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Abstract

:

Expanded clay concrete (ECC) is a promising structural material for buildings due to its light weight and heat- and sound-insulating properties. Adding basalt fibers (BFs) in ECC reduces its brittleness and enhances its mechanical properties. The heat treatment (HT) of BF-reinforced ECC can significantly accelerate the strength growth during cast-in-situ construction, which allows the reduction of the turnover of the formwork and the construction period, as well as leading to lower construction costs. This paper presents an HT technology for load-bearing structures, containing a BF-reinforced ECC mix and using infrared rays for cast-in-situ construction. The issue of the strength growth of BF-reinforced ECC during HT has been studied. Microsilica and fly ash were added to the ECC mix to obtain a compressive strength of more than 20 MPa. Four different mixes of ECC with chopped BFs in the ratios of 1:0, 1:0.0045, 1:0.009 and 1:0.012 by weight of cement were studied. Test specimens were heated by infrared rays for 7, 9, 11, 13, 16 and 24 h. Then, the heat-treated specimens were tested for compressive strength after 0.5, 4, 12 and 24 h cooling periods. The analysis and evaluation of the experimental data were carried out based on probability theory and mathematical statistics. Mathematical models are proposed for forecasting the strength growth of BF-reinforced ECC during cast-in-situ construction.
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1. Introduction


Expanded clay concrete (ECC) is one of the lightweight concretes that has the greatest heat and sound insulating properties, which gives it a significant position in the construction industry [1,2,3,4]. However, due to its brittleness and low strength it cannot be used in load bearing structures [5,6,7]. Recently, basalt fibers (BF) have gained popularity in concrete reinforcing due to their thermal resistance, chemical resistance, environmental friendliness and good mechanical characteristics [6,7,8,9,10], and the addition of BF in ECC reduces its brittleness and increases strength [8,9]. Over the past decade, many studies have been carried out on the physical and mechanical properties of BF-reinforced concrete. Some studies [10,11,12,13] have revealed that BF can significantly improve the flexural properties of concrete. BF in concrete prevents cracks in it by reducing the magnitude of free shrinkage and by restricting crack growths if they occur [14,15,16,17].



As proved earlier, one of the most effective ways to increase the aggregate stability of lightweight concrete mixtures, as well as to improve their structure formation, is reinforcement with dispersed fibers [1,2]. At the same time, there is a decrease in shrinkage deformations by several times, which significantly improves the operational properties of dispersed-reinforced expanded clay concrete.



With all the advantages of fiber-reinforced ECC, this material has been rather insignificantly studied for concreting conditions at negative temperatures. The execution of construction work in various climatic conditions while striving to reduce construction time contributes to the development of innovative technologies for monolithic construction. The necessity for year-round construction works leads to an increase in the volume of winter concreting, especially when the average daily ambient temperature is below +5 °C and the minimum daily temperature is below 0 °C. This is particularly important for the climatic conditions of Russia, Finland, Sweden, Norway and Canada where the cold season lasts more than six months in a year.



In the cold season, the curing rate and the quality of the concrete is reduced due to the cyclic processes of freezing and thawing [18,19,20,21,22]. These situations create some specific threats to building structures that are made without special technological measures that regulate the temperature of the freshly laid concrete mix.



During cast-in-situ construction, a significant amount of time is spent waiting for the growth of the strength of the concrete slab. After dismantling the forms from the casted slab, all its supporting stands must be kept until the concrete strength reaches at least 50% of the designed (R28). Upon reaching 50% of the designed strength of concrete, half of the supporting stands should be kept, and at 70–80% of the designed strength, one fifth of the supporting stands are kept. In order to reduce the construction period and turnover of the formwork, as well as the construction costs, it seems appropriate to reduce the required setting time of concrete.



In some cases, chlorides and nitrates are used in concrete mixes as antifreeze additives, which have the properties of electrolytes when dissolved in water [18,19,20,21,22]. Due to the strong corrosive effects on metals and building structures, as well as the negative influence on the environment, chlorides and nitrates are not recommended by some scholars [23,24,25,26].



The most widely used methods of winter concreting are heat treatment (HT) in a heated formwork, induction heating, concreting in warm tents, steam heating, etc. [15,16]. Some researchers [15,16,18,19] have developed various technologies for winter concreting, which allow one to optimize construction works by selecting the most widely used methods for cast-in-situ construction.



Studies of the effect of HT on high strength concrete indicated that early HT initiated a high early strength [24,25]; however, HT at 120 °C on high density concrete resulted in a large loss of moisture from concrete [26]. A study of the effect of HT at a maximum temperature of 60 °C on self-compacting concrete showed an overall gain in strength at an early age [27].



A study of the radio wave technology for HT of concrete showed a uniform energy supply at distinct rates under a stable closed-loop temperature control; however, at a temperature above 60 °C, ettringite formation slowed down [24]. Studies of the effect of HT on the physical and mechanical properties of recycled aggregate concrete while using different treatment methods evaluated that HT was the most effective treatment method in improving strength; however, a rehydration effect was observed [28,29]. It should be noted that the optimum temperature for HT of concrete is 80–95 °C; otherwise, evaporation of moisture from the laid and compacted concrete mix may occur [30,31,32,33].



One of the most efficient methods for HT of concrete is its infrared heating using gas or electric emitters. The disadvantage of infrared heating using gas burners is the necessity to create an enclosed area in the form of a shelter-tent to protect gas burners from being blown by the wind, which increases the complexity of its implementation. This situation prevents the widespread use of HT of laid and compacted concrete using gas burners.



The advantage of HT technology for a laid and compacted concrete mix with infrared rays using electric emitters and a two-chamber polyethylene-terephthalate membrane cover is the possibility of heating the fresh concrete mix without re-equipping the appliance, since infrared emitters are mobile and can be installed in any convenient location.



The analysis of scientific and technical publications shows that many studies have been dedicated to HT of concrete, which can be executed in construction work during the cold season. A number of technologies for HT of concrete structures were proposed by different scholars [30,31,32,33]; however, all of these technologies are associated with high electrical energy costs, and solutions for HT of load bearing structures with BF-reinforced ECC for cast-in-situ construction are not proposed.



In cast-in-situ slab constructions, due to the pretty slow growth of concrete strength, the formwork and the supporting stands should be kept for up to three weeks depending on weather conditions. This situation complicates the production of other works and significantly increases the volume of the formwork, therefore leading to an increase in the construction period and an increase in the cost of building.



The technology for HT of laid and compacted concrete mixes using infrared rays using gas burner and two-chamber transparent covers [34] provides the conditions for the normal course of the chemical reaction of hydration, curing and strength development of concrete. HT by infrared rays allows about 70% of the design strength of concrete to be achieved in a 24-h cycle [34]. The advantage of this technology lies in the possibility of heating fresh concrete without re-equipment of the infrared appliance, since it is mobile and can be installed in any convenient place. However, the disadvantage of infrared heating using gas burners is the necessity to create an enclosed space in the form of a tent to protect the gas burners from wind, which increases the complexity of its execution.



Even though a lot of studies have been done on winter concreting, the technical significance of the problem is extensive and requires additional study. This publication aims to propose an HT technology for load bearing structures with BF-reinforced ECC for cast-in-situ construction using infrared rays, which allows one to ensure conditions for the normal course of the chemical reaction of curing and strength growth, and also to present the result of studying the issue of the strength growth of BF-reinforced ECC during HT.




2. Technology of Heat Treatment


One of the conditions for obtaining high-quality cast-in-situ structures is the creation of a favorable environment in the early stages of curing. Precast Concrete Plants usually conduct a thermal-humid treatment of concrete to ensure the rapid gaining of concrete strength. The thermal-humid treatment process usually consists of the following operational steps [34]:



Step 1. Keeping cast products in the formwork for about 2–3 h.



Step 2. Placing these formed products into a thermal-humid chamber, and raising the temperature in the thermal chamber up to a constant maximum of 80–95 °C for about 1 h.



Step 3. Isothermal heating in the thermal-humid chamber at a maximum calculated temperature of 80–95 °C for about 6–10 h.



Step 4. Reducing the temperature in the thermal-humid chamber within 2–3 h.



The total duration of the entire process is 12 to 17 h. Depending on the overall cycle time, the strength of concrete after HT reaches 45 to 75% of the designed strength.



In cast-in-situ construction, in most cases, HT of the laid and compacted concrete mix is only carried out at freezing ambient temperatures.



Some studies of HT of the laid and compacted concrete mix were carried out in the construction materials laboratory of the RUDN University, which worked out a new technology of HT of the laid and compacted concrete mix in load bearing structures, including structures with BF-reinforced ECC, during cast-in-situ construction. The layout of HT of a slab with BF-reinforced ECC using infrared rays for cast-in-situ construction in frosty weather is shown in Figure 1.



The technology for the HT process is as follows:



Step 1. Installation of reflector lamps of 800 watts, which were used as infrared emitters, in such a way that the rays emitted by the reflector lamps were directed at the concrete surface. Each reflector lamp was used for an average of 1 m2 of surface. Reflector lamps can be installed in a metallic casing of 2 × 2 m (hereinafter referred to as the “infrared appliance”). For HT, the effective distance between the surface of the infrared appliance and the concrete surface is recommended to be 1.2 m (±15 cm). At this step, the infrared appliance can be installed at a height of up to 3 m.



Step 2. Laying and compacting concrete in the formwork of the structure. Formwork panels should be metallic for a better absorption of infrared rays.



Step 3. Cover the open surface of the laid and compacted concrete mix of the structure with three layers of polyethylene-terephthalate membrane with a transparent coefficient of 0.86 to form two airbags. The height between the concrete surface and the cover should not exceed 3–5 mm. Three layers of transparent material for infrared rays, installed with gaps between them and tightened on the 20–30-mm-thick frames, allow one to create closed air chambers between the layers and reduce the effect of outside air on the temperature of the laid concrete mix. The closed air space between the layers of transparent materials serves as a heat insulator from outside air, as well as preventing the outflow of heat and the evaporation of moisture from the concrete mix into the atmosphere. The polyethylene-terephthalate membranes with a transparent coefficient of 0.86, which allow the infrared rays to pass, perceive the thermal energy of the infrared spectrum.



Step 4. Lower the infrared appliance to a height of 1.2 m (±15 cm) from the concrete surface, and then turn on the reflector lamps.



Step 5. HT of the laid and compacted concrete mix of the structure at a temperature of 80–95 °C for 8 h, followed by turning off the reflector lamps.



The study showed that the strength of concrete after eight hours of HT was about 50–60% of the designed strength. Keeping polyethylene-terephthalate membranes for one or two days, depending on the ambient temperature, was recommended. After turning off the reflector lamps, the concrete continued to gain a strength close to the designed value (80–100% of R28).



The formwork can be removed from the structure immediately after one day of concreting, which significantly reduces the formwork turnover cycle and the volume of formwork sets, thus shortening the construction period and leading to lower construction costs.



HT, using infrared rays, is possible both for the open surface of concrete (such as slabs) and through the formwork of concrete structures (such as walls).



Calculations show that the estimated electricity consumption for HT of 1 m3 of structures with BF-reinforced ECC using infrared emitters with reflector lamps of 800 watts and two-chamber airbags of polyethylene-terephthalate membranes is 95–120 kWh. At the same time, the cost of heating one cubic meter of concrete mix in the traditional way is 150–160 kWh.



This technology was recommended for HT of structures with BF-reinforced ECC where the thickness of the structure was up to 60 cm.




3. Materials and Methods


Despite the great care taken in making specimens in laboratory studies, it cannot be claimed that all specimens were the same. In this study, an equal-making process has been done for the specimens in all the tests in order to minimize differences.



3.1. Materials


In accordance with the plan of the experimental study, after the preliminary experiments the following materials were used to make specimens of ECC with an increased compressive strength:




	-

	
Lightweight Expanded Clay Aggregate (LECA) with fractions of 5–10 mm = 200 kg/m3 was used as the coarse aggregate;




	-

	
Silica sand with a fineness modulus of 2.7 = 585 kg/m3 was used as the fine aggregate;




	-

	
Silica powder of 50 µm = 100 kg/m3 was used as a mineral filler;




	-

	
Portland cement CEM I 42.5 N = 500 kg/m3 was used as a binder;




	-

	
Microsilica = 62.5 kg/m3 and fly ash = 62.5 kg/m3 were used as the mineral additives;




	-

	
SikaPlast®Concrete in liquid form = 8 L/m3 was used as a superplasticizing admixture;




	-

	
Tap water = 255 L/m3 was used for mixing.









Portland cement CEM I 42.5 N is the most widely used one in Russia for monolithic construction. In addition, the use of this cement, both in lightweight concrete and fiber-reinforced one, shows fairly stable characteristics [1,2,3]. The relatively high consumption of cement makes it possible to obtain lightweight concrete with excellent mechanical properties, which makes it possible to use it both for bearing and enclosing structures.



Four different mixes of ECC were accepted for this study, containing the above mixes and the chopped BF with a thickness (t) of 15 µm and length (l) of 20 mm in ratios of 1:0, 1:0.0045, 1:0.009 and 1:0.012 by weight of cement. As was proven earlier, the specified dosage range allows one to achieve a uniform distribution of fibers in the mixture and to obtain increased values of flexural strength and impact viscosity [3,8,9,13].



The ratio of the length to thickness (l/t) of BF used in the present study is 1333.333. Figure 2 shows the chopped BF used in this study.



LECA, used in this study, was obtained from the LECA Production Plant “Keramzit”, Serpukhov District, Moscow Region, Russia. Table 1 presents the physical properties and sieve analysis of LECA used in this study.



LECA was preimmersed in the water for 24 h before mixing, and was then placed on a sieve for 2 h to dry off the water in order to reach an almost saturated surface dry condition. Figure 3 shows LECA used in this study as the coarse aggregate.



Silica sand and silica powder, used in the present study, were obtained from the Quarry Plant “Tyutchevo”, Naro–Fominsky District, Moscow Region, Russia. Furthermore, Portland cement CEM I 42.5 N, microsilica and fly ash were obtained from the Maltsovsky Cement Plant, Fokino District, Bryansk Region, Russia.



Table 2 and Table 3 show the physical properties of silica sand and the chemical compositions of silica flour, Portland cement, microsilica and fly ash, respectively.



SikaPlast®Concrete, used in this study as the superplasticizing admixture, is a brown color aqueous solution of modified polycarboxylate esters and lignosulfonates.



The chopped BF, used in this study, was obtained from the BF Manufacturing Plant “Russkiy Bazalt”, Chelyabinsk, Russia. Table 4 presents the chemical compositions of the chopped BF.




3.2. Specimen Making and Research Method


In order to study the issue of the strength growth of BF-reinforced ECC during HT, a standard method for strength determination using reference specimens, based on the Russian Standard GOST 10180-2012 [35], was considered in the present research. Thus, all powdery materials, the silica powder, the Portland cement, the microsilica and the fly ash were thoroughly mixed in a cement mixer until a uniform color was obtained, after which silica sand and LECA were mixed with the obtained powdery mixture. Liquid materials, the SikaPlast®Concrete and the water were mixed in a separate container. This liquid substance was then added to the dry mixture and thoroughly mixed in the same cement mixer until a smooth mixture was obtained. To make BF-reinforced ECC, chopped BFs were added to the dry mixture.



In accordance with the plan of the experiment, a total of four series of ECC test specimens and one series of controlled specimens were made with dimensions of 100 × 100 × 100 mm, containing the stated compositions and BF in ratios of 1:0, 1:0.0045, 1:0.009 and 1:0.012 by weight. A total of 540 ECC specimens were made (five ECC specimens for each test).



60 ECC specimens and the control specimens were cured in an air-humid condition in wet sawdust at a room temperature of 19–22 °C, and they were tested at the curing periods of 7, 14 and 28 days.



120 ECC test specimens in each series (a total of 480 test specimens) were covered with three layers of polyethylene-terephthalate membrane (two-chamber closed airbags) after 1.5 h of setting, and HT was carried out by infrared rays for 7, 9, 11, 13, 16 and 24 h. Then, the heat-treated specimens were tested for compressive strength after 0.5, 4, 12 and 24 h cooling periods.



Reflector lamps of 800 W were used as infrared emitters. Infrared heating of the ECC specimens was carried out in natural conditions in cloudy weather at an ambient air temperature of +5 to +12 °C and a wind speed of 3 to 9 m/s.



As has already been noted, one of the features of HT technology for laid and compacted concrete mixes with infrared rays is the necessity to create conditions that prevent a moisture loss from the concrete during the process of strength growth during its heating and under the influence of wind, which causes intense dehydration. To exclude this circumstance and to increase the efficiency of the infrared heating of the concrete, three layers of transparent material for infrared rays are tightly installed next to each other, without gaps, on the open surface of the laid and compacted concrete mix.



Transparent material transmits infrared rays from emitters directed toward the surface of the laid and compacted concrete mix. The energy of the infrared spectrum is converted into heat on the absorbing surface and spreads through the thickness of the concrete mix.



Three layers of polyethylene-terephthalate membranes with a transparent coefficient of 0.86 for receiving infrared rays, installed with gaps between them and tightened on a frame, allowed for the creation of closed air chambers between the layers and reduced the effect of outside air on the temperature of the ECC specimens. A closed air space between layers of transparent materials serves as a heat insulator from outside air and prevents the outflow of heat and water vapor from ECC specimens to the atmosphere. Furthermore, the transparent screen, which allows the infrared rays to pass, perceives the thermal energy of the infrared spectrum.



The distance between the reflector lamp and the surface of the ECC specimens was 1.2 m (±15 cm).



The temperature in the ECC specimens was measured by thermocouples and recorded on coordinate tapes of the automatic recording device KSP-4A. The temperature on the surfaces of the ECC specimens under transparent screens was maintained at 85 ± 3 °C.



The study of the compressive strength of the ECC specimens was conducted on a hydraulic press of 1500 kN.



The research was carried out based on analyzing, generalizing and evaluations of experimental data. Mathematical processing of experimental data was carried out based on probability theory and mathematical statistics [36,37]. The patterns of changes in the compressive strength were established using a regression analysis. The analyzed data were verified by Spearman’s independence criterion and Wilcoxon homogeneity test [36,37], while ensuring α ≈ 0.95.





4. Results and Discussion


As part of this study, the experimental determination of the compressive strength of ECC specimens was carried out. The results of the laboratory tests of the control ECC specimens are shown in Table 5. Each average value of compressive strength in Table 5 was calculated according to the test results of five specimens. The standard deviations of the test data ranged from 0.53 to 0.72.



Figure 4 shows the diagrams of changes in compressive strength of the control ECC specimens, the specimens that were tested without HT, depending on the curing period based on Table 5. The fitting curve is shown as a black line.



Based on the experimental study of the control ECC specimens (Table 5 and Figure 4), it can be concluded that BF works well with ECC, i.e., increments in the quantity of BF added to ECC led to an increase in the compressive strength. These experimental data are in good agreement with the results published earlier [1,2,12].



The results also showed that in seven days of curing the compressive strength could reach about 60% of the compressive strength after a 28-day curing period, regardless of whether ECC was with BF or without BF.



Figure 5 shows the dependency of the compressive strength of the control ECC specimens, the specimens that were tested without HT, on the curing period and the proportion of BF.



Based on the analytical data of the compressive strength of the control ECC specimens, the specimens that were tested without HT (Table 5, Figure 4 and Figure 5), and using probability theory and mathematical statistics [36,37], a mathematical model for determining the compressive strength of ECC depending on the proportion of BF in ECC and the curing period was developed:


   R c  =  R c t  +  [    1.245 · t ·  e  45 · F      e  45 · F   +    e  45 · F      t F       ]   



(1)




where Rc—compressive strength of ECC, [MPa];    R c t   —compressive strength of ECC (without BF) of the corresponding grade on the day of determination, [MPa]; 1.245—coefficient of compressive strength changes of ECC with BF over the period, [MPa/Day]; e—exponential function, e ≈ 2.71828; F—proportion of BF in ECC, in relative units; t—curing period, [Days] (t ≤ 28 days); and tF—exposure of BF in ECC, tF = t without unit.



Note: the part in square brackets is for BF-reinforced ECC. If ECC is without BF, the compressive strength of ECC should be calculated in accordance with available USA, European, Russian or any other approved standard.



It is advisable to use the proposed model (Equation (1)) to apply an assessment of the compressive strength of BF-reinforced ECC, as it has an accuracy of ±4–5% and a determination coefficient of R2 = 0.926. It allows for the determination of the permissible load on specimens that are curing under normal air-humid conditions. These data are in good agreement with the results published earlier [1,2,12].



HT of BF-reinforced ECC significantly accelerates the strength growth during cast-in-situ construction, which allows for a reduction in the turnover of the formwork and the construction period, and which leads to lower construction costs. The results of the laboratory tests of heat-treated ECC specimens on compressive strength are shown in Table 6.



The experimental study of heat-treated ECC specimens (Table 6) showed that HT using infrared rays allowed one to obtain more than 60% of the designed strength (in accordance with the tests on the controlled ECC specimens) in 9 h and about 75% in 24 h, regardless of whether ECC was with BF or without BF.



The most important feature in understanding the relationship between normal air-humid curing of concrete and HT of concrete is the determination of the relative strength, which is calculated by the formula [15,16]:


   R R  =    R  HT      R  28      



(2)




where RR—relative strength, in relative units; RHT—compressive strength of concrete after HT, [MPa]; and R28—designed compressive strength of concrete [MPa].



Using Equation (2), the calculated data of the relative strength of ECC specimens at different periods of HT are shown in Table 7. The designed compressive strengths of ECC specimens (R28) were taken from Table 5 at a curing period of 28 days (at 0% BF, R28 = 22.53 MPa; at 0.45% BF, R28 = 25.12 MPa; at 0.9% BF, R28 = 28.50 MPa; at 1.2% BF, R28 = 31.92 MPa), and the compressive strengths of ECC specimens (RHT) after HT were taken from Table 6. Table 8 presents the average relative strength of ECC specimens at different periods of HT.



After processing the experimental data of Table 8, the diagrams of changes in the relative strength of BF-reinforced ECC at different cooling periods depending on the period of HT (Figure 6) were obtained. In order to make the relative strength (RR) more comprehensible in the diagrams, the unit of relative strength is shown in percentages. The fitting curve of the diagrams is shown as a black line.



Based on analytical data (Figure 6), using probability theory and mathematical statistics, refs. [29,30], a mathematical model for determining the compressive strength of BF-reinforced ECC after HT was developed:


   R  E C C   =  R  28    [     t  H T      (  12 + 0.27    t t   )    1 +    t  H T      (  12 + 0.27    t t   )    100      ]   



(3)




where RECC—compressive strength of BF-reinforced ECC after HT, [MPa]; R28—designed compressive strength of BF-reinforced ECC, [MPa]; tHT—period of HT, [Hours]; and tt—cooling time elapsed after HT, [Hours].



The proposed mathematical model allows one to forecast the compressive strength of ECC after HT depending on the period of HT and the cooling time, with an accuracy of ±3–4% and a determination coefficient of R2 = 0.953.



The experimental study of the said HT technology using infrared rays and a two-chamber polyethylene-terephthalate membrane cover showed its efficiency during cast-in-situ construction in the cold season when HT was required for a laid and compacted concrete mix to create favorable conditions for chemical reactions during its curing.




5. Conclusions


Based on the present study, it can be concluded that BF works well with ECC, i.e., increments in the quantity of BF added to ECC led to an increase in mechanical properties.



The proposed mathematical model for determining the compressive strength of BF-reinforced ECC, depending on the proportion of BF in ECC and the curing period (Equation (1)), allows for a determination of the permissible load on BF-reinforced ECC structures, which cure under normal air-humid conditions, during construction works.



The proposed HT technology can be used for mass cast-in-situ construction in any season, which significantly reduces the formwork turnover cycle and the volume of formwork sets, thus shortening the construction period and leading to lower construction costs.



Three layers of polyethylene-terephthalate membrane, as a transparent material with a coefficient of 0.86, allow for an effective heating of the entire surface of the concrete mix, as well as preventing the dehydration of the concrete mix during its HT. The effective distance between the surface of the infrared appliance and the concrete surface is 1.2 m (±15 cm).



For 1 m3 of structures with BF-reinforced ECC, the estimated electricity consumption of HT using infrared emitters with reflector lamps of 800 watts and two-chamber airbags is 95–120 kWh.



The proposed mathematical model for determining the compressive strength of ECC after HT (Equation (3)) allows one to forecast the strength growth of ECC in a real cast-in-situ construction immediately after curing with HT.



The experimental study of the mentioned HT technology, using infrared rays and a two-chamber polyethylene-terephthalate membrane cover, showed its efficiency in cast-in-situ construction during the cold season when HT is required for laid and compacted concrete mixes in order to create favorable conditions for chemical reactions during their curing.
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Figure 1. Layout of HT of a slab with BF-reinforced ECC using infrared rays for cast-in-situ construction in frosty weather: 1—clamps for fixing polyethylene-terephthalate membranes; 2—polyethylene-terephthalate membranes; 3—airbags (gaps); 4—concrete mix; 5—deck panels; 6—support beams; 7—telescopic stands; 8—heat insulation; 9—infrared appliance; 10—shelter-tent. Note: Heat insulation (8) and the shelter-tent (10) are not required if the ambient temperature is above +5 °C. 
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Figure 2. Chopped BF. 
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Figure 3. LECA as the coarse aggregate. 
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Figure 4. Compressive strength of control ECC specimens depending on the curing period (the fitting curve is shown as a black line). 
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Figure 5. Dependency of the compressive strength of ECC depending on the percentage of BF and the curing period. 
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Figure 6. Changes in the relative strength of heat-treated BF-reinforced ECC depending on the period of HT. 
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Table 1. Physical properties and sieve analysis of LECA.
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	Physical Property
	Value





	Specific gravity
	0.69



	Fineness modulus
	5.93



	Bulk density (compacted), [kg/m3]
	278



	Water absorption (24 h), [%]
	26.4



	Sieve Analysis, [mm]
	Cumulative Percent by Weight Passing



	10.0
	90.4



	8.0
	5.7



	5.0
	3.9



	3.0
	0
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Table 2. Physical properties of silica sand.
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	Physical Property
	Value





	Grain size, [mm]
	0.5–1.0



	Bulk density (compacted), [kg/m3]
	1430



	Hardness (on the Mohs scale)
	7



	Crushability
	0.3



	Humidity, [%]
	1.7
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Table 3. Chemical compositions of silica flour, Portland cement, microsilica and fly ash in percentages (%).
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	Chemical Oxides, %
	SiO2
	Al2O3
	Fe2O3
	K2O
	CaO
	MgO
	SO3
	P2O5
	TiO
	MnO
	Na2O





	Silica powder
	99.63
	0.23
	0.12
	-
	0.02
	-
	-
	-
	-
	-
	-



	Portland cement
	21.90
	4.86
	3.3
	0.56
	65.77
	1.15
	2.1
	-
	-
	-
	0.36



	Microsilica
	98.77
	0.23
	0.07
	0.26
	0.31
	0.04
	0.17
	-
	-
	-
	0.15



	Fly Ash
	66.24
	19.81
	6.41
	1.39
	3.13
	1.21
	-
	0.36
	0.86
	0.05
	0.54
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Table 4. Chemical compositions of chopped BF.






Table 4. Chemical compositions of chopped BF.





	Chemical Oxides
	SiO2
	Al2O3
	FeO + Fe2O3
	Na2O + K2O
	CaO
	MgO
	TiO2
	Others





	Percentage (%)
	57.3
	15.4
	11.7
	1.9
	7.3
	4.1
	1.6
	0.7
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Table 5. Results of laboratory tests of control ECC specimens on compressive strength.
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Curing Period,

[Days]

	
Average Compressive Strength, Rc [MPa]

with Standard Deviation of Test Data




	
0% BF

	
0.45% BF

	
0.9% BF

	
1.2% BF






	
7

	
14.16 (0.62)

	
15.86 (0.53)

	
18.25 (0.72)

	
20.19 (0.61)




	
14

	
19.79 (0.54)

	
21.59 (0.66)

	
24.97 (0.63)

	
27.77 (0.71)




	
28

	
22.53 (0.69)

	
25.12 (0.57)

	
28.50 (0.68)

	
31.92 (0.59)








Note: the standard deviations of the test data are shown in round brackets.
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Table 6. Results of laboratory tests of heat-treated ECC specimens on compressive strength.
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Period of HT, [Hours]

	
Average Compressive Strength depending on Cooling Period, RHT [MPa]

with Standard Deviation of Test Data




	
0.5 h

	
4 h

	
12 h

	
24 h






	
Heat-Treated ECC Specimens with 0% BF




	
7

	
09.69 (0.71)

	
11.27 (0.68)

	
11.94 (0.49)

	
12.39 (0.72)




	
9

	
11.72 (0.67)

	
12.84 (0.73)

	
13.52 (0.66)

	
14.20 (0.54)




	
11

	
12.83 (0.65)

	
13.97 (0.61)

	
14.65 (0.67)

	
15.32 (0.59)




	
13

	
13.75 (0.59)

	
14.64 (0.58)

	
15.55 (0.57)

	
16.00 (0.68)




	
16

	
14.65 (0.69)

	
15.32 (0.69)

	
15.94 (0.70)

	
16.45 (0.58)




	
24

	
15.10 (0.74)

	
15.77 (0.68)

	
16.42 (0.64)

	
16.90 (0.55)




	
Heat-Treated ECC Specimens with 0.45% BF




	
7

	
10.80 (0.61)

	
12.56 (0.70)

	
13.31 (0.67)

	
13.82 (0.54)




	
9

	
13.06 (0.49)

	
14.32 (0.58)

	
15.07 (0.58)

	
15.83 (0.69)




	
11

	
14.31 (0.66)

	
15.58 (0.54)

	
16.32 (0.59)

	
17.08 (0.65)




	
13

	
15.32 (0.53)

	
16.33 (0.69)

	
17.33 (0.70)

	
17.84 (0.68)




	
16

	
16.32 (0.57)

	
17.07 (0.71)

	
17.83 (0.58)

	
18.34 (0.72)




	
24

	
16.83 (0.68)

	
17.58 (0.56)

	
18.33 (0.68)

	
18.84 (0.59)




	
Heat-Treated ECC Specimens with 0.9% BF




	
7

	
12.25 (0.58)

	
14.25 (0.72)

	
15.10 (0.71)

	
15.67 (0.69)




	
9

	
14.82 (0.70)

	
16.24 (0.53)

	
17.09 (0.67)

	
17.95 (0.61)




	
11

	
16.22 (0.71)

	
17.69 (0.57)

	
18.52 (0.65)

	
19.38 (0.70)




	
13

	
17.38 (0.63)

	
18.50 (0.68)

	
19.66 (0.69)

	
20.23 (0.52)




	
16

	
18.52 (0.57)

	
19.37 (0.49)

	
20.19 (0.70)

	
20.80 (0.63)




	
24

	
19.09 (0.70)

	
19.94 (0.59)

	
20.77 (0.68)

	
21.37 (0.57)




	
Heat-Treated ECC Specimens with 1.2% BF




	
7

	
13.73 (0.49)

	
15.96 (0.63)

	
16.92 (0.67)

	
17.56 (0.54)




	
9

	
16.60 (0.70)

	
18.20 (0.69)

	
19.16 (0.58)

	
20.11 (0.72)




	
11

	
18.17 (0.71)

	
19.79 (0.57)

	
20.75 (0.51)

	
21.71 (0.71)




	
13

	
19.47 (0.53)

	
20.71 (0.66)

	
22.03 (0.54)

	
22.67 (0.63)




	
16

	
20.72 (0.68)

	
21.71 (0.70)

	
22.62 (0.59)

	
23.30 (0.53)




	
24

	
21.39 (0.62)

	
22.35 (0.51)

	
23.27 (0.66)

	
23.94 (0.57)








Note: the standard deviations of the test data are shown in round brackets.
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Table 7. Calculated data of the relative strength of BF-reinforced ECC specimens at different periods of HT.
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Period of HT, [Hours]

	
Relative Strength of ECC at Different Cooling Periods




	
0.5 h

	
4 h

	
12 h

	
24 h






	
Heat-Treated ECC Specimens with 0% BF




	
7

	
0.4301

	
0.5002

	
0.5299

	
0.5499




	
9

	
0.5202

	
0.5699

	
0.6001

	
0.6303




	
11

	
0.5634

	
0.6201

	
0.6502

	
0.6799




	
13

	
0.6013

	
0.6498

	
0.6702

	
0.7102




	
16

	
0.6412

	
0.6799

	
0.7085

	
0.7301




	
24

	
0.6621

	
0.6999

	
0.7288

	
0.7501




	
Heat-Treated ECC Specimens with 0.45% BF




	
7

	
0.4309

	
0.5001

	
0.5304

	
0.5502




	
9

	
0.5199

	
0.5707

	
0.5999

	
0.6299




	
11

	
0.5596

	
0.6203

	
0.6498

	
0.6818




	
13

	
0.6026

	
0.6501

	
0.6746

	
0.7113




	
16

	
0.6406

	
0.6814

	
0.7098

	
0.7309




	
24

	
0.6609

	
0.7021

	
0.7304

	
0.7498




	
Heat-Treated ECC Specimens with 0.9% BF




	
7

	
0.4298

	
0.4998

	
0.5298

	
0.5499




	
9

	
0.5201

	
0.5702

	
0.5997

	
0.6308




	
11

	
0.5611

	
0.6207

	
0.6501

	
0.6802




	
13

	
0.6018

	
0.6493

	
0.6718

	
0.7098




	
16

	
0.6409

	
0.6797

	
0.7104

	
0.7298




	
24

	
0.6618

	
0.6999

	
0.7288

	
0.7509




	
Heat-Treated ECC Specimens with 1.2% BF




	
7

	
0.4302

	
0.5012

	
0.5307

	
0.5506




	
9

	
0.5213

	
0.5708

	
0.6003

	
0.6314




	
11

	
0.5629

	
0.6199

	
0.6501

	
0.6817




	
13

	
0.6094

	
0.6488

	
0.6743

	
0.7108




	
16

	
0.6428

	
0.6802

	
0.7089

	
0.7304




	
24

	
0.6609

	
0.7024

	
0.7296

	
0.7518
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Table 8. Average relative strength of BF-reinforced ECC specimens at different periods of HT (based on Table 7).
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Period of HT [Hours]

	
Average Relative Strength of ECC at Different Cooling Periods

(Standard Deviation of Test Data)




	
0.5 h

	
4 h

	
12 h

	
24 h






	
7

	
0.43 (0.57)

	
0.50 (0.72)

	
0.53 (0.71)

	
0.55 (0.69)




	
9

	
0.52 (0.74)

	
0.57 (0.69)

	
0.60 (0.51)

	
0.63 (0.57)




	
11

	
0.56 (0.58)

	
0.62 (0.48)

	
0.65 (0.66)

	
0.68 (0.67)




	
13

	
0.60 (0.71)

	
0.65 (0.52)

	
0.67 (0.57)

	
0.71 (0.49)




	
16

	
0.64 (0.68)

	
0.68 (0.58)

	
0.71 (0.59)

	
0.73 (0.63)




	
24

	
0.66 (0.72)

	
0.70 (0.67)

	
0.73 (0.52)

	
0.75 (0.52)








Note: the standard deviations of the data are shown in round brackets.
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