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Abstract

:

This study experimentally investigated the mechanical properties of cement mortars that were reinforced with polypropylene (PP) fibers after being exposed to high temperatures and cooled under different regimes. PP fibers were added in amounts of 2, 3 and 4 kg/m3, the residual strengths of the mortars exposed to various temperatures up to 500 °C and cooled under different regimes were determined. It was found that the addition of PP fiber at the level of 2 kg/m3 improves the residual flexural and compressive strengths up to 300 °C. The residual flexural strength was approximately 75%, which is 15% higher than that observed in the simple mortar, and the same happens with the residual compressive strength which was approximately 85%, which is 17% higher than that observed in the simple mortar, regardless of the types of cooling used on the specimens. It was determined by means of a statistical analysis that there are no significant differences in the mechanical properties of the mortar according to the cooling regimes used, after having been exposed to high temperatures. The correlation of the residual flexural and compressive strengths was achieved with a coefficient of determination, R2 = 0.82, and the relationships between the variables were considered acceptable regardless of the types of cooling used.
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1. Introduction


Mortars are the result of a mixture of cement, water, aggregates and in some cases additives according to their dosages and utilities, which obtain the characteristics of high resistance and durability [1].



In recent years, research has been carried out to develop new materials or systems that can withstand the high temperatures that develop during a fire in a building [2,3,4,5,6]. The high temperatures produced during a fire is one of the most severe environmental loads experienced and is a challenge for the integrity and safety of structures [7]. Concrete is not combustible, making it more suitable for the protection of steel bars found in reinforced concrete structures, besides being one of the most used materials in the construction industry for its excellent mechanical properties and versatility [8,9,10]. However, concrete is not chemically stable at high temperatures [11], especially during accelerated, uncontrolled increases in temperature.



Concrete structures are fire resistant, which allows them to survive. However, the chemical instability of concrete requires concrete quality control and many repairs, and sometimes the chemical damage cannot be repaired/controlled, so the building must be demolished. This can occur in modern buildings, such as the eight-story building in Hengyang (China) that collapsed after enduring high temperatures in a fire, and buildings considered historical, where fire protection is insufficient, such as the fire in 2018 in the National Museum of Brazil in Rio de Janeiro, where the building was completely burned down [12].



The degradation of material properties under fire exposure conditions is one of the causes of failure of concrete structures [7] because cementitious composites are characterized by their low deformation capacity and weak tensile strength. The inclusion of fibers in the cementitious matrix allows improvement of this weakness [13]. The incorporation of fibers in concrete is a strategy to increase the safety requirements for buildings against fire events, where the durability of concrete structures are affected when they have been exposed to high temperatures and there are variations in the chemical and mechanical properties of the concrete [14,15,16]. Inclusion of fibers contributes to the reduction in cracks generated by concrete shrinkage [17], generating products with higher tensile strength, greater durability, ductility and toughness. Effectiveness of their incorporation depends on several factors, including fiber geometry, type, size, volume and dispersion [18,19].



In construction, steel and PP fibers are commonly employed, although recently there have been investigations on the inclusion of polyvinyl alcohol fibers [20,21]. The addition of steel fibers in concrete is the most employed method, which improves the mechanical behavior of concrete. Moreover, by performing a correct orientation of the steel fibers with the help of a magnetized bar, increases in almost all the mechanical properties of concrete are generated, such as compressive strength, flexural strength, shear strength, in addition to post-cracking properties and toughness [22].



Polyvinyl alcohol (PVA) fibers have high strength and ductility, in addition to excellent corrosion resistance without toxicity, improving the subsequent behavior of concrete after cracking and increasing its ductility and toughness. However, the incorporation of PVA fibers produces a significant decrease in the fluidity of concrete mixtures, generating higher porosity and affecting the matrix [20,21].



The incorporation of PP fibers generates a decrease in the workability of the mortar, due to the absorption of the cement paste caused by the surfaces of the fibers, generating the effect of fiber attachment [9]. However, when PP fiber-reinforced concrete is exposed to elevated temperatures, thermal stability is generated, preventing damage such as spalling [23], which is the product of the development of thermal stresses with the evaporation of free water, increasing the growth of interstitial pressure [2,24,25,26].



When the fibers reached a temperature of between 160–170 °C they melted and generated expansion channels, and these channels were created together with the additional porosity and allowed a decrease in the internal vapor pressure generated in the concrete, significantly reducing the probability of detachment. However, the additional porosity produced can produce decreases in the residual mechanical properties of the concrete [7,13,27,28].



The thermal incompatibility of concrete components generated by exposure to fire is the result of two mechanisms, one being the restricted thermal expansion mechanism and the vapor pressure build-up mechanism, producing thermal stresses between the expanding and contracting aggregate for the cement paste [13]. When concrete is exposed to high temperatures, significant changes occur in its internal structure, which leads to deterioration of the concrete, causing spalling at high temperatures and even failure of its components [29]. The mechanical properties of concrete depend on hydration products such as calcium silicate hydrate gel, calcium hydroxide and ettringite, which are formed during the hydration of cement and water. During a fire, concrete undergoes evaporation of the free water in its matrix [23]. When the temperature begins to increase, the disintegration of the hydrates begins, together with the water that is chemically bound, and the calcium hydroxide begins to decompose at 350 °C. At 500 °C the partial volatilization of the calcium silicate hydrate gel occurs, causing an increase in the porosity of the concrete and a decrease in its mechanical properties [13,30]. Research on the fire resistance of concrete has been carried out over the last decade, and many of these studies consider aspects such as aggregate types, fiber content, heating rate or maximum temperature level [31].



Many studies mention that the incorporation of PP fibers in the mix is one of the most effective solutions to reduce the risk of spalling of concrete or mortar that has been exposed to high temperature [7,23,32,33,34,35,36,37,38]. Investigations on the fire behaviors of concrete can be the basis of a machine learning method, but experimental investigations are necessary to generate a suitable database for the models [39].



When a fire occurs, the PP fibers sublimate when they reach 170 °C, creating a network of micro channels in the concrete, which will serve as a channel for the release of vapor to the atmosphere, reducing mortar failure. The addition of PP fibers in the mix improves the spalling resistance of concrete or mortar at high temperatures [23,40], but it also has a negative effect on the remaining mechanical properties of the mortar, producing reductions in the remaining compressive strength, tensile strength and modulus of elasticity of the baked concrete [41,42].



Yermak et al. [43] carried out a study on the effect of the incorporation of steel and PP fibers in the preparation of concrete specimens when subjected to high temperatures, obtaining their mechanical properties. The resistance achieved was 70 MPa for the concrete used as a standard and showed spalling when exposed to high temperature. However, the concrete that combined PP fibers (0.75 kg/m3) and steel fibers (60 kg/m3) did not spall, having a residual compressive strength of 56 MPa at a temperature of 600 °C. It was concluded that the use of PP fibers increases the permeability and porosity of the concrete, resulting in a higher resistance to spalling.



The objective of this research is to analyze the mechanical properties of cement mortars reinforced with PP fibers when exposed to high temperatures and cooled in different regimes. Four dosages of cement mortars were elaborated, a reference sample without PP fibers and samples with the addition of PP fibers at 2, 3 and 4 kg/m3. The prepared specimens were exposed to temperatures of 20, 50, 100, 200, 300, 400 and 500 °C for one hour, and then cooled under different regimes to obtain their residual mechanical properties.




2. Materials and Methods


The cement used during the development of this research was CEM II/B-L 32.5 R, which complies with the requirements of the norm UNE EN 197-1 [44] and the recommendations of Real Decreto 256/2016 of the instruction for the reception of cements (RC-16) [45]. Table 1 details the characteristics of the cement used.



The mortar was made with silica sand with a nominal maximum size of 4 mm. The density of the sand particles was 2320 kg/m3, and the fine aggregate had a fineness modulus of 3.9. The granulometry obtained was carried out according to that described in the norm UNE-EN 933-1 [46], and the test results are shown in Table 2.



The PP fibers used were monofilaments, complying with the standard UNE 14889-2 Clase 1-a: “Microfibra Mono filamentosa” [47], and the properties of the polypropylene fibers are listed in Table 3.



Four types of mortar mixtures were dosed in proportions of 1:3:0.6 of cement, sand and natural water, respectively, and the cement mortars were reinforced with PP fiber in quantities of 2, 3 and 4 kg/m3. Table 4 shows the proportions used for the specimens of 40 mm × 40 mm × 160 mm specimens prepared. The mortars were prepared mechanically, following the steps of the standard specified in UNE EN 196-1 [48]. The cement was mixed with the fibers, for 30 s so that it could be homogenized, and then the water was incorporated and mixed at a slow speed for 30 s. The sand was added in the following 30 s while continuing to mix at a slow speed. The speed was changed to a faster speed for 30 s, and the mixing was stopped after 90 s. During the first 30 s all the mortar that had adhered to the side walls and bottom of the container was removed using a rubber spatula to maintain an homogeneous mixture, and finally the mixing was continued at a faster speed for 60 s. The use of nanotechnology in the preparation of the specimens would improve the bond between the fibers and the mortar matrix [49].



The mortars were placed in prismatic molds of 40 mm × 40 mm × 160 mm, which were vibrated for homogeneous compaction. The specimens were kept in the steel molds for 24 h at a temperature of 22 ± 2 °C, and then demolded and placed in a humid curing chamber at a temperature of 20 ± 2 °C for 28 days (Figure 1). Three specimens were prepared for each of the dosages and each exposure temperature range, and this was multiplied by the two cooling regimes, resulting in the need for a total of 168 specimens to be prepared. Table 5 shows the variables used during the development of the investigation.



After 28 days, the specimens were moved from the curing chamber and dried at room temperature for 96 h. They were then weighed and placed in an R-8 L electric muffle furnace (Figure 2), which had a power of 1800 W, an accuracy of ±2 °C and reaches a maximum temperature capacity of 1100 °C. A heating rate of 15 °C/min was applied to the specimens until reaching temperatures of 50, 100, 200, 300, 400 and 500 °C, for one hour. Half of the specimens were kept under laboratory conditions (HR = 40%, T = 20 ± 2 °C) to be air cooled to room temperature. The rest were sharply cooled by submerging them in water until a temperature of 20 ± 3 °C was reached. After cooling, the mass values of the specimens were obtained, and they were tested for compression and flexure. The tests were carried out following the procedures described in norm UNE EN 196-1 [48]. The flexural strength tests were performed and then the compressive strength test was performed on the broken specimens.




3. Results and Discussion


The results obtained from the tests on the prepared specimens were used to check if there were variations in their mechanical properties when the specimens were exposed to high temperatures. In addition, whether there were differences in the mechanical properties according to the types of cooling the specimens experienced and finally, correlations between the flexural and compressive strength values without differentiating the cooling regimes were analyzed.



The densities of the processed mortars are shown in Table 4, where the increase in the amount of PP fibers produces a decrease in the mortar density. The results of the specimens reinforced with fibers and exposed to high temperatures were compared with the unreinforced specimens exposed to the same temperatures to obtain the mass loss, flexural strength and compressive strength. The masses of the specimens were obtained before and after being exposed to high temperatures, in addition to taking the masses after being cooled in air and water, and the differences between the masses before being exposed to temperature and after being cooled under their respective regimes were calculated for each temperature range, as presented in Figure 3 and Figure 4.



The specimens reinforced with more fibers and exposed to high temperatures, showed mass decreases of a greater amount compared to the specimens without fibers. This is a result of two phenomena, i.e., the dehydration of Ca(OH)2 and the disintegration of the PP fibers.



Both figures show that the higher the amount of PP fibers in the mortar and the exposure to higher temperatures, the higher the percentage of mass loss is, both for the air and water regimes, having percentage mass losses between 5 to 9% and 2 to 4%, respectively, when reaching a temperature of 500 °C. The mass loss for the air cooling regime is greater than that obtained for the water regime, due to the dehydration of Ca(OH)2, producing CaO in the mortar, which causes a loss of mass in the specimens, and adding to this the disintegration of the PP fibers when they reach their melting temperature of 170 °C.



For the temperature range of 50 °C to 100 °C the specimens undergo evaporation of free water from the structure, so their mass changes are less than 1% for both cooling regimes. However, when the temperature exceeds 350 °C the process of Ca(OH)2 dehydration begins, due to the pressure generated by the evaporation of water, where explosive spalling can occur [23].



When the specimens are cooled under the water regime, they absorb water through the macropores left by the melting of the fibers, producing the rehydration of the CaO and generating an increase in the mass of the specimen. The mass loss presented corresponds to the product of the released water and the melted PP fibers. These results agree with the investigations [50,51,52], where they proved that there were mass losses in cement mortars when they were exposed to high temperatures, with a greater mass loss when the cooling regime was by air, in comparison to water.



The results of the flexural strength for each type of mix and each temperature range were obtained from testing series of three mortar specimens after being cooled under the different regimes, and the values shown in Table 6 belong to the arithmetic mean of the results obtained from each of the series, indicating that the higher the temperature, the more considerably the flexural strength decreases.



With the results obtained for the flexural strengths, a statistical analysis was performed with Alpha = 0.05 based on the following hypotheses.



H0: 

There is no significant difference between the flexural strength values for the cooling regimes.





H1: 

There is a significant difference between the flexural strength values for the cooling regimes.





The analysis of the values shown in Table 7, determines with a probability (0.28 > 0.05) and Fisher’s distribution (1.15 < 4.07) that there is no significant difference in the flexural strength values when the specimens are cooled in the air and water regimes, so statistically the type of cooling does not significantly influence their strength values.



A probability of (1.85 × 10−30 < 0.05) and Fisher’s distribution (229.7 > 2.32), determines that there is a significant correlation between the values of flexural strengths and temperature ranges, i.e., the higher the temperature, the lower the strength values.



Finally, with a probability (0.93 > 0.05) and Fisher’s distribution (0.30 < 2.32) the hypothesis H0 is validated, there is no significant difference between the flexural strength values when the specimens are exposed to high temperatures and cooled under the air or water regimes, and thus, statistically the type of cooling does not directly influence their strength.



Figure 5 and Figure 6 show the variations of the flexural strengths of the mortars in the different exposed temperature ranges.



The M specimens have lower flexural strength at room temperature, regardless of the cooling regimes, compared to M2, M3 and M4 specimens containing PP fibers. Under the air cooling regime when the analysis temperature was 50 °C, the variation of residual flexural strength was insignificant. This is the opposite when the analysis temperature is 100 °C, where there are reductions in the residual strength by 19% for M2, 27% in M3 and 28% in M4 along with the residual strength loss of 15% for specimen M that does not contain PP fiber reinforcement. As the temperature increases, the loss of residual strength is significant, and when reaching 200 °C the M2, M3 and M4 specimens present reductions in the residual strength of 25, 28 and 32%, respectively, being higher than the strength loss of the M specimen which is 22%. At 300 °C, the strength value of M is reduced by 28%, but its reduction is less compared to specimens M3 and M4, which are reduced by 32% and 50%, respectively, while M2 specimens have a 25% reduction in their strength, when the temperature is 400 °C. The reductions in the strength of specimens M, M2, M3 and M4 are 81.5, 81.7, 98.0 and 98.9%, respectively. When reaching a temperature of 500 °C, specimens M and M2 have reductions of 98.4 and 97.7% in their flexural strength, respectively, and for specimens M3 and M4 their reductions reach almost 100%. The M2 specimens have lower reductions in strength compared to the M, M3 and M4 specimens, up to the heating temperature of 400 °C.



Under the water cooling regime, when the analysis temperature is 50 °C, the variation of residual flexural strength is insignificant. This becomes the opposite when the analysis temperature is 100 °C, where there are reductions of 16% for M2, 27% for M3 and 26% for M4 in the residual strength along with a percentage loss of the residual strength by 15% for specimen M that does not contain PP fiber reinforcement. As the temperature increases, the loss of residual strength is significant. When reaching 200°C, specimens M2, M3 and M4 sustain reductions of 25, 37 and 50% in residual strength, respectively, being higher than the percentage strength loss for specimen M which is 22%. At 300 °C, the strength value of M is reduced by 26%, but its reduction is less compared to specimens M3 and M4, which are reduced by 41% and 64%, respectively, while specimen M2 has a 23% reduction in its strength. When the temperature is 400 °C, the reductions in the strength for specimens M, M2, M3 and M4 are 89%, 88%, 98% and 98%, respectively, while reaching a temperature of 500 °C, specimens M, M2, M3 and M4 have reductions in their flexural strength by 100%. The M2 specimens have smaller reductions in strength compared to the M, M3 and M4 specimens, up to the heating temperature of 400 °C.



The specimens cooled under the air regime present a lower reduction in the flexural strength compared to the specimens cooled in water. The M2 specimens have higher flexural strength as temperatures increase up to 300 °C, regardless of the cooling regimes, and the strength value is higher compared to the M, M3 and M4 specimens, which is consistent with the previous research [52,53], where it is indicated that specimens reinforced with a fiber content of 2 kg/m3 perform better in flexural strength.



In general, it is observed that the inclusion of PP fibers in quantities of 2, 3 and 4 kg/m3 to produce cement mortars, of type CEM II/B-L 32.5 does not favor the flexural strength when placed at temperatures higher than 500 °C.



The results of the compressive strength for each type of mix and each temperature range were obtained by testing a series of six mortar specimens after the flexural strength test. The values shown in Table 8 are the arithmetic means of the results obtained for individual series, where it is observed that the higher the exposed temperature, the lower the residual strength. For the specimens cooled in the water regime, they have the lowest residual compressive strength.



With the results obtained for the flexural strengths, a statistical analysis is performed with Alpha = 0.05 based on the following hypotheses.



H0: 

There is no significant difference between the compressive strength values under the cooling regimes.





H1: 

There is a significant difference between the compressive strength values under the cooling regimes.





The analysis of the values shown in Table 9, determines with a probability (0.0024 < 0.05) and Fisher’s distribution (10.37 > 4.07) that there is a significant difference in the compressive strength values when the specimens are cooled under the air and water regimes. Hence, statistically, the type of cooling does significantly influence its strength value.



With a probability of (8.25 × 10−13 < 0.05) and Fisher’s distribution (26.7 > 2.32) the analysis determines that there is a significant difference between the values of compressive strengths for the temperature ranges. The higher the temperature, the lower the strength.



Finally, with a probability (0.96 > 0.05) and Fisher’s distribution (0.23 < 2.32) the hypothesis H3 is validated. There is no significant difference between the values of the compressive strength when the specimens are exposed to high temperatures and cooled in air or water mechanisms. Statistically, the type of cooling does not directly influence their strength.



Figure 7 and Figure 8 show the variations of the compressive strength of the mortars in the different temperature ranges exposed.



The M specimens have lower compressive strength at room temperature, regardless of the cooling regimes compared to M2, M3 and M4 specimens containing PP fibers. Under the air cooling regime, when the analysis temperature is 50 °C, small variations of residual compressive strength are observed, M2 specimens have a strength decrease of 2%, while M3 specimens have a decrease of 4%, and M4 specimens have a decrease of 5%. Compared to M specimens, the strength decreases by only 5%. When the analysis temperature is 100 °C, the residual strength sustains a 4% reduction for M2, 24% for M3 and 28% for M4 along with a percentage loss in the residual strength of 3% for the M specimen that does not contain PP fiber reinforcement. As the temperature increases, the loss of residual strength is significant. When 200 °C is reached, the M3 and M4 specimens present reductions of 25 and 34% in the residual strength, respectively, being higher than the percentage of loss of the M specimen, which is 8%. The opposite case occurs for the M2 specimens whose percentage of reduction is 7% of its residual strength compared to its initial value. However, its strength is still higher than the M, M3 and M4 specimens. At 300 °C, the compressive strength value of M is reduced by 10% from its initial value, but its reduction is minor compared to the strengths of specimens M3 and M4, which are reduced by 26 and 27%, respectively, from their initial values. Specimen M2 has a 15% reduction in its strength compared to its initial value, but its resistance remains higher than those of specimens M, M3 and M4. When the temperature is 400 °C, the reductions in the compressive strength for specimens M, M2, M3 and M4 were 32, 33%, 50% and 43%, respectively, in comparison with its values at a temperature of 20°C. Despite the decrease in strength, specimen M2 has on average, a 22% compressive strength reduction in comparison with specimens M, M3 and M4 exposed to 400 °C. When a temperature of 500 °C is reached, specimens M, M2, M3 and M4, have reductions of 41%, 47%, 55% and 68% in the compressive strength in relation to their values at the temperature of 20 °C. M2 specimens have a higher compressive strength relative to M, M3 and M4 specimens.



Under the water cooling regime, when the analysis temperature is 50 °C, small variations of the residual compressive strengths are observed, the compressive strength of M2 specimens decreases by 3%, while M3 specimens sustain a strength decrease of 12%, and M4 specimens sustain a compressive strength decrease of 15%, compared to the M specimens with a decrease of only 5%. When the analysis temperature is 100 °C, where residual strength reductions of 6% for M2, 27% in M3 and 40% in M4 occur, along with a residual strength loss percentage of 9% for the M specimen that does not contain PP fiber reinforcement. As the temperature increases, the loss of the residual strength is significant. When 200°C is reached, specimens M3 and M4 sustain reductions of 40% and 43% in the residual strength, respectively, being higher than the percentage of loss of specimen R which is 17%, in contrast to specimen M2 whose percentage reduction is 7% in residual strength compared to its initial value, but its strength is still higher than those of specimens M, M3 and M4. At 300 °C, the compressive strength value of M is reduced by 20% with respect to its initial value, but its reduction is smaller compared to specimens M3 and M4, whose compressive strengths are reduced by 42% and 52%, respectively, from their initial values. Specimen M2 has a reduction of 14% in its strength compared to its initial value, but its strength remains higher than those of the M, M3 and M4 specimens. When the temperature is 400 °C, the reductions in the compressive strengths for the M, M2, M3 and M4 specimens are 48%, 53%, 60% and 63%, respectively, compared to their values at a temperature of 20 °C. Despite the decrease in the strength, specimen M2 has on average an 11% higher compressive strength compared to specimens M, M3 and M4 exposed to 400 °C. When reaching the heating temperature of 500 °C, the M, M2, M3 and M4 specimens have reductions of 59%, 61%, 67% and 69% in the compressive strength in relation to their values at a temperature of 20 °C. The M2 specimens have a higher compressive strength in relation to the M, M3 and M4 specimens.



The specimens cooled under the air regime have a higher compressive strength compared to the specimens cooled in water. In general, it is observed that the inclusion of PP fibers at a level of 2 kg/m3 for the preparation of cement mortars, type CEM II/B-L 32.5 favors the compressive strength, regardless of the cooling regimes, preventing spalling caused by high temperatures [54]. This is in agreement with the previous research [12,45,53,55], where it was indicated that specimens reinforced with a fiber content of 2 kg/m3 have a better performance in compressive strength.



The results showing the mechanical properties of the flexural and compressive strengths agree with previous research [8,33,56], where it is mentioned that the amount of 2 kg/m3 of PP fibers was the optimum content to achieve an improvement in fire resistance.



The correlation analysis between the values of compressive strength (Rc) and residual flexural strength (Rf) shown in Figure 9, indicates a linear regression of the expression Rf = 0.35Rc–4.40 (MPa), with a coefficient of determination of R2 = 0.82, which suggests that there is a good relationship between the variables studied, regardless of the temperature range exposed and the types of cooling used.



The effect of elevated temperatures on cement mortars is due to the alteration of its compounds such as ettringite, calcium silicate hydrate. Ca(OH)2 and other components, at high temperatures, undergo dehydration, decarbonization and decomposition, resulting in new components such as calcium aluminate, calcium oxide and others [57,58,59], which are chemically altered in the post-fire stage, generating changes in the microstructure and mechanical properties, generating positive or negative effects on the post-fire cement mortars [60,61]. The losses of flexural and compressive strengths are due to the rehydration of CaO, transforming it into Ca(OH)2, and producing a reduction in the strength.




4. Conclusions


The mechanical properties of PP fiber-reinforced mortars when exposed to high temperatures were investigated. In addition to analyzing the influence of the types of cooling on the mechanical properties of the mortars, we finally reviewed the existence of a correlation between the residual flexural and compressive strengths regardless of the cooling regime.




	
The exposure of the specimens to fire generates a loss of mass in the mortars. When the specimens reach 500 °C the loss of mass under the air cooling regime is approximately 7%, compared to the specimens cooled under the water regime where the mass reduction is approximately 3%. This is due to the dehydration of Ca(OH)2, producing CaO in the mortars cooled under the air regime, while under the water cooling regime, CaO rehydration occurs and generates an increase in mass in the specimens.



	
The addition of 2 kg/m3 PP fibers increases the mechanical properties of the mortars compared to the other dosages. At a heating temperature of 300 °C the M2 specimens have a residual flexural strength of approximately 75% of the original strength, which is 15% higher than that observed in the simple mortar. The same happens with the residual compressive strength which was approximately 85% of the original strength, being 17% higher than that observed in the simple mortar.



	
With the probability analysis and Fisher’s distribution it can be concluded that there is no significant difference between the values of the residual flexural and compressive strengths when the specimens are exposed to high temperatures and cooled under the air or water regimes. Statistically, the type of cooling does not directly influence their strength.



	
There is a correlation between the residual flexural and compressive strengths regardless of the cooling regime, with a coefficient of determination as R2 = 0.82, which considers the relationship between the variables acceptable.



	
It is recommended that research on the affectation of the flexural and compressive energy absorption capacities of PP fiber-reinforced mortars exposed to high temperatures and cooled under different regimes be carried out.
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Figure 1. Elaborated mortar specimens. 
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Figure 2. R-8 L Electric Muffle Furnace. 
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Figure 3. Percentages of the mass losses under the air regime. 
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Figure 4. Percentages of the mass losses under the water regime. 
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Figure 5. Flexural strengths subjected to high temperatures and the air cooling regime. 
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Figure 6. Flexural strengths subjected to high temperatures and the water cooling regime. 
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Figure 7. Compressive strengths of the specimens cooled under the air regime. 
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Figure 8. Compressive strengths of the specimens cooled under the water regime. 
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Figure 9. Correlation between the compressive and flexural strengths. 
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Table 1. Characteristics of CEM II/B-L 32.5.
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Characteristics






	
Clinker

	
65–79

	
%




	
Limestone

	
21–35

	
%




	
Minority components

	
0–5

	
%




	
Physical and mechanical characteristics




	
Compressive strength

	
≥32.5 ≤ 52.5

	
MPa




	
Onset of setting time

	
≥75

	
min.




	
Stability (expansion)

	
≤10

	
mm




	
Chemical properties




	
Loss on calcination

	
No limitation

	




	
Insoluble residue

	
No limitation

	




	
Sulfate (SO3)

	
≤3.5

	
%




	
Chlorides (Cl-)

	
≤0.1

	
%











[image: Table] 





Table 2. Granulometry results.
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	Sieve Opening Size (mm)
	4
	2
	1
	0.5
	0.25
	0.125
	0.063



	Cumulative percentages passing

(% in mass)
	100
	89
	65
	39
	14
	4
	1
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Table 3. Properties of polypropylene fibers.
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	Density (kg/L)
	Quantity (Units/kg)
	Length (mm)
	Diameter (µm)
	Tenacity (N/mm2)
	Melting Point (°C)





	0.91
	102 million
	12
	31
	280–310
	163–170
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Table 4. Design of mortar mixes.
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	Mix
	Fiber

(kg)
	Cement

(kg)
	Sand

(kg)
	Water

(kg)
	Density (kg/m3)





	M
	0
	450
	1350
	270
	2140



	M2
	1.8
	450
	1350
	270
	2120



	M3
	2.7
	450
	1350
	270
	2080



	M4
	3.6
	450
	1350
	270
	2060
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Table 5. Variables used in the investigation.
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	Temperature (°C)
	Polypropylene Fiber (Kg/m3)
	Cooling Regime





	20, 50, 100, 200, 300, 400, 500
	0, 2, 3, 4
	air, water
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Table 6. Flexural strengths of the specimens cooled in air and water.
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	Mix
	Cooling

Regime
	20 °C
	50 °C
	100 °C
	200 °C
	300 °C
	400 °C
	500 °C





	M (MPa)
	Air
	7.00 ± 0.02
	6.80 ± 0.02
	5.94 ± 0.04
	5.48 ± 0.06
	5.02 ± 0.09
	1.29 ± 0.03
	0.11 ± 0.02



	M2 (MPa)
	Air
	7.60 ± 0.03
	7.51 ± 0.09
	6.12 ± 0.15
	5.70 ± 0.12
	5.60 ± 0.16
	1.39 ± 0.35
	0.17 ± 0.09



	M3 (MPa)
	Air
	7.65 ± 0.10
	7.58 ± 0.25
	5.56 ± 0.11
	5.47 ± 0.06
	5.20 ± 0.03
	0.12 ± 0.01
	0.05 ± 0.03



	M4 (MPa)
	Air
	7.71 ± 0.05
	7.55 ± 0.14
	5.58 ± 0.19
	5.24 ± 0.14
	3.87 ± 0.37
	0.08 ± 0.01
	0.03 ± 0.01



	M (MPa)
	Water
	6.95 ± 0.05
	6.75 ± 0.05
	5.90 ± 0.05
	5.40 ± 0.04
	5.12 ± 0.03
	0.75 ± 0.03
	0.05 ± 0.01



	M2 (MPa)
	Water
	7.63 ± 0.22
	7.45 ± 0.19
	6.40 ± 0.33
	5.73 ± 0.12
	5.90 ± 0.39
	0.88 ± 0.28
	0.03 ± 0.02



	M3 (MPa)
	Water
	7.66 ± 0.05
	7.55 ± 0.19
	5.60 ± 0.19
	4.80 ± 0.22
	4.50 ± 0.16
	0.16 ± 0.07
	0.02 ± 0.00



	M4 (MPa)
	Water
	7.69 ± 0.10
	7.52 ± 0.11
	5.69 ± 0.39
	3.86 ± 0.02
	2.79 ± 0.15
	0.12 ± 0.02
	0.01 ± 0.00
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Table 7. Statistical analysis on the flexural strengths of the specimens cooled in air and water.
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	Origin of Variations
	F
	Probability
	Critical Value for F





	Cooling regime
	1.150655616
	0.289536889
	4.072653759



	Temperature
	229.6811767
	1.85297 × 10−30
	2.323993797



	Interaction
	0.303979326
	0.93135965
	2.323993797
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Table 8. Compressive strengths of the specimens cooled in air and water.
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	Mix
	Cooling

Regime
	20 °C
	50 °C
	100 °C
	200 °C
	300 °C
	400 °C
	500 °C





	M (MPa)
	Air
	31.76 ± 0.70
	31.57 ± 0.81
	30.90 ± 0.68
	29.27 ± 0.22
	28.43 ± 0.25
	21.75 ± 0.39
	18.62 ± 0.65



	M2 (MPa)
	Air
	37.08 ± 0.27
	36.22 ± 0.46
	35.50 ± 0.50
	34.54 ± 0.37
	31.48 ± 0.48
	24.67 ± 0.63
	19.65 ± 0.58



	M3 (MPa)
	Air
	37.46 ± 0.66
	35.83 ± 0.36
	28.49 ± 0.46
	28.22 ± 0.45
	27.84 ± 0.52
	18.68 ± 0.47
	16.90 ± 0.58



	M4 (MPa)
	Air
	37.53 ± 0.43
	35.49 ± 0.10
	26.88 ± 0.72
	24.68 ± 0.51
	21.89 ± 0.99
	17.12 ± 0.18
	12.18 ± 0.11



	M (MPa)
	Water
	32.09 ± 0.54
	31.57 ± 0.58
	29.07 ± 0.50
	26.48 ± 0.32
	25.64 ± 0.32
	16.83 ± 0.32
	13.31 ± 0.85



	M2 (MPa)
	Water
	35.27 ± 0.21
	34.06 ± 0.42
	33.06 ± 0.47
	32.78 ± 0.76
	30.39 ± 0.96
	16.47 ± 0.35
	13.78 ± 0.60



	M3 (MPa)
	Water
	36.47 ± 0.17
	31.98 ± 0.82
	26.66 ± 0.61
	21.80 ± 0.84
	21.08 ± 1.11
	14.44 ± 0.17
	12.18 ± 0.40



	M4 (MPa)
	Water
	36.79 ± 0.39
	31.41 ± 0.14
	22.03 ± 0.76
	20.84 ± 0.50
	17.69 ± 0.53
	13.65 ± 0.21
	11.53 ± 0.14
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Table 9. Statistical analysis on the compressive strengths of the specimens cooled in air and water.
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	Origin of Variations
	F
	Probability
	Critical Value for F





	Cooling regime
	10.37114056
	0.002472053
	4.072653759



	Temperature
	26.55528701
	8.2486 × 10−13
	2.323993797



	Interaction
	0.228943632
	0.964946175
	2.323993797
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