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Abstract

:

Currently, the growth of building construction and the need for lighter but more sustainable materials are of interest. Additionally, recent fire incidents highlight the insufficient knowledge of the properties of materials after a fire. Common materials such as concrete should, to minimize their adverse environmental effects and expenses, be maintained in such a way as to increase their resistance and preserve their mechanical properties when subjected to high temperatures. Hence, in this research, the post-fire mechanical degradation of lightweight concrete (LWC) has been investigated. Moreover, the addition of steel fiber and nano-silica have been studied in terms of their ability to reduce the mechanical degradation of LWC subjected to high temperatures. For this purpose, different samples were considered in four mixture designs: the LWC samples, samples with steel fibers, samples with nano-silica, and samples with a combination of steel fibers and nano-silica. All samples were subjected to temperatures of 200, 400 and 600 degrees Celsius and compared with the control samples. The results show that, as the temperature increased, the tensile and compressive resistances of LWC decreased. The samples without fibers and nano-silica showed a greater decrease in mechanical properties with increasing temperature. The addition of steel fibers and nano-silica, individually or as a combination, can improve the compressive and tensile strength of the concrete both at room temperature and at higher temperatures.
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1. Introduction


Currently, the growth of building construction and the need for lighter but more sustainable materials are of interest. Lightweight concrete (LWC) is a type of concrete with a specific weight—lower than 1920 kg/m3—and which is used frequently in construction projects as structural and non-structural building materials. Different types of LWC have been widely investigated and successfully developed and utilized in recent years to satisfy the need for lighter materials [1]. Moreover, one of the major issues in earthquake-proof structure design, especially for tall buildings and long bridges made of concrete, is the self-weight of the material. Hence, LWC with good mechanical properties (such as compressive and tensile strength) provides advantages that include a reduction in the dead load and, as a result, the seismic force. This leads to a more economical design and less seismic damage and, subsequently, more sustainable construction material. Since the strength of concrete is often directly related to its specific weight, the use of LWC by itself is not recommended due to the possible degradation in its mechanical properties.



Additionally, recent fire incidents in buildings have highlighted the insufficient knowledge of the properties of post-fire materials. Therefore, there is a growing need for approaches to post-fire maintenance for both construction materials and structural elements in order to enhance their fire safety [2,3,4]. Common materials such as concrete should be maintained in such a way that, after exposure to high temperatures, they offer more resistance and preserve more of their mechanical properties so as to achieve benefits both in terms of minimizing their carbon footprint and in terms of the overutilization of natural resources. Hence, it is necessary for the materials used in structures to be sufficiently fire-proof [5]. Heat reduces the weight and compressive strength of concrete samples [6]. In extreme cases, post-fire concrete structures which are not prepared to withstand high temperatures no longer have the capacity to provide even serviceable limit states. Concrete maintains its structure up to a temperature of 200 °C, beyond which it begins to lose its physical properties. Furthermore, a rise in temperature leads to a strong decrease in the tensile properties of the concrete, a reduction in the rebar–concrete adhesion, the elimination of hydration, and, as a result, a large increase in the volumetric water absorption capacity [7,8].



Accordingly, improving the strength of LWC by adding certain materials may be a suitable option for various structural components in order to decrease their structural weight, and the earthquake damage they might receive, while securing their functionality. Though LWC is more expensive than normal concrete, when structural weight is taken into account in the design process the resulting buildings cost less when they are built with LWC than when they are built with normal concrete [9].



There are various methods for enhancing LWC. Fiber reinforcement in concrete will significantly increase the compressive strength, ductility, toughness and energy absorption. Fibers are categorized as metallic, polymeric compound, or natural. Among these, steel fibers are among the additives that are commonly used for many structural and non-structural functions. Researchers have reported different concrete properties while using steel fibers. Many have found that adding steel fiber to LWC by up to 1.5% by volume increases the compressive strength from 5 to 25% [10,11,12,13,14]. Some studies have shown that steel fiber has no significant influence on the compressive strength of LWC or have reported an efficient volume fraction of steel fiber to achieve the largest strength [15,16,17,18]. The effectiveness of steel fiber on the post-fire properties of steel-fiber-reinforced LWC (SFRLWC) has been examined by Wang et al. [8]. According to their results, an increase in the temperature reduced both the axial compressive strength and the modulus of elasticity while increasing the peak axial strain. Moreover, the stress–strain curves gradually flattened out. In addition, the toughness of all of the concrete samples first increased, then decreased due to a rise in the temperature. The addition of steel fibers can enhance the energy absorption capacity, toughness, and residual tensile strength of LWC before and after exposure to high temperatures. Huang et al. [19] investigated the simultaneous effect of temperature and strain rate on the mechanical properties of steel-fiber-reinforced concrete (SFRC). Their results indicate that SFRC exhibits a strain-rate-hardening effect. Kalpana et al. [20] reviewed the papers addressing SFRLWC. They state that steel fibers can reduce the brittleness of concrete and improve its ductility; however, the amount of change in LWC properties is reliant on the steel fiber’s volumetric percentage. Because both mechanical properties and fire protection are of interest in this research, the use of steel fiber itself cannot provide enough enhancement to concrete and some other additions are required.



When discussing the effects of high temperature on concrete, it is well known that one of the reasons behind the deterioration of a concrete’s properties is the decomposition of cement hydrate, yielding calcium oxide. Hence, by improving the constituent compounds in the concrete paste, it is possible to improve the strength of LWC when it is subjected to fire. For this reason, the addition of fine particles to mixture design was found to be very effective for the improvement of strength, flexibility, and durability in concrete. Among these, nano-silica (nano-SiO2) can be an excellent substitute for traditional cement in LWC and will cause high fluidity levels, making the microstructure denser and more homogenous.



Balapour et al. [21] reviewed papers addressing the effects of nano-silica on the mechanical properties, ductility, durability, and microstructural properties of concrete. According to the authors, the long-term durability of concrete has been of interest to researchers in recent decades, and they have attempted to improve this parameter by various methods. A common technique used for this purpose is the addition of a new material to concrete. One material that has attracted researchers’ attention in this area is nano-SiO2. Nano-silica can elevate cement hydration and reacts with free lime which leads to the formation of a great amount of C-S-H gel and, as a result, a densification of the cement matrix. Furthermore, nano-silica can fill the micro-pores in the microstructure and in the interfacial transition zone (ITZ) and reduce porosity.



Nazari and Riahi [22] investigated the effect of zero to 5% Nano-SiO2 replacement on the compressive strength, flexural strength, thermal properties and microstructure of self-compacting concrete with w/b ratio of 0.4. Their investigation revealed that an addition of nano-silica up to 4% led to an increase in compressive strength, while an increase in replacement level led to its reduction. A similar trend in the improvement of the compressive and flexural strengths of concrete via the incorporation of nano-silica particles has also been reported by other researchers [23,24,25]. Furthermore, Wang et al. [26] performed an empirical study of the impact of nano-silica on the compressive strength, shrinkage, and initial crack sensitivity of lightweight aggregate concrete (LWAC).



In addition, Tobbala at al. [27] studied the mechanical properties of different high strength concrete mixes incorporated with nano-silica and nano-ferrite subjected to high temperatures of up to 800 °C. The specimens were assessed via scanning electron microscopy, compression and splitting tensile tests. Their results show that the compressive strength of the heated specimens with 3% nano-silica was better than those with 2% nano-ferrite at temperatures of 200–800 °C. With regard to the microstructure feature, their results confirm that nano-silica acted as an adequate filling material; one which produced a condensed microstructure with extra compressed hydration outputs.



Given the various advantages of LWC, it can be of great help in construction. Its only disadvantages are its low tensile and compressive strengths and its unknown behavior in cases of fire. Accordingly, in this research, the post-fire mechanical degradation of LWC has been investigated. Moreover, for the purposes of reducing the mechanical degradation of LWC subjected to high temperatures, the addition of steel fiber and nano-silica have been studied. For this purpose, different samples were casted in four mixture designs; LWC samples; samples with steel fibers up to 1, 1.5 and 2% volumetric fractions of LWC; samples with nano-silica of up to 1, 3 and 5% of the cement’s weight; and a fourth mixture containing samples with a combination of 1% steel fibers and 3% nano-silica. All samples were subjected to temperatures of 200, 400 and 600 degrees Celsius and were compared with the control samples at room temperature. To do this, the axial compressive strength, tensile splitting strength and axial stress–strain curves tests, as well as the behaviors of the modulus of elasticity of the different samples at various temperatures, were studied.




2. Experimental Test and Methods


2.1. Raw Material Specifications


The materials employed for preparing the samples are reported in this section. Lightweight expanded clay aggregate (LECA) coarse grain with a maximum grain size of 12 mm, produced by the Leca Provider Company [28] was employed as lightweight coarse aggregate. A view of the LECA coarse grain can be seen in Figure 1. Crushed SiO2-based continuous graded fine aggregates with a maximum dimension of 4.75 mm was used as sand. The sieve analysis test was performed according to ASTM C330 [29] and ASTM C33 [30] for LECA and sand, respectively. Results are presented in Figure 2. In addition, the mechanical and physical properties of LECA are tabulated in Table 1.



Portland cement type 2 was used in all samples. In addition, to achieve a sufficient slump in samples, a third-generation carboxylate-based, green-colored superplasticizer, trademarked as P8-3R, was used in a proportion of 2% of the cement’s weight. The superplasticizer had a specific weight of 1050 kg/m3. The nano-silica used in this research was in the form of a white powder with a particle size of 11–13 nm and a purity of 99%. The TEM and XRD images of this material are shown in Figure 3 and Figure 4, respectively.



Hooked end steel fiber with a length of 50 mm was used in the SFRLWC samples. The characteristics of the steel fibers and a view of them are presented in Table 2 and Figure 5, respectively.



The concrete mix design was determined according to ACI 211.2 [1]. The maximum dimensions of the aggregate and the slump were considered to be 12.5 mm and 70–80 mm, respectively, when determining the mixture design. The LWC mix design used in all samples is presented in Table 3.




2.2. Preparation of Test Samples


To achieve a uniformly fresh LWC for all samples, the coarse and fine aggregate were dried at a room temperature of 25 °C for 24 h. Then, aggregates and cement were mixed in the mixture for about 2 min. If nano-silica is to be added to the mixture, it is mixed by cement first before being mixed by aggregate. Water and superplasticizer were then mixed and added to the mixture for the next 5 min in two parts. If steel fibers are to be added to the mixture, then they are integrated gradually. After the final mixing for another 5 min to achieve a homogeneous mixture, steel molds were filled with the fresh concrete and vibrated for 30 s in two layers. Samples were cylindrical 100 × 200 mm specimens and were employed for axial compressive strength, tensile splitting strength and axial stress–strain curves tests.



The samples prepared and tested in this research belonged to one of the four groups. For the first group, a control specimen was prepared without fibers and nano-silica. For the second group, samples with steel fibers of 1%, 1.5%, and 2% volumetric fraction of LWC were added to the mixture. For the third group, nano-silica of 1%, 3%, and 5% of the cement’s weight were added to the LWC. Finally, the samples in the fourth group were prepared with 1% fibers and 3% nano-silica. The details of the samples prepared for the tests are presented in Table 4. A total number of about 280 samples were prepared for tests. Samples were taken out of the mold and treated by being covered with a wet cloth and nylon for the following 28 day (see Figure 6). After that, they were stored at a room temperature of 25 °C for another 62 days to be prepared for their subjection to high temperatures.




2.3. Heat Treatment


Ninety-day-aged samples were placed in a furnace with a chamber size of 1.2 m× 0.8 m× 2.4 m for 24 h at 110 °C in order to dry. Then, thermal conditions of 200 °C, 400 °C, and 600 °C were applied to them. During the preheating phase, the temperature was increased at a rate of 5 degrees per minute; however, a slower increase in temperatures was applied during the main cycles. The samples were then left at the maximum temperature for another hour before the furnace was turned off and the process of natural cooling begun. A view of the samples prepared in the furnace is depicted in Figure 7. To record the temperature increment, two thermocouple sensors were placed in the furnace. One to record the ambient temperature and the second one, placed in the middle of a 100 × 100 × 100 mm concrete cube, to record the temperature of the concrete’s core. The temperature–time curves for the main heating cycles of the furnace are shown in Figure 8. As can be noticed, the concrete samples’ core temperatures are less than the ambient temperature. After reaching room temperature, all of the test samples were stored in the laboratory for an additional 14 days before the tests.





3. Results and Discussion


The samples that experienced temperatures of 200 °C, 400 °C and 600 °C were subjected to the compressive and tensile tests, and their elastic modulus and stress–strain curves were determined—as described in the following—and compared with those obtained from the control samples.



In a compression test, samples were subjected to an axial loading rate of 1.25 mm/min. The loading process was displacement-controlled and continued until the samples were destroyed (as shown in Figure 9a). The Brazilian tensile strength (BTS) test was conducted to determine the tensile strength of the samples. The compressive force applied along the top and bottom side of the cylinder caused a tensile crack to open up in a direction perpendicular to the direction of the compressive force (as shown in Figure 9b). The tensile force could then be calculated using Equation (1).


   f t  =   2 P   π L D    



(1)




where P is the maximum load in N, and L and D are the samples length and diameter in mm, respectively.



The stress–strain curves were obtained from a compressive test while a ring was connected to the cylindrical samples with two LVDTs to record the half middle deflection of samples. This was undertaken in order to calculate the strain correctly based on ASTM C469 [31], as shown in Figure 9c. These LVDTs were installed symmetrically on the samples and so the average of the measured values was used to determine the axial strain. These measured strains and applied loads were then used to derive the stress–strain curves of the concrete samples, which were also utilized to determine the elastic modulus. The axial load and the axial deformation were recorded using a datalogger. The peak stress and strain thus derived from the reported curve and the elastic modulus were calculated using Equation (2) [31].


  E =    s 2  −  s 1    /    ε 2  − 0.000050    



(2)




where E is the modulus of elasticity in MPa, S2 is the stress corresponding to 40% of the ultimate load, S1 is the stress corresponding to a longitudinal strain of 50 millionths in MPa, and    ε 2    is the longitudinal strain produced by stress S2.



3.1. Compressive Strength


The compressive strengths of the tested samples obtained from the tests are shown in Table 5. The results indicate that the addition of different fractions of steel fibers to the LWC increased the compressive strength of the control samples at room temperature. The highest increase in compressive strength corresponded to the samples with 1% steel fiber; however, the effect of steel fiber on the compressive strength is negligible. Adding higher percentages of steel fiber reduced the compressive strength. This is due to the fact that the main role of the fibers is to prevent crack growth and that using more fibers can lead to necking, which undermines crack repair and results in lower compressive strength.



The addition of different percentages of nano-silica to the LWC samples at room temperature improved the hydration and microstructure of the concrete, thus increasing the compressive strength in all of the LWC samples as expected. However, high percentages of nano-silica (i.e., 5%) produced lower compressive strengths compared with lower percentages (i.e., 3%) as they increased the volume of different hydration products at the aggregate–cement paste interface (i.e., the ITZ). The best specimen in the case of compressive strength contained a combination of 1% fiber and 3% nano-silica and resulted in a 39% increase in compressive strength, mostly because of the nano-silica, compared with the LWC (control sample).



The trend of the compressive strength for the samples at 200 °C, 400 °C, and 600 °C were individually similar to those for the samples at 25 °C, with the difference being a less strong reduction in compressive strength in the samples with a higher fiber percentage as shown in Figure 10. In general, decrements in the compressive strength were observed while elevating the temperature when compared with the control samples. Figure 10a compares the compressive strengths in different samples and at different temperatures. In addition, Figure 10b shows the residual compressive strength of each sample in comparison with the control sample. As the results indicate, the deterioration in LWC when subjected to a high temperature is dramatic. Adding steel fiber or nano-silica substantially reduces the deterioration of compressive strength and the residual capacity is much closer to the control sample. The compressive strengths of the samples decreased in a nonlinear manner while subjected to elevated temperature.



As shown in Figure 11, the deterioration of compressive strength in all samples were observable when they were subjected to elevated temperatures. However, the temperature rise had a smaller effect on the samples with fibers and nano-silica. This was due to the smaller decrease in the compressive strength of the fibers and nano-silica at 200 °C.



As can be seen in Figure 12, The color changes of all kinds of concrete were observed in all heat degrees. Indeed, the concrete color was light grey at room temperature while the surface color became pink grey at 600 °C and the color of the samples at 200 °C and 400 °C was something between. Moreover, the mechanism of fracture changes when adding steel fiber or nano-silica to the LWC. Delays to the concrete spalling and crack propagation were observable in the samples with additives.




3.2. Tensile Strength


The tensile strengths of the tested samples obtained from The BTS and calculated by Equation (1) are shown in Table 6. Based on the results, with a 2% increase in the percentage of steel fibers, the tensile strength of control samples at room temperature increased by about 100% due to the capacity that steel fibers apply to the LWC. However, the increase in tensile strength became slightly smaller as the percentage of steel fibers increased. Specifically, the addition of 1%, 1.5%, and 2% steel fibers to the samples resulted in a 50%, 76%, and 96% increase in tensile strength, respectively. Similar to the compressive strength of LWC with nano-silica, the best percentage of nano-silica was observed to be at 3%. This is because there is an excessive unused increase in hydration products at higher percentages of nano-silica. The addition of nano-silica to the samples with 1% steel fibers increased the tensile strength compared with the samples with only steel fibers or nano-silica on their own. However, the strength of these samples was smaller than those with 2% fiber (and without nano-silica).



In the samples at 200 °C, 400 °C, and 600 °C, the tensile strength exhibited a trend similar to that of the samples at 25 °C. The tensile strength of the samples increased with a rise in the percentage of steel fibers due to the increase in the tensile capacity and ductility of the samples. However, in the samples with nano-silica, high percentages of nano-silica decreased the tensile strength because of the production of new unused hydration products. Figure 13 compares the tensile strength and residual tensile strength in different samples and at different temperatures. Results clearly indicate the dramatic loss of capacity in LWC when subjected to elevated temperature. Additives can enhance this deterioration. The effectiveness of additives to the tensile strength and residual capacity of samples are dedicated to both steel fibers and nano-silica.



As shown in Figure 14, a deterioration of tensile strength can be observed in all samples when they are subjected to elevated temperature. However, this decrease was in a similar to the trends of samples with fibers and nano-silica. Hence, the temperature rise had a smaller effect on these samples.



The tensile strengths of the samples decreased in a nonlinear manner while subjected to elevated temperature. Much greater strength loss was observed for the specimen without fibers and nano-silica (i.e., the control specimen). Strength reduction was smaller in samples with additives due to the contribution of nano-silica and steel fiber to the strength of the samples at high temperatures. For the samples at 600 °C, the tensile strengths exhibited a trend similar to those of the previous samples. It is notable to point out the reduction of both compressive and tensile strengths with a rise in temperature, which is due to the reduction of the relevant properties of the concrete at high temperatures, leading to a drop in the strengths of the samples. The tensile fracture of samples with and without fibers are displayed in Figure 15.




3.3. Modulus of Elasticity


The results corresponding to the modulus of elasticity of the various samples under study were calculated based on Equation (2) and are presented in Table 7.



As seen in Table 7 and Figure 16, the modulus of elasticity was smaller than normal concrete and decreased in all the samples with an increase in temperature. This is because of the decreasing effect of temperature on the properties of different components in the LWC. However, adding steel fiber can harden the samples and hence a steeper initial slope is observed. The bridging effect of steel fiber inside samples was clearly another primary reason for the greater modulus of elasticity reported previously [32]. Furthermore, the specimen with both fibers and nano-silica possessed the highest modulus of elasticity, while LWC possessed the smallest modulus of elasticity among all of the samples. Moreover, between fibers and nano-silica, the samples with nano-silica exhibited a higher modulus of elasticity. This is due to the enhancement of hydration and concrete microstructure by nano-silica and the lack of micro-crack development at the early stage of axial loading, something which steel fiber could have an effect on.




3.4. Stress–Strain Curves


The stress–strain curves at temperatures of 25 °C, 200 °C, 400 °C, and 600 °C for the control samples (LWC), the samples with 1% fibers (LWF1), the samples with 3% nano-silica (LWN3), and the samples with 1% fiber and 3% nano-silica (LWF1N3) are displayed in Figure 17. Due to some limitations, the results are shown as far as the maximum stress.



As seen in Figure 17a, the maximum stress, the strain, and the modulus of elasticity all increased with an increase in the steel fiber percentage. Additionally, substituting the steel fibers with nano-silica further increased the values by improving the concrete microstructure and the hydration process and increasing the ductility. The simultaneous addition of nano-silica and steel fibers positively affected the stress–strain curve and increased both the stress and the strain capacities of LWC. The best condition was obtained with 1% fibers and 3% nano-silica. Such a slight increase in compressive stress while using steel fibers and the improvement of the post-peak compressive behavior has also been observed in other research [33,34].



Consequently, the stress–strain curves of all samples gradually flattened. For 600 °C, the strength and stiffness for the LWC samples showed much greater losses than other samples, and the areas under the stress–strain curves also decreased more sharply than those of SFRLWC and NSLWC.



Additionally, as indicated in Figure 17, the peak strain increased with a rise in temperature due to the softening of the concrete components and the difference in the thermal properties of the aggregate and the cement paste. This can also be attributed to the considerable decomposition of the cement paste, which increases porosity in the concrete and creates small cracks in the transition zone [6].





4. Conclusions


This research conducted a study of the post-fire mechanical degradation of lightweight concrete (LWC). Moreover, the addition of steel fiber and nano-silica have been investigated in terms of their abilities to reduce the mechanical degradation of LWC subjected to high temperatures, and hence to obtain a sustainable material. For this purpose, different samples were casted in four mixture designs: the LWC samples; samples with steel fibers; samples with nano-silica; and samples with a combination of steel fibers and nano-silica. All samples were subjected to temperatures of 200, 400 and 600 degrees Celsius and were compared with the control samples. Subsequently, tests were performed to determine the compressive and tensile strengths as well as the modulus of elasticity and stress–strain curves of the LWC samples with or without steel fibers and nano-silica. The research results can be summarized as follows:



	1

	
As the temperature was elevated, both the compressive and tensile strengths decreased in a nonlinear manner for all of the samples. However, a much greater strength loss was observed for LWC, which is not preferable in the construction industry despite the advantages that smaller self-weight can gift to structures. The strength reduction was slower in SFRLWC and NSLWC due to the contribution of nano-silica and steel fiber to the strength of the samples at high temperatures.




	2

	
Results indicate that additives such as steel fiber and nano-silica can enhance the strength of LWC while it is subjected to higher temperatures. The effectiveness of this improved performance in the tensile capacity can be attributed to the steel fibers because of their ability to bridge between cracks and reduce crack propagation. Meanwhile, nano-silica affects the compressive strength and the modulus of elasticity considerably better, due to its effect on the hydration process and the concrete microstructure. When using both steel fiber and nano-silica, results indicate that all the mechanical properties studied here were improved significantly.




	3

	
In the samples with fibers or nano-silica, cracking, crack propagation and local damage were smaller than in the other samples. At the same time, crack dispersion and uniformity improved. The steel fibers successfully prevented crack growth in the concrete samples subjected to high heat and performed better than nano-silica in this regard.




	4

	
According to the stress–strain curves obtained for the samples, the peak strain increased with an increase in the steel fibers. Moreover, the replacement of steel fibers with nano-silica further increased peak stress and strain. The best condition corresponded to 1% fibers and 3% nano-silica. In all the samples, the rise in temperature flattened the stress–strain curve. It is assumed that, since the modulus of elasticity was calculated at one-fourth of the peak stress, the micro-cracks were not yet developed and, consequently, the steel fiber effect was relatively small. Therefore, the elevated temperature has a significant effect on SFLWC, even in larger amount of steel fiber volume fraction.
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Figure 1. LECA coarse grain used in this research as gravel. 
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Figure 2. Sieve analysis. (a) Coarse aggregate (LECA); (b) fine aggregate (sand). 
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Figure 3. XRD graph of the nano-silica used in this research. 
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Figure 4. TEM image of the nano-silica used in this research. Source: DayPetronic Company (Tehran, Iran). 






Figure 4. TEM image of the nano-silica used in this research. Source: DayPetronic Company (Tehran, Iran).



[image: Sustainability 15 07463 g004]







[image: Sustainability 15 07463 g005 550] 





Figure 5. Steel fiber with hooked end. 
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Figure 6. The samples covered with wet cloth and nylon. 
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Figure 7. The samples prepared inside the furnace. 
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Figure 8. Temperature–time curve for the furnace and the samples’ cores. 
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Figure 9. Test devices for (a) compressive strength, (b) tensile strength, and (c) stress–strain curve. 
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Figure 10. Results for different temperatures. (a) Compressive strength and (b) residual compressive strength. 
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Figure 11. Comparison of the compressive test results of different samples at different temperatures. 
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Figure 12. Images showing the compressive test results of different samples at different temperatures. 
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Figure 13. Results for different temperatures. (a) Tensile strength and (b) residual tensile strength. 
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Figure 14. Comparison of the tensile test results of different samples at different temperatures. 
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Figure 15. Tensile fracture of the specimen with (a) 1% fiber and 3% nano-silica and (b) LWC at room temperature. 






Figure 15. Tensile fracture of the specimen with (a) 1% fiber and 3% nano-silica and (b) LWC at room temperature.



[image: Sustainability 15 07463 g015]







[image: Sustainability 15 07463 g016 550] 





Figure 16. Comparison of the modulus of elasticity results of different samples at different temperatures. 
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Figure 17. Stress–strain curves of different samples at (a) 25 °C, (b) 200 °C, (c) 400 °C, and (d) 600 °C. 
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Table 1. Mechanical and physical properties of the LECA coarse aggregate.






Table 1. Mechanical and physical properties of the LECA coarse aggregate.





	Material Type
	Maximum Size

mm
	Density (Compact)

kg/m3
	Density (Loose)

kg/m3
	Water Absorption

%





	LECA
	12
	700
	650
	6.9



	Sand
	4.75
	2630
	-
	1.3
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Table 2. Mechanical and physical properties of the steel fibers used in this research.
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	Shape
	Cross-Sectional

shape
	Length

(mm)
	Diameter

(mm)
	L/D
	Tensile Strength

(MPa)
	Density

(Kg/m3)





	Hooked
	Circular
	50
	0.8
	62.5
	1200
	7850
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Table 3. The LWC mix design per cubic meter used in all samples in this research.
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	Concrete Type
	Cement

(kg/m3)
	Coarse Aggregate (kg/m3)
	Fine Aggregate

(kg/m3)
	W/C

%
	Super

Plasticizer
	Target     f c ′    

(MPa)
	Specific Weight

(kg/m3)





	LWC
	450
	350
	850
	0.38
	2%
	32
	1910
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Table 4. Details of the samples.
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Design Group

	
Specimen

	
Steel Fibers (%)

(Volumetric Fraction)

	
Nano-Silica (%)

(of Cement Weight)






	
First group (LWC)

	
LWC

	
-

	
-




	
Second group (SFRLWC)

	
LWF1

	
1

	
-




	
LWF1.5

	
1.5

	
-




	
LWF2

	
2

	
-




	
Third group (NSLWC)

	
LWN1

	
-

	
1




	
LWN3

	
-

	
3




	
LWN5

	
-

	
5




	
Fourth group (ComboSFNSLWC)

	
LWN3F1

	
1

	
3
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Table 5. Compressive strength of the samples at various temperatures (MPa).
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	Specimen
	25 °C
	200 °C
	400 °C
	600 °C





	LWC
	33.1
	30.0
	22.8
	17.6



	LWF1
	34.9
	33.0
	28.5
	22.0



	LWF1.5
	34.1
	32.4
	28.0
	22.7



	LWF2
	33.8
	32.2
	27.8
	22.5



	LWN1
	36.6
	34.3
	32.4
	24.4



	LWN3
	43.8
	42.2
	40.1
	32.4



	LWN5
	41.2
	39.1
	34.7
	28.3



	LWN3F1
	46.0
	44.4
	43.1
	37.9
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Table 6. Tensile strength of the samples at various temperatures (MPa).
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	Specimen
	25 °C
	200 °C
	400 °C
	600 °C





	LWC
	3.0
	2.6
	2.3
	1.4



	LWF1
	4.5
	4.2
	3.4
	3.2



	LWF1.5
	5.3
	5.5
	4.6
	3.8



	LWF2
	5.9
	5.7
	5.4
	4.5



	LWN1
	3.4
	3.2
	2.7
	2.4



	LWN3
	4.0
	3.8
	3.4
	2.7



	LWN5
	3.8
	3. 6
	3.2
	2.4



	LWN3F1
	5.1
	4.9
	4.6
	4.0
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Table 7. Modulus of elasticity of different samples at different temperatures.
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	Specimen
	25 °C
	200 °C
	400 °C
	600 °C





	LWC
	14.7
	10.0
	6.1
	3.5



	LWF1
	15.1
	11.1
	7.1
	4.0



	LWN3
	15.5
	12.0
	8.9
	5.4



	LWN3F1
	16.3
	12.7
	9.1
	5.7
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