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Abstract

:

Portland cement concrete is known to have good fire resistance; however, its strength would be degraded after exposure to the temperatures of fire. Repeated low-velocity impacts are a type of probable accidental load in many types of structures. Although there is a rich body of literature on the residual mechanical properties of concrete after high temperature exposure, the residual repeated impact performance of concrete has still not been well explored. For this purpose, an experimental study was conducted in this work to evaluate the effect of high temperatures on the repeated impact strength of normal strength concrete. Seven identical concrete patches with six disc specimens each were cast and tested using the ACI 544-2R repeated impact setup at ambient temperature and after exposure to 100, 200, 300, 400, 500 and 500 °C. Similarly, six cubes and six prisms from each patch were used to evaluate the residual compressive and flexural strengths at the same conditions. Additionally, the scattering of the impact strength results was examined using three methods of the Weibull distribution, and the results are presented in terms of reliability. The test results show that the cracking and failure impact numbers of specimens heated to 100 °C reduced slightly by only 2.4 and 3.5%, respectively, while heating to higher temperatures deteriorated the impact resistance much faster than the compressive and flexural strengths. The percentage reduction in impact resistance at 600 °C was generally higher than 96%. It was also found that the deduction trend of the impact strength with temperature is more related to that of the flexural strength than the compressive strength. The test results also show that, within the limits of the adopted concrete type and conducted tests, the strength reduction after high temperature exposure is related to the percentage weight loss.
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1. Introduction


Repeated accidental impact is a type of unfavorable load that most building structures are not designed to withstand. Impact loads are a type of short-term dynamic load that exposes the material to unusual and unwanted stresses, which is more effective on brittle materials such as concrete. Repeated impacts occur due to the accidental falling of building materials during the construction period, or other objects during the life span, from higher stories [1,2,3]. In parking garages, the collision of cars can also be a source of repeated impacts on columns and walls. Other example sources are repeated hits by projectiles or explosive shrapnel in conflict regions [4,5]. The evaluation of the influence of repeated impacts on the material microstructure and the residual performance of the structural members requires an adequate evaluation of the cracking and fracture behavior under such type of loads. Pre-evaluation of material behavior under repeated impacts can be conducted using the ACI 544-2R [6] repeated drop weight impact test, which can be considered as the simplest and cheapest impact test to evaluate the impact performance of concrete [7,8,9]. This test was used to evaluate the impact performance of several types of concrete mixtures by several recent researchers.



Concrete is a type of cementitious material that is composed mainly of Portland cement and aggregate that are mixed with water to form a moderately low cost construction solution with a sufficient compressive strength [10,11,12,13]. Although there have been great advances in the branch of material science and the development of many evolutionary modern types of concrete that possess seriously superior strength and ductility characteristics by incorporating new fiber-reinforced cementitious composites, normal weight, normal strength Portland cement-based concrete is still the most widely used type in reinforced concrete buildings [14,15]. Concrete structures, as with other structure types, are always under the danger of accidental fires that may occur due to electrical issues or inconvenient occupation. With the existence of furniture, fires can reach temperatures as high as 1000 °C in a very short period. Yearly, tens of thousands of fires are reported in countries such as the USA and the UK, 40% of which are classified as structural fires [16]. Although concrete is considered a good fire-resistant material, exposure to high temperatures with a steep temperature increase would seriously deteriorate the concrete structural members [15,17]. Due to the low thermal conductivity of concrete and considering the quick temperature increase, high temperature gradients would form between the exposed surfaces, the cores and the opposite unexposed surfaces [18]. Such gradients would induce internal thermal stresses on the microstructural scale, leading to steep material degradation [19,20]. The non-uniform thermal movements (expansion) of the different material parts owing to the non-uniform thermal gradients, and the chemical decomposition of calcium hydroxide beyond 400 °C [19,21,22,23] would initiate the effective degradation of the strength until failure.



Three main types of fire test procedures have been used by researchers to simulate the strength reduction in the material under high temperature exposure, two of which simulate the conditions of the concrete strength during fire exposure for compression and flexural members. In the first of these tests, which is the stressed fire test, the setup simulates the performance of compression members such as columns or compression parts of beams where the member is stressed by approximately 20% to 40% of its strength [24,25,26]. In this test, the specimens are preloaded to a constant stress level and then heated to the desired level of temperature, at which the temperature is kept constant to assure an approximately zero thermal gradient in the material (temperature saturation to the steady state condition). Then, the load is increased to failure. The second test is usually termed as the unstressed condition, which follows the same procedure of the first test setup but without preloading. This test simulates the conditions of beams and slabs where the concrete is usually under low tensile stresses [25]. On the other hand, the residual unstressed test is the third fire test setup. This test setup simulates the post-fire evaluation of the strength, where the specimens are heated unstressed to the required temperature, saturated at this temperature for a constant period and then cooled to ambient temperature. Finally, the cooled specimens are tested at ambient temperature to examine the residual strength of the concrete after the fire is over. The post-fire exposure strength evaluation is essential to decide whether the building is still functional, requires strength rehabilitation due to being unsuitable or must be demolished. Previous studies [25] showed that if the specimens are cooled in water (as in the case of water distinguishing a fire), the strength deteriorates at faster rates than when cooled under air convection. The volume changes resulting from the re-hydration (with cooling water) of dehydrated calcium silicate after exposure to temperatures higher than 400 °C have a destructive influence on the concrete microstructure [26].



Few research works are available in the literature about the evaluation of the concrete impact strength after high temperature exposure, most of which investigate high-strain rate impact tests and blast tests [27,28,29,30,31], while a very limited number of works were found on low-velocity impact tests on reinforced concrete members [18,32]. Most of these works developed numerical analyses to evaluate the dual effect of high temperature and high-strain rate impacts on reinforced concrete and composite structural members [33,34,35]. Although the combined action of fire exposure and low-velocity repeated impacts is probable in many structures such as parking garages, the authors could not find sufficient literature works that tried to explore the post-fire repeated impact performance of concrete. Mehdipour et al. [18] conducted an experimental study to evaluate the residual mechanical properties of concrete containing recycled rubber as a replacement of coarse aggregate, metakaolin as a partial replacement of Portland cement and steel fibers. Among the investigated mechanical properties, the authors evaluated the residual repeated impact strength using the ACI 544-2R test after exposure to temperatures of 150, 300, 450 and 600 °C. The test results showed that high temperature could significantly affect the residual cracking and failure impact numbers, where only one impact could cause the cracking of specimens heated to 600 °C. They also reported that a multi-surface cracking was observed for heated specimens instead of the central circular fracture of unheated fibrous specimens.



The current research investigated the impact resistance of normal concrete to low-velocity repeated impacts after exposure to high temperatures of accidental fires. As reviewed in the previous sections, such scenario is possible along the span life of concrete structures, while the number of studies on this topic is seriously limited. Aiming to fill the gap in knowledge in this area, a research program was initiated starting with the most usual concrete type in reinforced concrete structures, which is normal weight, normal strength concrete.




2. Experimental Work


As stated previously, the experimental work presented in this study was conducted to be a reference work for future works where the post-fire residual impact performance of fibrous concretes will be assessed. Therefore, a normal plain concrete mixture was adopted in this study to investigate the effect of repeated low-velocity impacts on heated concrete. A cement content of 410 kg/m3 was used with 215 kg/m3 of water, while the fine and coarse aggregate contents were 787 and 848 kg/m3, respectively. Local crushed gravel and river sand from Wasit Province, Iraq, were used as coarse and fine aggregates. The maximum size of the crushed gravel was 10 mm. The chemical composition and physical properties of the used cement are listed in Table 1, while the gradings of both the sand and gravel are shown in Figure 1. All specimens were cured for 28 days in temperature-controlled water tanks.



The impact tests were conducted using the standard ACI 544-2R repeated impact procedure. However, instead of the manual operation of the test, an automatic impact machine was built for this purpose and used in this study to perform the repeated impact tests. The impact machine shown in Figure 2a was built to reduce the efforts and time of the test, where repeated impacts were automatically applied using the standard ACI 544-2R drop weight (4.54 kg) and drop height (457 mm), while the crack initiation and failure were observed using a high-resolution camera, as shown in Figure 2b. The same standard test setup was followed, where a steel ball was placed on the top of the 150 mm-diameter and 64 mm-thick disc specimen, while the drop weight fell directly on the steel ball that transferred it to the center of the specimen’s top surface, as shown in Figure 2c. Once the first surface crack appeared, the number of repeated impacts was recorded, which is termed as the cracking number (Ncr). After, the impact was continued until the failure of the specimens, where the failure number (Nf) was recorded.



In addition to the six impact disc specimens, six 100 mm cube specimens and six 100 × 100 × 400 mm prisms were cast from the same concrete patches, as shown in Figure 3. The concrete cubes were used to evaluate the compressive strength, while the prisms were used to evaluate the modulus of rupture. Previous researchers [36] showed that increasing the size of the cube specimen from 100 to 150 mm had no significant effect on the residual compressive strength after exposure to temperatures up to 1200 °C, while others [37] drew a similar conclusion for concrete cylinders having different sizes (diameter × length) of 50 × 100 mm, 100 × 200 mm and 150 × 300 mm. The cylinders were exposed to temperatures up to 800 °C. Several previous studies [38,39,40,41,42,43,44,45,46] adopted 100 mm cubes to evaluate the residual compressive strength of concrete.



Seven concrete patches were cast and cured in water tanks under the same conditions for 28 days, after which the specimens were left to air dry for a few hours and then dried in an electrical oven at 100 °C for 24 hours [15,47,48,49,50]. After the specimens were naturally air cooled, six of the seven patches were heated to temperatures of 100, 200, 300, 400, 500 and 600 °C using the electrical furnace shown in Figure 4a, while the seventh patch was left as an unheated reference. As shown in Figure 4b, a steel cage was used to reduce the destructive effects of the concrete explosive failure on the internal walls and heaters of the furnace. The heating process followed the heating and cooling procedure shown in Figure 5, where the specimens where heated steadily at a heating rate of approximately 4 °C/min until the target temperature. After, the specimens were thermally saturated at this temperature for one hour to assure the thermal steady state condition [51,52]. Finally, the furnace door was opened to allow for the natural air cooling of the specimens, which were left in the laboratory environment and tested the next day.



The heating rate can affect the residual strength of concrete exposed to temperatures exceeding 300 °C [53]. Previous researchers used different heating rates to evaluate the residual properties of concrete, which were as low as 0.5 °C [54] and 1 °C [55] and as high as 30 °C [56]. However, heating rates ranging from 2 to 10 °C were the most common in the literature [57], where a heating rate of 2 °C was adopted by [58,59], while 3 °C was adopted by [60,61], and 4 °C was adopted by [62,63]. On the other hand, 5 °C was used by [64,65,66,67], and 6 °C and 7 °C were used by [38,64,68], while other previous researchers [69,70,71] used a heating rate of 10 °C. In this study, a heating rate within this range, 4 °C, was adopted.




3. Results and Discussion


3.1. Compressive Strength


The residual compressive strength values after exposure to 100, 200, 300, 400, 500 and 600 °C in addition to those at ambient temperature are shown in Figure 6. The figure also shows the percentage reduction in strength due to temperature exposure. It is obvious that a slight strength gain of approximately 1.5% was recorded at 100 °C, where the compressive strength after exposure to this temperature was 43.9 MPa, which is higher than that before heating (43.2 MPa). This initial strength gain was reported by previous researchers [25] and is attributed to the increase in the material density due to the evaporation of free pore water and the increase in hydration products owing to the accelerated pozzolanic reaction [72,73]. The strength gain is represented as a negative percentage reduction in Figure 6. After exposure to 200 °C, the compressive strength recorded 35.1 MPa, with a percentage reduction of approximately 18.8%, while a noticeable percentage strength recovery was recorded at 300 °C. The residual compressive strength at 300 °C was 42.3 MPa, and the percentage reduction was only approximately 2.1%. Hence, more than 16% of strength recovery was gained as the temperature was increased from 200 to 300 °C. As the temperature increased beyond 200 °C, the removal of water from the surfaces of the cement gel particles induced higher attraction surface forces (van der Waals forces), which might increase the ability of the microstructure to absorb higher compression stresses [18,73]. Beyond 300 °C, the compressive strength exhibited a continuous decrease in strength, with an increase in temperature, where the percentage strength reductions were 18.8, 22.4 and 50.0% after exposure to 400, 500 and 600 °C. The significant strength drop after 500 °C is attributed to the volume changes that took place due to the shrinkage of the cement paste and expansion of the aggregate particles, which deteriorate the bond between the two materials [25,74,75]. The dehydration of cement and decomposition of calcium hydroxide also lead to destructive effects [76,77].



Figure 7 shows the relationship between the compressive strength and percentage weight loss of the same cube specimens after exposure to high temperatures of 100 to 600 °C. The percentage weight loss was calculated by dividing the weight loss (weight before heating-weight after heating) by the original specimen weight before heating, with the result multiplied by 100. The figure shows that three stages can be recognized in the percentage weight loss relation with temperature. In the first stage, the slope of the percentage weight loss was high after exposure to the sub-high temperature range (100 to 300 °C), which indicates early high weight loss. This weight loss can be attributed to the evaporation of the free pore water before 200 °C and the absorbed water in the cement gel particles. The second stage, which is a semi-stabilization stage with a very small positive slope, is related to the strength recovery and low reduction between 300 and 500 °C, where the microstructure is still not very affected by the chemical and physical changes due to temperature exposure. Finally, the weight loss starts another high-slope reduction region after 500 °C, where the cement matrix was cracked owing to the chemical changes, and the bond between the cement and aggregate was almost lost due to the different thermal movements [78,79]. Excluding the initial strength gain at 100 °C and the strength recovery at 300 °C, it can be said that the strength loss can be related to the loss in weight. The differences between strength loss and weight loss at these regions are attributed to the different behaviors of concrete under the different applied stresses, where it is stated that the residual tensile strength of concrete, for example, has a different behavior with temperature than that of the compressive strength. As weight loss is a stress-free measurement, there would be some expected differences with load tests.




3.2. Flexural Strength


The residual flexural strength records (modulus of rupture) of the tested prisms are visualized in Figure 8, which also visualizes the percentage reduction in flexural strength as a ratio of the unheated strength. The figure explicitly shows that a similar strength gain to that of the compressive strength was recorded for the flexural strength at 100 °C. However, the percentage increase was higher, where the unheated flexural strength was 3.7 MPa, while that after exposure to 100 °C was approximately 4.1 MPa, with a percentage increase of approximately 10.1%, which is depicted in Figure 8 as a negative percentage reduction. The same reason discussed in the previous section for the compressive strength could be the source of this increase in the flexural strength. After, a continuous strength deterioration was recorded as the temperature increased beyond 100 °C, where the residual modulus of rupture values were approximately 2.9, 2.4, 2.2, 1.6 and 0.3 MPa with respective percentage reductions of approximately 22.5, 35.1, 41.6, 57.3 and 91.2 % after exposure to 200, 300, 400, 500 and 600 °C. It can be noticed that the strength recovery recorded for the compressive strength at 300 °C was not recorded for the flexural strength, which reflects the positive effect of physical attraction forces at this temperature to sustain higher compressive stresses, while such effect was insignificant under the flexural tensile stresses. Another result that was noticed is the faster deterioration of the flexural strength compared to the compressive strength, which is directly related to the weak microstructural response of concrete to tensile stresses. A similar flexural strength reduction behavior was reported by many previous works [25,72,80].



The weight loss for the same prisms was recorded, from which the percentage weight loss was calculated, which is depicted in Figure 9 against the residual modulus of rupture. The figure shows that a similar three-stage behavior can be recognized for the prism specimens to that recorded for the cube specimens, where the slope of the percentage weight loss was higher before 300 °C and beyond 500 °C, while it was lower between them. Similarly, excluding the high residual flexural strength recorded at 100 °C, the strength reduction curve exhibited a similar three-slope behavior to that of weight loss, where the percentage reduction slope was high from 100 to 300 °C and from 500 to 600 °C, while it was semi-stabilized between 300 and 400 °C for both the flexural strength and weight loss, as shown in Figure 9. This similar trend confirms the strong relation between weight loss and strength reduction after high temperature exposure.




3.3. Repeated Impact Strength


This section presents and discusses the obtained results from the conducted drop weight repeated impact tests that were carried out at ambient temperature and after exposure to different levels of high temperatures. The results of all specimens are listed in Table 2 together with the mean, standard deviation (SD) and coefficient of variation (COV) of each of the six disc samples. It is obvious that for all specimens, before and after exposure to high temperature, the recorded failure number was slightly higher than the cracking number, which reveals the brittle nature of normal concrete under impact tests [81,82,83].



3.3.1. Cracking and Failure Impact Numbers


The detailed impact numbers are listed in Table 2, while Figure 10 and Figure 11 show the post-high temperature exposure response of the cracking (Ncr) and failure (Nf) impact numbers, respectively. Figure 10 shows that after exposure to 100 °C, the cracking number was not noticeably affected, where this number was decreased from 55 to 53.7, with a percentage decrease of only 2.4%. Similarly, Nf was decreased by no more than 3.5%, as illustrated in Figure 11. Considering the known high variation in the ACI 544-2R repeated impact test [6], it can be said that the impact resistance was not affected by heating to 100 °C, which is also confirmed by the comparison of the individual impact numbers in Table 2, where the retained impact numbers for some specimens where higher after exposure to 100 °C than before heating. For instance, a cracking impact number of 90 was recorded for specimens heated to 100 °C, which is higher than all recorded numbers before heating. As discussed in the previous sections, the compressive strength and flexural strength were increased after exposure to a temperature of 100 °C. The strength gain is reported to be due to the shrinkage of the concrete pore holes after the evaporation of the pore water, which resulted in denser media. The slow preheating of specimens in an electrical oven at 100 °C might also help to minimize the reduction in the impact strength at this temperature, where the free pore water was partially evaporated during the initial heating phase, resulting in the stress being relieved during the second (furnace) quick heating phase, which maintained the microstructural deterioration at a minimum. It should be mentioned that the oven’s slow preheating is essential to prevent any type of thermal explosive failure during heating, which would be harmful to the furnace and other specimens in the furnace. The preheating process was a typical procedure followed by many experimental studies in the literature, where it was reported that thermal explosive spalling is probable at temperatures in the range of 300 to 650 °C [25].



The strength of the material to resist impact forces dropped sharply after exposure to 200 °C, where the loss in impact resistance in terms of Ncr and Nf reached 74.2 and 73.5%, respectively. This reduction is dramatic and is much higher than the losses in the compressive, flexural and tensile strengths according to the literature and the current study results, where previous studies showed that the normal compressive strength range of normal concrete after exposure to 200 °C falls between 70 and 110% of the unheated strength [18,21,72]. Similarly, it is widely addressed in the literature that the modulus of elasticity of normal concrete would be higher than 70% of the unheated values [73,74,75]. Phan and Carino [25] reported that, for the case of an unstressed residual compressive strength test, which was the heating procedure followed in this research, an initial strength gain or minor loss is the usual trend of normal concrete up to 200 °C. The residual impact strength of the higher temperatures followed the same excessive strength drop, as shown in Figure 10 and Figure 11. The residual cracking impact strength after exposure to 300, 400, 500 and 600 °C was, respectively, 11.8, 5.5, 3.9 and 1.8% of the original unheated strength. Similarly, the residual failure impact strengths were 13.1, 7.0, 5.2 and 3.8% after exposure to 300, 400, 500 and 600 °C, respectively. Two points should be discussed here, namely, the strength reduction behavior with temperature, and the high drop in strength. It is obvious that the impact strength follows a similar trend of reduction with temperature to the flexural strength, where both the flexural and impact strengths showed stable responses at 100 °C, followed by a continuous decrease until the approximate fading of the strength at 600 °C. This might be attributed to the type of stresses caused by the repeated impacts on the concrete, where the received impact forces tend to cause a fracture surface and then transfer this into tensile stresses that try to open the cracks until breakage failure. The higher strength reduction can also be attributed to the nature of the impact loads, where a sudden concentrated loading is induced within a very short time, leading to a higher stress concentration and hence a faster deterioration. As soon as the microstructure is internally fractured by the initiation of microcracks, only a few further concentrated drops are required to induce the surface cracking and failure of the specimen. Since the microstructure of the cement paste, the aggregate particles and the bond between them are negatively affected by the preceding heating phase of the specimens, a quick fracture of these specimens is expected under impact drops.



Figure 12 compares the behaviors of the residual impact strength in terms of the impact numbers of the disc specimens and the percentage weight loss of the same specimens. It can be said that the trend of the impact strength reduction is related to that of the percentage weight loss, where the same minor reduction is clear in the figure after exposure to 100 °C for both the strength and the weight loss, followed by a steep drop from 100 to 200 °C. After, a continuous decrease in the strength and an increase in weight loss are obvious from 300 to 600 °C. Indeed, the percentage strength is much higher than the percentage weight loss at each temperature; however, the behavior of the reduction with the temperature increase is quite similar.



As disclosed in the previous sections, the ACI 544-2R repeated impact test is known for its high variation in the obtained impact results. Figure 13 shows the effect of high temperature exposure on the variation in the cracking and failure impact numbers in terms of the coefficient of variation (COV). It is clear in the figure that the COV was not so high (22.8) at ambient temperature, which is a good indication of the better control on the loading parameters using the automatic machine compared to the standard manual apparatus. The COV increased at 100 and 200 °C, recording values in the range of 41.4 and 44.8% for both the cracking and failure numbers. This increase in the result variation can be attributed to the dramatic behaviors at these temperatures, where at 100 °C, the specimens exhibited an increase and a decrease in strength compared to those tested at ambient temperature, as listed in Table 2. Similarly, the high drop in the impact number records at 200 °C resulted in high percentage variations, although there were limited numeral variations. The extremely low records of the impact numbers at the higher temperatures reduced the differences between the tested specimens, which, in turn, reduced the COV, as shown in Figure 13.




3.3.2. Failure Patterns


Pictures for the disc specimens at room ambient temperature (R) and after exposure to 100, 200, 300, 400, 500 and 600 °C are shown in Figure 14a–g, both before and after impact testing. The fracture and failure of the reference unheated specimens align with what has been reported in previous studies [84,85,86,87,88] for plain concrete, where after a number of repeated blows, a small-diameter central fracture zone was created under the concentrated compression impacts via the top surface’s steel ball. After a few more blows, the internal cracks propagated to the surface, forming a surface cracking of two or three radial cracks from the central fracture zone, which formed the failure shape that occurred after a few additional blows, as shown in Figure 14a.



Figure 14b–d show that the specimens heated up to 300 °C exhibited a similar cracking and fracture behavior to that of the unheated specimens. However, at 200 and 300 °C, the cracking and failure tended to be softer, where the fracture started at much lower impact numbers, and the central fracture zone was smaller. The fracture of the specimens heated to temperatures above 400 °C is different. The material became so weak and absorbed the applied impact energy after being heated, where the cement paste became softer, the crushing strength of the aggregate particle reduced and the bond between them was almost lost. Due to these effects, internal thermal cracks were formed in the whole volume of the specimens. Therefore, for the specimens exposed to 400, 500 and 600 °C, only three impacts, two impacts and one impact were enough to cause the already existing cracks to appear at the surface. As a result, the central fracture zone was barely formed, and a higher number of major cracks (four or five) were formed accompanied by more hair cracks, as shown in Figure 14e–g.






4. Weibull Distribution


At first, probabilistic methods were used to provide a rationale for the scattering of fracture strength results with a brittle nature. This statistical method has most widely been used to assess the statistical variability of impact test results in recent times [7,9,89]. Barbero et al. [90] investigated the mechanical properties of composite materials using the Weibull distribution. The authors recommended that the Weibull distribution is a pragmatic approach for determining 90% and 95% reliability values. The Weibull distribution is accentuated by two parameters, namely, shape and scale, and these parameters can be evaluated by several methods [91]. The scattering of the failure impact number of concretes was modeled using a two-parameter Weibull distribution. Lastly, the reliability of the concrete in terms of the failure impact number was presented in graphical form. The scattering of the cracking impact numbers was minor and hence was not modeled using the Weibull distribution.



4.1. Mean Standard Deviation Method (MSDM)


This method is more useful when the means and standard deviations are known; if this occurs, the shape parameter (α) and scale parameter (β) are determined using Equations (1) and (2) as follows [92].


  α =      σ     N f   ¯        − 1.086    



(1)






  β =    R ¯     α 2.6674    0.184 + 0.816    α 2.73855     



(2)




where      N f   ¯    is the mean of the failure impact number, and σ is the standard deviation.




4.2. Energy Pattern Factor Method (EPFM)


The EPF is defined by the ratio of the summation of cubes of individual failure impact numbers to the cube of the mean failure impact number. The scale and shape parameters are calculated using Equations (3) and (4) once the EPF value is known [93].


  E P F =      N f    3   ¯         N f   ¯   3     



(3)






  α = 1 +   3.69       E p f    2     



(4)







The gamma function is defined in Equation (5), expressed as follows.


  Γ  x  =   ∫  0 ∞   t  x − 1   exp   − t   d t  



(5)








4.3. Method of Moments (MOM)


Numerical iteration is involved in this method, and the mean failure impact number and corresponding standard deviation (σ) are used to find the shape and scale parameters [51].


  α =       0.9874    σ  R ¯         − 1.086    



(6)






     N f   ¯  = β  Γ      1 + 1 / α    



(7)







Table 3 demonstrates the results of the Weibull parameters obtained from three methods of distribution. It is clear from the table that the MSDM and MOM methods showed approximately the same parameter values. However, EPFM showed a lower value compared to MSDM and MOM. To perform the reliability analysis, the mean value of the three methods was used. The reliability of concrete exposed to various temperatures in terms of the failure impact number can be calculated using Equation (8) [94,95,96,97,98].


     N f   = β     − ln (  R x  )     1 / α     



(8)




where Rx is the reliability level, and R is the failure impact number.



Using the Weibull parameters (mean values from Table 3), the reliability analysis was performed to estimate the failure impact number. Figure 15 illustrates the failure impact number in terms of the reliability or survival probability. By examining the 0.99 reliability (1% probability of failure), the failure impact numbers for the 100, 200, 300, 400, 500 and 600 °C specimens were 23, 10, 3, 4, 2, 1 and 1, respectively. By examining another probability level of 0.9 (10% probability of failure), the failure impact numbers were 39, 26, 7, 5, 3, 2 and 2, corresponding to the 100, 200, 300, 400, 500 and 600 °C specimens, respectively. Likewise, the failure impact number for the concrete exposed to different temperatures can be obtained from Figure 15. Using the reliability curves, the design engineer has the option to choose the required failure impact number at the desired reliability level (0.5 to 0.99). These values can be used effectively in the design calculations, and the Weibull distribution can be considered as a powerful tool to examine the scattering of the impact strength results. This statistical method and the outcomes are in good agreement with earlier studies [99,100,101,102,103].





5. Conclusions


Based on the obtained experimental results from the study presented in this work, the following points are the most important conclusions.



	
The compressive strength was increased by less than 2% after exposure to 100 °C, while it decreased by more than 18% after exposure to 200 °C, followed by a partially recovered strength recorded at 300 °C. Finally, the compressive strength exhibited a continuous decrease after 400 °C, reaching a residual strength of approximately 50% of the original strength at 600 °C. This multi-phase behavior is attributed to the early loss of free water, physical and chemical changes in the cement paste after and the different thermal movements of the cement paste and aggregate.



	
Owing to the weak microstructural response of concrete under tensile stresses, the deterioration of the flexural strength after 200 °C was significantly higher than compressive strength, where the residual tensile strength after exposure to 400, 500 and 600 °C was approximately 58, 43 and 9%, respectively.



	
The impact strength, in terms of the cracking and failure impact numbers, was almost unaffected after exposure to 100 °C, where the reduction was only 2.4 and 3.5% in the cracking and failure numbers. However, a sharp drop in the impact strength of 74.2% was recorded after exposure to 200 °C, which was followed be a continuous decrease after exposure to the higher temperatures. The impact strength almost vanished at 600 °C, where the percentage reductions in the cracking and failure numbers were 98.2 and 96.2%, respectively. The higher strength drop under impact loads, compared to the compressive and tensile strengths, is attributed to the high concentrated tensile stresses induced in the material within a short time under the repeated impacts.



	
Comparing the residual strength with the percentage weight loss of the cube, prism and disc specimens, it was found that, by excluding the full or partial recovery regions, the strength follows an approximately similar behavior to that of weight loss after high temperature exposure. However, the percentage reduction in strength was much higher than the percentage increase in weight loss of the same specimens.



	
The failure of the specimens heated to temperatures up to 300 °C was similar to that of the unheated specimens, where a central fracture zone formed due to the concentrated compression impacts beneath the steel ball, followed by cracking and failure along two or three radial cracks. On the other hand, the deteriorated microstructure of the specimens heated to temperatures of 400 to 600 °C imposed a different fracture behavior, where the specimens cracked quickly and softly along four or five paths accompanied by additional surface hair cracks, which reflects the weak strength of the material and the existence of internal thermal cracks prior to testing.



	
A rational distribution is desirable from a statistical perspective, in line with the relevant impact strength and, most significantly, with the safety of the design calculation. The Weibull distribution was found to be an efficient tool to examine the scattered test results and present the impact strength at the desired levels of reliability.
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Figure 1. Grading of fine and coarse aggregates. 
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Figure 2. The automatic repeated impact testing machine (a) the impact machine; (b) crack observation; (c) the impact load and holding system. 
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Figure 3. Single group of disc, cube and prism specimens. 
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Figure 4. The electrical furnace (a) furnace interiors; (b) specimens heating. 
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Figure 5. Heating and cooling regime of the electrical furnace. 
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Figure 6. Compressive strength and its percentage reduction at different temperatures. 
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Figure 7. The relation of compressive strength and percentage weight loss of the cube specimens at different temperatures. 






Figure 7. The relation of compressive strength and percentage weight loss of the cube specimens at different temperatures.



[image: Crystals 11 00941 g007]







[image: Crystals 11 00941 g008 550] 





Figure 8. Flexural strength and its percentage reduction at different temperatures. 
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Figure 9. The relation of flexural strength and percentage weight loss of the prism specimens at different temperatures. 
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Figure 10. Cracking impact number and its percentage reduction at different temperatures. 
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Figure 11. Failure impact number and its percentage reduction at different temperatures. 
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Figure 12. The relation of the impact number and percentage weight loss of the prism specimens at different temperatures. 
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Figure 13. Coefficient of variation of the cracking and failure impact numbers at different temperatures. 
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Figure 14. Failure patterns of the impact disc specimens at different temperatures (a) ambient temperature; (b): 100 °C; (c): 200 °C; (d) 300 °C; (e) 400 °C; (f) 500 °C; (g): 600 °C. 
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Figure 15. Failure number in terms of reliability (a) ambient temperature; (b): 100 °C; (c): 200 °C; (d) 300 °C; (e) 400 °C; (f) 500 °C; (g): 600 °C. 
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Table 1. Physical properties of cement.






Table 1. Physical properties of cement.





	Oxide (%)
	Content





	Si   O 2   
	20.08



	     Fe  2   O 3    
	3.6



	     Al  2   O 3    
	4.62



	CaO
	61.61



	MgO
	2.12



	S   O 3   
	2.71



	Loss on ignition (%)
	1.38



	Specific surface (   m 2  / kg )  
	368



	Specific gravity
	3.15



	Compressive strength 2 days (MPa)
	27.4



	Compressive strength 28 days (MPa)
	46.8
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Table 2. Results of repeated impact test.






Table 2. Results of repeated impact test.





	
Temperature

	
R

	
100 °C

	
200 °C

	
300 °C

	
400 °C

	
500 °C

	
600 °C




	
Disc No.

	
Ncr

	
Nf

	
Ncr

	
Nf

	
Ncr

	
Nf

	
Ncr

	
Nf

	
Ncr

	
Nf

	
Ncr

	
Nf

	
Ncr

	
Nf






	
1

	
52

	
53

	
28

	
29

	
18

	
19

	
8

	
9

	
4

	
5

	
2

	
3

	
1

	
2




	
2

	
41

	
42

	
76

	
78

	
25

	
26

	
7

	
8

	
2

	
3

	
2

	
3

	
1

	
3




	
3

	
78

	
81

	
41

	
43

	
11

	
12

	
6

	
7

	
4

	
5

	
2

	
3

	
1

	
2




	
4

	
50

	
53

	
90

	
91

	
9

	
10

	
7

	
8

	
3

	
4

	
3

	
4

	
1

	
2




	
5

	
51

	
54

	
39

	
41

	
9

	
10

	
4

	
5

	
2

	
3

	
1

	
2

	
1

	
2




	
6

	
58

	
60

	
48

	
49

	
13

	
14

	
7

	
8

	
3

	
4

	
3

	
3

	
1

	
2




	
Mean

	
55.0

	
57.2

	
53.7

	
55.2

	
14.2

	
15.2

	
6.5

	
7.5

	
3.0

	
4.0

	
2.2

	
3.0

	
1.0

	
2.2




	
SD

	
12.5

	
13.0

	
24.0

	
24.0

	
6.3

	
6.3

	
1.4

	
1.4

	
0.9

	
0.9

	
0.8

	
0.6

	
0.0

	
0.4




	
COV %

	
22.8

	
22.8

	
44.8

	
43.5

	
44.3

	
41.4

	
21.2

	
18.4

	
29.8

	
22.4

	
34.7

	
21.1

	
0.0

	
18.8











[image: Table] 





Table 3. Results of Weibull parameters (scale and shape parameters).
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Temperature

	
MSDM

	
EPFM

	
MOM

	
Mean




	
α

	
β

	
α

	
β

	
α

	
β

	
α

	
β






	
R

	
5.00

	
62.34

	
3.96

	
63.15

	
5.02

	
62.29

	
4.66

	
62.59




	
100 °C

	
2.47

	
62.25

	
2.80

	
61.99

	
2.46

	
62.24

	
2.58

	
62.16




	
200 °C

	
2.60

	
17.12

	
2.88

	
17.05

	
2.59

	
17.12

	
2.69

	
17.10




	
300 °C

	
6.19

	
8.06

	
4.23

	
8.25

	
6.23

	
8.07

	
5.55

	
8.13




	
400 °C

	
5.05

	
4.36

	
4.01

	
4.41

	
5.08

	
4.35

	
4.71

	
4.37




	
500 °C

	
5.74

	
3.24

	
4.08

	
3.31

	
5.78

	
3.24

	
5.20

	
3.26




	
600 °C

	
6.37

	
2.36

	
4.40

	
2.41

	
6.41

	
2.36

	
5.73

	
2.38

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(TM %) S0T 1B1ap aFeiuaanag
$ 3 o

f i i

<

A %WL

& Fe

@

< Py < &
g “ 2 4
(edN) (24) P3uang darssardwo))

B

600

500

400

300

200

100

Temperature (°C)





media/file4.png





media/file18.png
(0 0]

("IA\ %) SSOT IYSIOA\ 938IUd2IdJ
O

<t (o
I I l

< o @\ —
(edIN) (1) 2amydny Jo sninpojn

)

600

500

400

300

200

100

Temperature (°C)





media/file21.jpg
60

Failure Impact Number (N,
3 3 % 8

3

Ane
@ % Reduction

100

60

0

% 17/ 7/ )

: . .
100 200 300 400 500 600
Temperature (°C)

% N, Reduction





media/file31.png
(b) 100°C

120

90 -
Z 60 -

30 A

(a) R

75

60 -
45
Z30 -

15 -

(d) 300°C

200

150 -

100 -

50 -

(c) 200°C

250

200 A

150 -

Z100 -

50 -





media/file26.png
UL
A

L
ATt

NI
AN

A I HHikk

=i
A HHTHHRKy

(L
A

50

s)nsay IoquunN joedwy Jo AQD

300 400 500 600
Temperature (°C)

200

100





media/file27.jpg





media/file3.jpg





media/file22.png
600

500

400

200

300
Temperature (°C)

10

! ! ! !
S O S f) () o
W < o —

CN) 1equn joedwy ainjre





media/file19.jpg
100

uononpoy “N %

$ $ % 9

@ % Reduction (80
2]

7

£
N

(777

60-

& & &L d

(°N) Joquiny 3oeduy Suryoer)

N

300 400 500 600
Temperature (°C)

200

100





media/file7.jpg





media/file28.png





media/file10.png
Furnace Temperature (°C)

600

D
S
e}

AN
S
e}

o8}
S
e}

1 hour saturation

Heating rate
4 °C/min

Slow cooling at toom temperature

Time






media/file32.png
(f) 500°C

200

150 -
mloo ]
50 -

(e) 400°C

200

150 -
_100 -
50 -

() 600°C

100 -





media/file14.png
Q

("IM\ %) SSOT IYSIA\ 938IUd2IdJ
O

| T T T

| | | I
] ) o e}

<t o o (Q\
(edIN) (9) P3Suang dArssardwo)

20

600

300 400 500
Temperature (°C)

200

100





media/file11.jpg
uoRoNpIY 94 %

8 2 ¢

¥ g

300
Temperature (°C)

:

200

100

50

]

Py

(BdN) (o) s

8 = <©
Suang anrssaiduwo)





media/file6.png





media/file15.jpg
uonanpay 14 %

g 8

&

L a—
(edN) (1)

'simdny Jo snpop

4

200 300 400 500
Temperature (°C)

100





nav.xhtml


  crystals-11-00941


  
    		
      crystals-11-00941
    


  




  





media/file16.png
uononpay I ¢,

o o
S ) = = ) Q
— o0 e <t N = _
| | | | | |
L)
|
|
|
|
|
e
o
‘=
2
g
a4
RS
oe
| | | | |
w ()

< N '\ —
(edIN) (1) 2amudiy Jo sn[NPON

300 400 500 600
Temperature (°C)

200

100





media/file2.png
Percentage Passing (%)

100

|| —@)— Sand
—— Gravel
80 —
60 —
40 -
20 -
0 Lo I R B N I T T TTTTI I T TTTT
0.1 1 10

Particle Size (mm)

100





media/file20.png
100

140 0
20

o
\O

v <r on

(Q\|
(®°N) Ioquny] 10eduwy Suryoer)

600

200 300 400 500
Temperature (°C)

100





media/file23.jpg
(TM%) $50T 1yB1op 8eIuadIag

<
T

P

2 8 2 =8 =
Jaquiny joedurp

600

500

400

300

200

100

Temperature (°C)





media/file5.jpg





media/file24.png
("TAL%) SSOT YSIIAN 28BIUIIDJ
O

<t o\

oo
I I l

i

| | | |
o o O o o
< on @\ —
.Ho

quny joeduwy

I
-
Yo

60

600

500

300 400
Temperature (°C)

200

100





media/file29.jpg
!
60 60
50 50
0
W wév (1)
H sof |3
B vk |8
m.ek
o
o
i o
ssgsr> §EERS®
8=3 W
1 !
60 60
80 80
0 0
50 0
= sof m 50
E v |2 o2
£0% 0=
o <o
o ro
0 28 o
resmnc FEEE





media/file1.jpg
Percentage Passing (%)

100

80

R
1 10
Particle Size (mm)

T
100





media/file25.jpg
Ner

=h

2

< < < <

g 2 ]

S)NSY JGUINN] 108

duwy jo A0D

£

200 300 400 500 600
Temperature (°C)

100





media/file12.png
60

uononpay 94 %

50
40
30
20
10

10

—-10

Fc
@ % Reduction

S
Vg

|
S

< on [\ —
(edIN) (9) ypSuang aarssardwo))

300 400 500 600
Temperature (°C)

200

100





media/file9.jpg
s 2 2
g8 8 8
L L L

Furnace Temperature (°C)
E =
il

1 hour saturation

Heating rate
4°C/min

Slow cooling at toom temperature

Time






media/file0.png





media/file30.jpg
®s00°C

200

150
100

N

(©)400°C

200

150
100

50

¥

eliabil

(@ 600°C






media/file8.png
(b)





media/file17.jpg
(IM %) ss0T1yS1op a8euad1ag
hid kil il

-+ Fr
& %WL

T T T T
B £y & T
(2dN) (1) 2mdny jo snjnpojy

600

500

400

300

200

100

Temperature (°C)





