typical composition and quality of municipal wastewater, and thus there is no typical composition of fly ash generated during thermal conversion of sewage sludge. In order to identify the physical and chemical properties, tests were carried out on the fly ash from thermal conversion of sewage sludge as a material that is currently not widely used in the concrete technology, see Table 5.




3. Results and Their Discussion


3.1. Physical and Chemical Properties of Fly Ash


The results of the analysis of the oxide composition of the fly ash from thermal conversion of sewage sludge are presented in Figure 2.



The loss on ignition of the fly ash in a fluidized bed furnace at a temperature exceeding 850 °C, expressing the content of unburned carbon in the sample, was low and amounted to 0.5%. The largest share percentage in the ash accounted for silicon oxide (23.77%) and calcium oxide (18.64%). A high phosphate content of 23.08% was also noted. Additionally, the sum of the content of silicon dioxide (SiO2), aluminum oxide (Al2O3) and iron oxide (Fe2O3) in the fly ash from sewage sludge was 60.23% and did not meet the requirements of PN-EN 450-1+A1:2012—65% [46]; this standard, however, concerns silica fly ashes, generated in combustion and co-combustion of coal, not fly ashes from sewage sludge. It is assumed that the phosphate ions contained in the ash and the loss on ignition affect the compressive strength of concretes produced with the fly ash from the thermal conversion of sewage sludge [48,49]. It was observed that the fly ash from another batch used by the authors in previous studies [16,29,30] was characterized by a poorer chemical composition than the fly ash used in the presented research.



Volume distribution of individual grain fractions and SEM image are presented in Figure 3. The grains with a diameter of 2 to 250 µm account for 94.39% of the volume. The density of ash determined according to PN EN 1097-07:2008 was 2534 kg/m3 and the fineness tested according to PN EN 451-2:2017-06 amounted to 50.7% [50,51]. The mineral composition of the fly ash from thermal conversion of sewage sludge is dominated by anhydrite and quartz; while taking into account the chemical analysis in the micro-area (SEM-EDS), grains with iron, phosphorus, aluminum and calcium in their content were dominant, along with grains containing potassium, magnesium and sodium, see Figure 4.



The pozzolanic activity of the fly ashes from thermal conversion of sewage sludge, determined as the total content of reactive Al2O3 and SiO2 based on ASTM C379-65T [47], was 20.31%. The ash shows a pozzolanic character when the total content of oxides is over 20%. In addition, the pozzolanic activity index, determined according to PN-EN 450-1:2012 after 28 days of maturation was 66.4%, and after 90 days—77.3%. However, this standard applies to ashes from hard coal combustion—silica fly ash. The activity index after 28 days of maturation should reach the value ≥75%, and after 90 days—the value ≥85% [46]. However, this standard applies to ashes from hard coal combustion—silica fly ash. According to the performed investigations, the pozzolanic activity of the fly ashes from thermal conversion of sewage sludge obtains the value 85% after a longer period—120 days. The results prove that the fly ashes from thermal conversion of sewage sludge used as the substitute of the defined quantity of cement, can be used in the concrete manufacturing. The concretes containing such fly ashes obtain the designed compressive strength after 28 days of curing and it increases in next days of curing.




3.2. Properties of the Concrete Mix


Based on the test results carried out on the fresh concrete mix, it was found that the fly ash from thermal conversion of sewage sludge affects its individual parameters. The lowest air content was observed for the sample of the reference concrete mixture OC, equal to 1.8%, while the highest—2.9%—in the mixture in which 25% of the cement was replaced by the ash (FA 25%). The density of the concrete mix ranged from 2.322 to 2.394 kg/m3. The concrete mix without the additive obtained a plastic consistency, similarly to the concrete mixes containing different contents of the additive—Figure 5. It is quite confusing that the density of the concrete mixes with the additive is higher than that of the reference concrete, despite the higher air content of the mixes with the additive. This result is confirmed in another publication [52] describing investigations conducted by the authors and concerning application of the fly ashes from thermal conversion of sewage sludge. However, this phenomenon requires further investigations in an aim to explain its nature and reasons.




3.3. Compressive Strength


The results of measurements of the average compressive strength of concrete samples with a different content of the fly ash from thermal conversion of sewage sludge are shown in Figure 6.



Replacement of the cement by the ash from thermal conversion of sewage sludge influenced the compressive strength in comparison to the reference concrete. The highest compressive strength after 28 days of maturation, equal to 40.70 MPa, was achieved by concrete samples in which 20% cement was replaced by the fly ash, while the lowest strength was 29.76 MPa—for samples where 15% of cement was replaced with ash. Compared to the reference concrete, the increase in strength for the concrete FA20% was 2.8%, while the decrease in the concrete FA5% was 24.8%. The highest compressive strength after 56 days, equal to 42.83 MPa, was achieved by the concrete FA20%, while the lowest one, equal to 36.70 MPa, by the concrete FA5%. After a one-year maturation period, it was observed that the lowest compressive strength equal to 40.62 MPa was again obtained by the concrete FA5%, the highest one, equal to 46.51 MPa—by the concrete FA20%. The fly ash from thermal conversion of sewage sludge used as a substitute for cement in quantities of up to 20% results in an increase in strength if compared to the reference concrete without the addition, see Figure 6. The investigations conducted by the authors [29,30,52,53] and concerning the impact of the fly ash from thermal conversion of sewage sludge on strength compression in different maturation periods confirms the positive effect of this type of ash [29,30,52,53]. When assessing the chemical composition of the used ash [30], it was observed that for the ash obtained from the “Czajka” sewage treatment plant in Warsaw, the values of compressive strength were lower than for the concrete with the ash from the sewage treatment plant in Cracow. The increase in strength is influenced by a higher concentration of the oxides SiO2, Al2O3, Fe2O3 in total and a lower concentration of P2O5, CaO, SiO2 and Al2O3 in total. Similarly to the research results presented by other authors [26,27,28,54], the cost-effective replacement of the binder with the fly ash is within the range of 5% to 20%. In addition, the physicochemical and pozzolanic properties of ashes from sewage sludge indicate the possibility of using this additive as a substitute in concrete technology [26,27].




3.4. Frost Resistance


Table 6 shows the obtained results of the compressive strength of the samples after 150 freezing cycles and of the comparative samples. If cyclically frozen and thawed, the concrete can be subjected to internal or surface damages. The surface damage leads to continual pitting of the surface, hence to decrease in mass of the tested samples [55]. According to PN-88/B-06250, the concrete samples subjected to freezing and thawing cycles should not show any damage or cracks, and their weight loss cannot exceed 5%. Additionally, the decrease in compressive strength should not exceed 20% [16]. An important factor affecting the frost resistance of the concrete is the air content. Air bubbles in the concrete can provide empty spaces for accommodating the ice expansion, thus relieving the hydrostatic pressure and osmotic pressure during the low temperature cycle. On the other hand, the ice expansion could cause severe cracking stress inside the concrete [55,56].



On the basis of the conducted tests, it was found that the reference concrete samples and samples containing different contents of the fly ash from the thermal conversion of sewage sludge showed no damage or cracks upon macroscopic evaluation. Their weight loss did not exceed 5% and the decrease in compressive strength—20% (what satisfied the requirements of the standard [43]). Samples subjected to 150 cycles of freezing and thawing in which the cement was replaced with ash in amount of up to 25% can be classified as having the degree of frost resistance F150. Among the comparative samples, the lowest compressive strength, equal to 37.87 MPa, was achieved by the FA5% samples, and the highest one, equal to 43.90 MPa, by the FA15% samples. When assessing the compressive strength of the samples after the freeze-thaw cycles, the lowest compressive strength of 35.99 MPa was achieved by the FA5% samples—similar to the comparative samples, while the highest strength of 41.87 MPa—by the reference concrete sample (OC). In addition, it was observed that the smallest decrease in compressive strength was obtained for samples in which the cement was replaced with the fly ash in the amount of 15%. The mean weight loss of individual samples after freezing was insignificant and ranged from 0.086 (FA15%) to 0.804 (FA10%).



It was confirmed in the tests that the addition of the fly ashes from thermal conversion of sewage sludge positively affects the frost resistance of concretes produced with such additive. According to the results presented in previous investigations by the authors, maximally 5–20% of the cement can be replaced by the fly ash [31,55]. Taking into account the chemical composition of the used ashes [55], it was noted that the higher compressive strength is obtained by the concrete containing the fly ash from Cracow than that from Warsaw. Lower concentration of P2O5, CaO, SiO2 and Al2O3 in total, as well as higher concentration of SiO2, Fe2O3 and Al2O3 in total, increases the compressive strength of the produced concretes.




3.5. Material Model after Heating of Samples


The objective of the testing of concretes in high temperatures was to check out how the concrete containing the fly ashes from thermal conversion of sewage sludge behaves in high temperatures (300, 500, 700 °C). In this way, it was being checked whether such concrete can be used, e.g., for construction of tunnels, and whether in case of fire, the construction is safe. After heating of the reference concrete samples and the samples with different fly ash content from thermal conversion of sewage sludge, cracks and scratches were observed on their surface. The average compressive strength, after heating at the temperature of 300 °C, increased for the CO concrete by 9.1 MPa and for the concrete samples FA5% by 3.0 MPa, if compared to the compressive strength of the samples stored at 20 °C. For the concretes FA10%, FA15% and FA20%, the compressive strength decreased by 3.5 MPa, 8.0 MPa and 10.3 MPa, respectively. Increase of the heating temperature to 500 °C caused a decrease in strength by approx. 10% (FA5%), 23% (FA10%), 37% (FA15%) and 30% (FA20%). The concretes at 700 °C presented a fall in the range of 30% (OC) to 60% (FA15%), if compared to the reference concrete samples. On the basis of the test, it was observed that a smaller amount of the fly ash in the concrete has a positive effect on the compressive strength of the samples exposed to fire.



Figure 7 and Table 7 present regression graphs for temperatures and individual values of compressive strength, along with a correlation equation. The obtained graphs present a negative correlation. There is a dependence between the values where the fall (growth) in the compressive strength is accompanied by the growth (fall) in the temperature.





4. Conclusions


From the ecological point of view, the reuse of waste—fly ash with the code 19 01 14—brings great economic benefits. Proper disposal and thermal treatment allows for its reuse. The obtained research results proved that it is possible to use the fly ash from thermal conversion of sewage sludge for the production of concrete as a partial substitute for cement. The obtained results and their analysis allow for the following conclusions:




	
The generated waste—the fly ash from thermal conversion of sewage sludge used for the production of concrete positively affects its compressive strength and frost resistance.



	
The concrete containing the fly ash from incineration of sewage sludge in its composition presented a compressive strength comparable to that of the reference concrete without additives. The ash can be used as a cement substitute if its content does not exceed 20%. The average compressive strength of concrete containing 20% of the fly ash from thermal conversion of sewage sludge after 28, 56 and 365 days of maturation was equal to 40.7 MPa, 42.8 MPa and 46.5 MPa, respectively.



	
There is no typical composition and quality of municipal wastewater, and thus there is no typical composition of fly ash generated during thermal conversion of sewage sludge.



	
The fly ash from thermal conversion of sewage sludge has a different physicochemical composition compared to the silica fly ash used in concrete technology and does not meet the requirements of PN-EN 450-1: 2012. The oxides of silicon, calcium, phosphorus and aluminum had the largest share in the composition of the ash samples.



	
Concretes made with ash in the amount of 5%–25% are frost-resistant. The concrete containing ash from sewage sludge obtained satisfactory strength parameters after 150 freezing and thawing cycles.



	
The action of high temperature damaged the structure of the tested concrete, and visible scratches and cracks appeared on its surface. After heating of the concrete samples at the temperature of 300 °C, an increase in compressive strength for the OC concrete by 9.1 MPa was recorded, and for the concrete samples FA5%—by 3.0 MPa. The temperature increase to 500 °C caused a decrease in strength in the range of 10% (FA5%)–37% (FA15%) in all cement composites. The concrete at the temperature of 700 °C presented a decrease in the range of 30% (OC) to 60% (FA15%) in relation to the samples made of the reference concrete.
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Figure 1. Conceptual diagram of the performed laboratory tests. 
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Figure 2. Oxide composition of the fly ash from thermal conversion of sewage sludge. 
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Figure 3. Volume distribution of grain fractions and SEM photo of the fly ash from thermal conversion of sewage sludge. 






Figure 3. Volume distribution of grain fractions and SEM photo of the fly ash from thermal conversion of sewage sludge.



[image: Sustainability 13 04182 g003]







[image: Sustainability 13 04182 g004 550] 





Figure 4. Mineral composition of the fly ash from thermal conversion of sewage sludge. 
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Figure 5. Density (bars) and air content (percentages) of the concrete mixes. 
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Figure 6. Average compressive strength in different periods of concrete maturation. 
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Figure 7. Correlation graph for the concrete samples. 
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Table 1. Percentages of the aggregates selected by iterations.
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Fraction

	
Fraction Mixing Percentage Ratio

(for Sand and Gravel)

	
Grain Composition [%]




	
I Stage

	
II Stage

	
III Stage

	
Sand

	
Gravel






	
0.0–0.125

	

	

	
32

	
1.37

	
0.44




	
0.0125–0.25

	
11.66

	
3.73




	
0.25–0.50

	
37.24

	
11.92




	
0.50–1.0

	
33.88

	
10.84




	
1.0–2.0

	
15.85

	
5.07




	
2.0–4.0

	

	
35

	
68

	

	
23.80




	
4.0–8.0

	
47

	
65

	
20.77




	
8.0–16.0

	
53

	
23.43
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Table 2. Phase composition and physical properties of cement CEM I 42.5 R.
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The Share of Mineral Phases CEM I [5 mass]






	
C3S—61.9

	
C2S—12.2

	
C3A—7.6

	
C4AF—4.0




	
Blaine specific sur- face area [cm2/g]

	
Beginning of bin- ding time [min]

	
Compressive strength after 2 days [MPa]

	
Compressive strength after 28 days [MPa]




	
3331

	
217

	
21.0

	
49.7
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Table 3. Chemical properties of cement CEM I 42.5R.
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	Roasting Loss [%]
	Sulfate Content SO3 [%]
	Chloride Content Cl− [%]
	Alkali Content Na2Oeq [%]
	Silica Content SiO2 [%]





	3.19
	3.19
	0.05
	0.72
	20.21



	Al2O3 [%]
	Fe2O3 [%]
	CaO [%]
	CaOw [%]
	MgO [%]



	4.33
	2.38
	65.20
	1.75
	1.52
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Table 4. Concrete mix proportions by weight.
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Specification

	
Mass of Concrete Ingredients [kg/m3]




	
Aggregate

	
Water

	
Cement

	
Fly Ash






	
Concrete OC

	
1789.57

	
191.78

	
412.01

	




	
FA 5%

Concrete with 5% of fly ash

	
1789.57

	
191.78

	
391.41

	
20.60




	
FA 10%

Concrete with 10% of fly ash

	
1789.57

	
191.78

	
370.81

	
41.20




	
FA 15%

Concrete with 15% of fly ash

	
1789.57

	
191.78

	
350.21

	
61.80




	
FA 20%

Concrete with 20% of fly ash

	
1789.57

	
191.78

	
329.61

	
82.40




	
FA 25%

Concrete with 25% of fly ash

	
1789.57

	
191.78

	
309.01

	
103.00
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Table 5. Scheme of the methodology used in this study.
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	Research
	Test Method





	Particle size distribution
	The analysis was performed based on the phenomenon of laser diffraction using the Mastersizer 3000 analyzer (Malvern Instruments). The measurement was carried out in a dispersing liquid (demineralized water) in the presence of an ultrasonic probe in order to break up larger aggregates of the tested samples. Grains with equivalent diameters ranging from 0.1 µm to 1000 µm were analyzed.



	Morphology and chemical composition in the micro-area
	The determination was performed by the EDAX scanning electron microscopy SEM Quanta 250 FEG FEI Company, with a system of chemical composition analysis based on the X-ray radiation energy dispersion—EDS (Energy Dispersive X-Ray Spectroscopy)



	The chemical composition of the material
	The composition was determined by the X-ray energy dispersion fluorescence (XRF) method on an Epsilon 3 spectrometer (Panalytical). The test was carried out in the measuring range of the elements Na—Am using an apparatus equipped with the Rh X-ray tube (9 W, 50 kV, 1 mA), 4096-channel spectrum analyzer, 6 measurement filters (Cu-500, Cu-300, Ti, Al-50, Al-200, Ag) and a high-resolution semiconductor SDD detector (50 µm thick beryllium window) cooled with a Peltier cell.



	Mineral composition
	The composition was determined using X-ray phase analysis (XRD). Measurements were made using the powder method using a Panalytical X’pertPRO MPD X-ray diffractometer with a PW 3020 goniometer. A copper tube (CuKα = 1.54178 Å) was used as a source of the X-ray emission. X’Pert Highscore software was used to process the diffraction data. Identification of mineral phases was based on the PDF-2 release 2010 database formalized by JCPDS-ICDD.



	Pozzolanic activity
	The determination was carried out in accordance with PN-EN 450-1: 2012 and ASTM C379-65T [46,47].
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Table 6. Summary of the average strength decrease of the samples subjected to freezing and the average weight loss of the samples.
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No

	
Sample

	
Average Compressive Strength

	
Average Strength Decrease of Frozen Samples

	
Average Mass

	
Average Loss in Mass




	
before Freezing

	
after 150 Freeze–Thaw Cycles

	
before Freezing

	
after 150 Freeze–Thaw Cycles




	
[MPa]

	
[MPa]

	
[%]

	
[g]

	
[g]

	
[%]






	
1

	
OC

	
43.12

	
41.87

	
−2.899

	
2366

	
2362

	
0.169




	
2

	
FA5%

	
37.87

	
35.99

	
−4.964

	
2416

	
2409

	
0.289




	
3

	
FA10%

	
42.65

	
41.78

	
−2.039

	
2361

	
2342

	
0.804




	
4

	
FA15%

	
43.90

	
43.12

	
−1.777

	
2329

	
2331

	
0.086




	
5

	
FA20%

	
42.34

	
39.98

	
−5.574

	
2378

	
2372

	
0.252




	
6

	
FA25%

	
41.33

	
38.76

	
−6.218

	
2363

	
2357

	
0.254
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Table 7. Material model (second degree polynomials) of concrete with the addition of FA with one variable.
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	Predicted Parameter
	Model Equation

x—Temperature [°C]
	Coefficient of Determination R2





	Compressive strength of OC [MPa]
	fcm = −0.0001x2 + 0.0793x + 44.98
	0.9974



	Compressive strength of FA5% [MPa]
	fcm = −0.0001x2 + 0.0419x + 42.303
	0.9999



	Compressive strength of FA10% [MPa]
	fcm = −2.5775x2 + 4.518x + 44.693
	0.9995



	Compressive strength of FA15% [MPa]
	fcm = −0.765x2 − 6.097x + 55.86
	0.9998



	Compressive strength of FA20% [MPa]
	fcm = 0.8x2 − 11.304x + 60.91
	0.9886
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