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Abstract

:

The reinforcement of ultra-high-performance concrete (UHPC) with fibers was investigated in this study. Concrete is the most widely used manmade construction material, and UHPC has remarkable mechanical properties. The mechanical properties of UHPC can be modified by a variety of curing procedures and the amount of cement used. This study aimed to examine the impact of fiber reinforcement, temperature, and exposure time on UHPC. Initially, the temperature for UHPC was changed from 300 °C to 500 °C and the exposure time set to 1 and 2 h. Various combinations of the ultrasonic pulse, thermal conductivity, compressive strength, flexural strength, splitting, modulus of elasticity, and drop hammer impact (impact resistance, impact energy, and ductility index) were investigated after 91 days of steam curing. For steam curing, the temperature was kept at 90 °C for three days. The mechanical characteristics of UHPC were the primary focus of this research. The test results showed that the accelerated curing regime achieved a maximum compressive strength of 102.6 MPa for UHPC specimens without fibers and 124.7 MPa for UHPC specimens with fibers, which represents a 22% increase in compressive strength. When compared to UHPC without fibers, all the qualities of UHPC with fibers were improved, especially when subjected to high temperatures. The incorporation of hybrid synthetic waste fibers was a key aspect in developing new ultra-high-strength concrete features.
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1. Literature Review


Due to its greater strength and durability, ultra-high-performance concrete (UHPC) has been recognized as an intriguing alternative construction material [1]. Its remarkable mechanical characteristics make it a good material for increasing the performance of civil engineering structures [2]. Ultra-high-performance concrete (UHPC) reinforced with fibers [3] is one of the most recent developments in concrete technology. To compensate for the fact that concrete is weak in tension but strong in compression, fibers can be added to the mix to increase strength and structural integrity [4,5]. By using hybrid fibers, it is possible to improve the structural performance of concrete. Hybrid fibers are made by mixing two or more fibers [6,7]. The mechanical properties of fiber concrete, which affect its practical application on construction sites [8], are highly dependent on several factors [9], including the type of cementation materials employed, aggregate size, curing conditions, specimen shape and size, and loading rate [10,11]. Due to its very high compressive strength (ranging from 150 MPa up to 800 MPa) and very low porosity, UHPC has remarkably low permeability and outstanding durability [12]. Despite its high compressive strength, UHPC demonstrates poor behavior due to brittleness [13]. Radwa Defalla (2019) found that a high percentage of compressive strength could be obtained at the early ages of concrete for all UHPC mixes, which was also attributed to the steam treatment used in the study. The results revealed that all the UHPC mixes had high compressive strength; however, the values varied depending on the components used for these UHPC mixes [14]. Concrete may catch fire in extreme situations. It is widely accepted that high temperatures, as well as the accompanying heating and cooling regimes, cause fundamental physical and chemical changes in concrete, resulting in performance loss [15,16,17,18]. Thermal decomposition is more likely in high-strength concrete with a more compact internal structure than in conventional concrete. The fire safety specification set by the construction requirements must be met by the concrete structural elements of buildings [14,18]. The period during which a structural element shows uncertainty regarding its stability, the consistency of the structure, and the temperature transfer is known as the fire resistance [19,20]. Concrete generally has the best fire resistance of any building material [21]. The behavior of concrete elements exposed to high temperatures is influenced by the mechanical, thermophysical, and deformation properties of concrete components, which change dramatically at such temperatures. The degree of hydration, compressive strength, and modulus of elasticity show a linear relationship that decreases monotonically with increasing heating temperature and duration of exposure [22,23]. It has been found that the effects of temperature on the properties of high-strength concrete differ from those for low-strength concrete [24,25]. In addition to mechanical, thermal, and deformation properties, spalling is described as the falling of concrete components from the face of concrete subjected to high temperatures [26,27]. UHPC is more prone to fire-induced spalling than conventional-strength concrete due to its lower water-to-cement ratio and low permeability [28,29]. The current study examined the effectiveness of UHPC at temperatures of 300 °C and 500 °C for exposure durations of 1 and 2 h, using hybrid synthetic waste fibers (HSWFs) as traditional, cheap, and sustainable fibers to enhance its brittle behavior. To achieve this objective, ten UHPC mixtures were designed and cast; the first two mixtures were UHPC control mixtures without and with hybrid synthetic waste fibers. The control UHPC mixture with hybrid synthetic waste fibers (HSWFs) was designed to attain strength equivalent to 102.6 MPa when HSWFs were used at a 1% by volume ratio. This ratio was calculated based on earlier research, since the optimal performance of fibers in improving concrete qualities was found to be approximately that value. To evaluate the hardened characteristics of concrete, tests of the compressive strength after 91 days, splitting, flexural strength, modulus of elasticity, ultrasonic pulse velocity (UPV), thermal conductivity, and impact energy were performed. Finally, microstructural investigations were carried out to confirm and validate previous test results.



This study investigated how elevated temperatures and exposure duration impact the strength of UHPC reinforced with fibers. The use of hybrid synthetic fiber waste can help to reduce cracks in concrete that can cause damage to the concrete structure. Based on the relevant research in the current study, the following conclusions may be drawn:




	
The significance of this work is the investigation of destructive and nondestructive testing of UHPC reinforced with hybrid synthetic waste fibers exposed to elevated temperatures, a topic that has never been thoroughly researched’



	
Hybrid synthetic fiber waste can be utilized in the production of UHPC;



	
It was determined that it is possible to produce UHPC containing hybrid synthetic waste fibers with a compressive strength of 124.7 MPa after 91 days;



	
The effects of hybrid synthetic waste fibers, temperature degree, and exposure time were investigated through nondestructive and destructive tests, and a microstructure analysis was also performed;



	
Further research should be conducted in the UHPC sector with diverse influencing factors to study UHPC behavior extensively.









2. Experimental Program


To fulfill the aims of the current work, a concrete mix with a compressive strength of 102.6 MPa was constructed in the first stage of the experimental program. The details of the mixture’s proportions are given in Table 1. To obtain ultra-high strength, these mixtures used limited amounts of cement type CEM I—52.5. In addition, silica fume was added to the cement with a silica content of 20%, a specific gravity of 2.15, and a specific surface area of 20,000 cm2/gm. Gravel aggregates were used with sizes of 5 mm and 10 mm, and natural sand was used as a fine aggregate. Furthermore, instead of aggregates, locally produced quartz powder (QP) was used as filler in the mixes. A high-performance superplasticizer concrete additive (Viscocrete-5930, which conforms to ASTM C494 Type G and F and BS EN 934 Part 2) was included in the proposed mix to reduce the amount of mixing water. To keep the water/binder material ratio in the UHPC mixes as low as possible, the additive dose was 2% of the cement content in the mix [30]. Different types of hybrid synthetic waste fibers (HSWFs) with different lengths were used in the mixture at 1% by volume to increase the flexural strength of the mixture, as shown in Figure 1 and Table 2. This was the minimum water/binder ratio that ensured reasonable and consistent workability. A particular mixing method must be followed to obtain UHPC. As a result, the concrete mixtures were mechanically mixed as follows:




	
For one minute, fine materials (cement, silica fume, HSWF, and quartz powder) were combined in a pan mixer;



	
Half of the mixing water was poured into the pan mixer and mixed for four more minutes;



	
The required amount of admixture was mixed with the remaining half of the water, and then the last mixture was added;



	
Over the next five minutes, the fine aggregate was gradually added, followed by the coarse aggregate, until the mixture was homogenous.








The effect of curing conditions on the strength of UHPC has been researched in several studies [31,32]. These studies found that three days of steam curing increases concrete’s compressive strength. As a result, 24 h later, just one curing condition was used: steam curing at 90 °C for three days following casting, followed by immersion in water until the test time.



In this investigation, three different forms of fiber were used. To create crack patterns for the UHPC, fibers were added to the concrete mixtures. The fibers were derived from left over garbage. Such waste is dangerous to the environment and can pollute the air when burned. To eliminate the dirt and other impurities on the surface, HSWFs—the fibers used in the concrete casting—first had to be cleansed. Sacks containing waste carpets were delivered to the lab, where they underwent repeated water washings to remove dust. Clean carpets were then spread on sheets and dried.



2.1. Specimen Descriptions


For the mixes presented in Table 1, the mechanical and physical properties, such as the compressive strength, splitting strength, flexural strength, modulus of elasticity, ultrasonic pulse velocity, impact energy, and thermal conductivity, were obtained at elevated temperatures (300 °C for 1 h, 300 °C for 2 h, 500 °C for 1 h, and 500 °C for 2 h) 91 days after the casting date. All concrete specimens of each mix were cast in steel molds with dimensions as follows.



	❖

	
Nondestructive testing (physical and thermal properties):



	
The ultrasonic pulse velocity was measured with 150 × 150 × 150 mm cubes in accordance with ASTM C 597 [33];



	
A tile of 300 × 300 × 30 mm was used for the thermal conductivity tests in accordance with the specification ASTM C 518 [34].







	❖

	
Destructive testing (mechanical properties):



	
Cubes of 150 × 150 × 150 mm were used for the compressive tests in accordance with the specification BS 1881, part 108 [35];



	
Prisms of 100 × 100 × 500 mm were used for the flexural tests in accordance with the specification ASTM C 78 [36];



	
Cylinders of 150 × 300 mm were used for the splitting tests in accordance with the specification ASTM C 192 [37];



	
Cylinders of 150 × 300 mm were used to test the static modulus of elasticity in accordance with the specification ASTM C469/C469 M-14 [38];



	
A tile of 500 × 500 × 50 mm was used for the drop hammer impact test in accordance with the specifications of ACI Committee 544 [39].











2.2. Elevated Temperature Exposure


The samples were then kept at room temperature for 24 h before being steam cured for three days and, finally, tested in ambient air [40,41]. Each specimen was heated in an electrical furnace. The electrical furnace used in the trials had an average heating rate of 10 °C per minute. Four different temperature settings were used in this study: 300 °C and 500 °C for 1 h and 300 °C and 500 °C for 2 h. Unheated specimens were evaluated at ambient temperature as control specimens for comparison.




2.3. Nondestructive Testing


2.3.1. Measurements of Ultrasonic Pulse Velocity


The ultrasonic pulse velocity (UPV) was used to quantify the damage to and residual compressive strength of UHPC exposed to elevated temperatures in the current study. The UPV was measured according to ASTM C 597 with a commercially available pulse velocity meter with an attached transducer pair just before the compression tests for the heated and unheated cube specimens. Several tests were conducted to establish connections between the UPV values and the residual compressive strength of heated concrete. The principle for the UPV measurement was to send a wave pulse through the concrete specimen and measure the travel time. A transmitting transducer generated the pulse, which was detected by a receiving transducer. The procedure was begun by calculating the time it took for the pulse to travel through the concrete followed by the velocity. Once the velocity had been calculated, the concrete’s quality uniformity condition and strength were estimated. It was desired that the concrete surface should be smooth, and grease was utilized between the transducers and the specimen surface. To ensure firm contact between the transducers and the specimen surface, application of pressure was also needed.




2.3.2. Thermal Conductivity of Concrete


The heat conductivity of UHPC reinforced with hybrid synthetic waste fibers was determined according to ASTM C518. As test examples, UHPC specimens with dimensions of 300 × 300 × 30 mm were used. Before measuring the thermal conductivity, the cured specimens were dried in an oven until the mass stopped changing. The thermal conductivity in this study was based on the average for three specimens with an accuracy of 0.001 W/mK.





2.4. Destructive Testing


Mechanical Properties (Compressive Strength, Flexural Strength, Splitting Strength, and Modulus of Elasticity)


All specimens of the analyzed UHPC mixtures were subjected to destructive testing after heating, such as testing of the compressive strength, splitting strength, flexural strength, and static modulus of elasticity. Experiments were carried out. As previously indicated, the average of the results for three identical specimens was obtained for each test and then used in the analysis and discussion of the test results. Finally, in the drop hammer impact test, simple tiles with center one-point loading were utilized. All impact stress values were based on one specimen and were evaluated at the age of 91 days.






3. Microstructure Analysis


Extreme temperatures can cause considerable harm to UHPC. As a result, determining whether a heated concrete structure and its components have unraveled or are still structurally sound is crucial. The microstructural features of numerous control and heated specimens were obtained using a scanning electron microscope (SEM) at high magnification.




4. Results


In this section, the results of nondestructive and destructive tests for unheated (control) and heated specimens of the investigated mixtures after 91 days are presented and discussed. This section also examines the influence of factors such as temperature and exposure time on the properties of concrete.



4.1. Results of Nondestructive Testing


The results of nondestructive tests for unheated (control) and heated specimens of the investigated UHPC mixtures after 91 days are described below.



4.1.1. Ultrasonic Pulse Velocity (UPV)


As previously stated, the ultrasonic pulse velocity (UPV) was measured to assess the damage to and residual compressive strength of UHPC exposed to extreme temperatures. As demonstrated in Figure 2, the measured UPV values of the control specimens increased as the concrete grade increased. The control samples had UPV values of 4815 and 4922 m/s, respectively, indicating that samples containing hybrid synthetic waste fibers with 1% fiber had greater values than the control samples (without fiber), which agrees with previous work [41]. The UPV values of the heated specimens were found to be lower than those of the control specimens. The values for the samples without fibers exposed to temperatures of 300 °C and 500 °C for 1 h and to the same temperatures for 2 h were 4710, 4650, 4601, and 4408 m/s, respectively [41]. The UHPC samples containing HSW fibers, on the other hand, had values of 4816, 4752, 4705, and 4602 m/s for 300 °C for 1 h, 500 °C for 1 h, 300 °C for 2 h, and 500 °C for 2 h, respectively [42,43,44]. As a result, it is obvious that UHPC with HSW fibers had greater resistance than UHPC without fibers, which was reflected in the sound waves test and explains the recorded values. There was a direct relationship between the concrete grade and the ultrasound velocity: the greater the compressive resistance was, the higher the velocity of the ultrasonic waves. Furthermore, the temperature and exposure duration had negative effects on the ultrasound velocity (Figure 2).




4.1.2. Thermal Conductivity


The current study included experimental work to determine the benefits of incorporating hybrid synthetic fiber waste into concrete mixes, aiming to reduce the overall thermal conductivity and heat transfer through construction elements and, thereby, increase thermal insulation and lower electricity consumption for air conditioning equipment. The tests were carried out on concrete specimens with dimensions of 300 × 300 × 30 mm using an electric heater as a heat source. The voltage and current supplied to the heater were controlled via a variable voltage transformer. Four thermocouples were used to deliver heat to the two concrete faces and two heater faces, and they were linked to a temperature recorder to record the heat at the four faces and calculate the temperature difference between the specimens’ two faces (T). Temperature measurements were taken at each of the four faces (T1, T2, T3, and T4) over time until a steady state was reached, with T2 and T3 indicating the temperatures of the inner faces and T1 and T2 those of the outer faces. The thermal conductivity coefficient was calculated using the following equation:


Q = K * A * ∆T/t



(1)







Q (power) = I * V = (V)2/R;



K = the coefficient of thermal conductivity;



A = the area of the two faces of the specimen (0.3 × 0.3 m2);



∆T = the difference in heat between the faces of specimens.


∆T = ((T2 + T3)/2) + ((T1 + T4)/2)



(2)







T2, T3 = temperatures of internal surfaces of specimens;



T1, T4 = temperatures of external surfaces of specimens;



t = thickness of specimen (0.03 m).



Figure 3 depicts the thermal conductivity of the five mixtures (without and with fibers). As hybrid synthetic fiber waste filled the pores and prevented the occurrence of high thermal conductivity, the conductivity values for the control specimens without and with fibers were 0.25 and 0.20 W/m. K at 20 °C, respectively [45]. The thermal conductivity of UHPC was very low because of the low numbers of pores in this type of concrete. Due to the high resistance of the concrete, the thermal conductivity was reduced for fiber concrete, leading to a greater decrease in the pores, which was reflected in the compressive resistance [46,47]. It was observed that the fibers had a lower thermal conductivity than concrete, which explains the difference in conductivity between the concrete without fibers and the concrete with fibers [47,48]. The thermal conductivity decreased gradually with increasing temperature: the values were 0.21, 0.17, 0.14, and 0.10 W/m. K for 300 °C and 500 °C for 1 h and 300 °C and 500 °C for 2 h, respectively. On the other hand, the values for UHPC with 1% fibers were 0.15, 0.09, 0.05, and 0.02 W/m. K for 300 °C for 1 h, 500 °C for 1 h, 300 °C for 2 h, and 500 °C for 2 h, respectively [49]. As the temperature rose, so did the number of phonon collisions (thermal vibration). This caused a reduction in the mean free path of phonons at high temperatures, reducing conductivity. Thermal conductivity decreased during heating due to an increase in overall porosity and water loss during thermal loading. According to previous research, there is a direct link between concrete’s compressive strength and thermal conductivity, which means that, as resistance falls, conductivity increases, and as compressive strength increases, conductivity decreases [50]. As UHPC contains tiny pores, the conductivity values are slightly lower than those of traditional concrete [51].





4.2. Results of Destructive Testing


4.2.1. Mechanical Properties (Compressive Strength, Flexural Strength, Splitting Strength, and Modulus of Elasticity)


The results of destructive tests for unheated (control) and heated specimens of the investigated UHPC mixtures after 91 days are described below.



Effect of Temperature


As shown in Figure 4, the impacts of high temperatures on the mechanical properties of concrete varied depending on the components. Figure 5 depicts the observed behavior of the concrete specimens as a function of temperature and exposure duration. Due to the thick internal structure of UHPC, vapor discharge at temperatures above 500 °C is troublesome, and the high temperature can cause samples to explode [51,52,53,54].



Heating at 300 °C for 1 h resulted in a 5.36% drop in the compressive strength of the UHPC without fiber but, when 1% fibers were added to the mix, the reduction was 3.61%. After one hour of heating at 500 °C, the compressive strength was reduced by 12.09% and 10.34% compared to unheated specimens for the mixes without and with fibers, respectively. The percentages of the reductions in resistance were substantially larger with exposure for 1 h, with decreases of approximately 24.46% and 20.85% reported for the combinations without and with fibers, respectively. However, after 2 h of exposure to a temperature of 500 °C, the reductions reached 31.68% and 27.11% for mixes with and without fibers, respectively, compared to the unheated specimens.



	▶

	
Interpretation of results:



	
First, for mixtures without fibers, the phenomenon of decreased resistance with exposure to heat may have been due to the increase in SiO2 volume induced by heating, which may have canceled out the beneficial effects of reactions, and these losses in concrete strength may have been connected to the expansion of interior microcracks caused by heating [55,56];



	
Second, when mixtures with fibers were subjected to heat, the concrete strength decreased less than the mixtures without fibers because the fibers melted, leaving spaces through which large amounts of heat could escape; therefore, these mixes were less heavily impacted than others. For concrete without fibers, the voids were smaller, leaving less room for large amounts of heat to escape. As a result, internal cracks in the concrete formed to release heat, and these mixes were thus affected more than others, which highlights the importance and usefulness of the presence of fibers in concrete, whether exposed to heat or not. Figure 6 depicts the difference between samples with and without fibers after failure, demonstrating that the presence of fibers preserved the cubes’ bonding [57,58].










Figure 7, Figure 8 and Figure 9 show that, when exposed to pressure resistance, the cubes differed in the shape of collapse, and the cubes that did not include fibers collapsed more, while the concrete structures that did contain fibers were retained as much as possible owing to the presence of fibers [55].



The values of the other mechanical properties decreased as the temperature rose. The reductions observed in these results were occasionally substantial. For example, the flexural strength, splitting strength, and modulus of elasticity of UHPC specimens without fibers exposed to 300 °C for 1 h were reduced to 7.48%, 5.62%, and 2.42%, respectively, of their control values. On the other hand, the flexural strength, splitting strength, and modulus of elasticity of UHPC specimens with fibers subjected to 300 °C for 1 h were reduced to 7.49%, 5.04%, and 1.76% of their control values, respectively. For lower-temperature blends, large reductions were less noticeable. The flexural strength, splitting strength, and modulus of elasticity of UHPC specimens without fibers exposed to 500 °C for 1 h were reduced to 14.65%, 13.01%, and 6.29% of their unheated values, respectively, and those of UHPC specimens with fibers exposed to the same temperature were reduced to 17.80%, 12.26%, and 5.30%, respectively, of their unheated values [58,59]. This implies that the reductions in mechanical characteristics changed with increasing temperature from 300 °C to 500 °C and the same exposure duration. When the exposure time was prolonged to 2 h at 300 °C, the measured values for UHCP specimens without and with fibers decreased from 27.28%, 26.43%, and 12.83% to 28.30%, 25.18%, and 10.56%, respectively, of their unheated values. Finally, after 2 h of exposure to a temperature of 500 °C degrees, there were considerable reductions in the values measured for the flexural strength, splitting strength, and modulus of elasticity: 34.53%, 33.98%, and 17.39% of the unheated values, respectively, for UHPC specimens without fibers, and 37.13%, 31.83%, and 14.83% of the unheated values, respectively, for UHPC specimens with fibers [49,60]. It should be noted that the modulus of elasticity for UHPC is slightly lower than that for high-strength and ordinary concrete because the modulus of elasticity decreases with increasing strength. This means that, as the concrete is exposed to longer durations of elevated temperatures, its mechanical properties diminish. Regarding the difference in the rate of damage to mechanical properties between UHPC specimens with and without fibers, this phenomenon can be explained by the fact that, when UHPC specimens with fibers are exposed to elevated temperatures, the fibers fuse, allowing heat to exit through those openings. However, for UHPC specimens without fibers, heat causes what is known as internal cracks. As a result, the damage is greater and the mechanical characteristics are considerably damaged for UHPC without fibers, as shown in Figure 10, Figure 11, Figure 12 and Figure 13. Figure 10 and Figure 13 show UHPC specimens with fibers where the fracture morphology is fairly cohesive as opposed to UHPC specimens without fibers where the fractures are total cleavages.




Effect of Exposure Duration


The investigation included two exposure periods of 1 h and 2 h, as previously noted. Figure 14 and Figure 15 depict the effect of exposure time on the compressive strength of the investigated mixes at temperatures of 300 °C and 500 °C. In general, the compressive strength dropped as the exposure period increased, as shown in the figures. With time, the rate of the reduction in the residual compressive strength increased. For example, after 60 min of exposure to 300 °C, the mix (300 °C for 1 h without fibers) lost 5.36% of its original compressive strength value. After 2 h, the compressive strength loss increased to 24.46%. The rest of the examined blends followed the same pattern. This means that, when concrete is exposed to high temperatures, the compressive strength is reduced. In addition, the other mechanical characteristic values followed the same trend as the compressive strength [51]. For example, after 1 h at the same temperature (300 °C), the residual splitting strength, flexural strength, and modulus of elasticity of one of the mixes (500 °C for 1 h with fibers) were decreased to 7.49.1%, 5.04%, and 1.74%, respectively, of their unheated values. When the exposure time was increased to 2 h, these values were reduced to 28.30%, 25.18%, and 15.27% of their unheated values, respectively.





4.2.2. Drop Hammer Impact Test (Impact Resistance)


The drop mass impact test is a simple process that does not require vibration, time history, or displacement measurements. The only criterion for the test is to record the number of impacts until the first crack and failure as shown in Figure 16. A weighted 4.45 kg steel ball was released freely from a height of 0.457 m according to the physical process. Slab concrete was placed on a steel slab disc with four legs to prevent lateral displacement of the specimen during impact. The number of impacts until the first visible crack and failure was recorded. The crack began on the top surface of the cylindrical specimen and continued to the bottom surface, indicating failure. The first crack strength was the number of blows required to cause the first crack on the specimen. The number of blows required to cause large cracks or failure was assessed as the number of impacts required to induce major cracks or failure. The first crack and failure were observed visually, and the total impact energy was calculated using Equation (3):


Impact energy (N.m) = n m g h



(3)




where:




	
n—numbers of impacts until the first crack and failure;



	
m—steel ball mass;



	
h—the height of the free fall;



	
g—gravitational acceleration (N/kg).
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Figure 16. Numbers of impacts needed to create the first crack for UHPC specimens with and without fibers. 






Figure 16. Numbers of impacts needed to create the first crack for UHPC specimens with and without fibers.
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The impact ductility index (IDI), which was calculated as the ratio of the failure and first crack impact energy using Equation (4), is an excellent indication of the ductility of concrete exposed to impact loads:


Impact ductility index (IDI) = Failure impact energy/First crack impact energy



(4)







The impact test was undertaken by evaluating four factors: the number of impacts required to produce a fracture, the number of blows required to produce a failure, the impact energy, and the ductility index. Figure 16 and Figure 17 show the experimental results for the impact resistance test in terms of the number of blows and the energy absorption at the reference temperatures. The results demonstrate that adding hybrid synthetic fiber waste to UHPC significantly improved impact resistance and energy absorption. When UHPC specimens with fibers were compared to those without fibers, the number of blows increased by 14% for the first crack and by 16.7% for failure. When subjected to high temperatures, the number of blows decreased. For example, for the number of blows for the first crack, the percentages for UHPC specimens without fibers decreased by 9.50%, 17.82%, 31.25%, and 40.97% compared to the control for 300 °C at 1 h, 500 °C at 1 h, 300 °C at 2 h, and 500 °C at 2 h, but those for UHPC specimens with fibers decreased by 6.37%, 12.35%, 27.29%, and 36.65% compared to the control for 300 °C at 1 h, 500 °C at 1 h, 300 °C at 2 h, and 500 °C at 2 h. Second, the blows to failure for the UHPC specimens without fibers decreased by 5.68%, 12.27%, 23.86%, and 33.41% compared to the control, while the blows to failure for the UHPC specimens with fibers decreased by 3.41%, 7.58%, 19.9%, and 28.60% compared to the control for 300 °C at 1 h, 500 °C at 1 h, 300 °C at 2 h, and 500 °C at 2 h specimens. According to these findings, there is a similarity in behavior between mechanical properties and impact resistance at elevated temperatures, implying that the UHPC with fibers can bear more than UHPC without fibers, with the reduction recorded as having the greatest value being that for the UHPC without fibers, proving the sample’s superior behavior in terms of compressive strength. After the first crack formed during the impact test, UHPC specimens lacking fibers exhibited brittle failure. Figure 18 and Figure 19 show that the outcomes of this study are consistent with past studies that found that, depending on the addition ratio, impact energy could increase by 1.22 times for UHPC with fibers and that the impact energy was lowered as temperature and exposure time increased.



Furthermore, due to their low tensile strength, UHPC specimens without fibers had low impact energy [61,62]. Small cracks were visible in the UHPC specimens with fibers before failure, and the specimens did not split into parts at the maximum load, unlike the specimens without fibers, which failed without warning cracks. This result reveals that hybrid synthetic fiber waste can help in inhibiting the spread of significant fractures. Due to the significant deformation of the fibers, as they were tugged without breaking, more energy was absorbed or lost. The material’s impact energy decreased faster than its compressive and tensile strength after being exposed to temperatures of 300 °C and 500 °C. This was due to the increased severity, width, and extension of cracks at high temperatures, resulting in a significant reduction in the ability of fiber concrete to sustain dynamic loads. When fibers were used in concrete, however, the impact energy was increased because the fibers helped in bridging cracks and preventing the specimens from failing suddenly [63]. UHPC resistance to repeated loads could be increased due to the fibers’ improved ability to absorb energy, as well as stop and slow down fracture formation at an early stage of loading. Furthermore, repeated impact loads (drop weight) may increase bonding strains for both cement paste and fibers [62]. As demonstrated in Figure 20, UHPC specimens with fibers had a significantly higher ductility index than nonfiber specimens, which had a negligible ductility index. With the increase in the temperature, the ductility also increased, but the highest value was recorded for fiber concrete [64].






5. Microstructure Analysis


The microstructure analysis included evaluation of the control mix, UHPC specimens without fibers exposed at 500 °C for 2 h, and UHPC specimens with fibers at exposed 500 °C for 2 h. The microstructure had researched due to the specimens’ unique mechanical properties.



Scanning Electron Microscopy (SEM)


An electron microscope was used to analyze the microstructure of ultra-high-performance concrete, and a scanning electron microscope (SEM) was used to assess the compositions of samples with and without fiber. Figure 21a clearly shows that the concrete was devoid of fractures and imperfections, which was reflected in the concrete’s strength. On the other hand, it was discovered that the UHPC with fibers had greater strength due to the fibers being randomly dispersed in the concrete mixture, which explains why the UHPC with fibers had higher resistance than the other mixes [65,66] (Figure 21b). However, when exposed to high temperatures of up to 500 °C for two hours, the UHPC without fibers was affected more severely than the other mixes [67,68]. When the UHPC with fibers was exposed to high temperatures, the fibers melted, and the heat escaped through the voids, so the heat had little effect on the concrete, which was substantially reflected in its mechanical qualities. As a result, we inferred that, when exposed to elevated temperatures, UHPC with fibers was affected at a lower rate than the other concrete mixes [20,68,69,70].





6. Conclusions


The aim of this research was to highlight the incorporation of hybrid synthetic fiber waste as a key aspect in developing a new UHPC. Based on the test results, the following conclusions were reached:




	
There was a direct relationship between concrete grade and ultrasonic velocity: the greater the value of the pressure resistance, the higher the velocity of ultrasonic waves. Furthermore, the temperature and exposure duration had negative effects on the ultrasound values;



	
At high temperatures, the thermal conductivity of UHPC containing hybrid synthetic fiber waste was lower than that of the control group. The heat conductivity reached its maximum after two hours at 500 °C;



	
The decrease in strength of the UHPC with HSW fibers was smaller than that of the UHPC without fibers; this was due to the fibers melting when exposed to heat, leaving spaces through which large amounts of heat could escape and, thus, rendering this concrete mix less affected than the others;



	
The change in the rate of the damage to mechanical properties for the UHPC with and without HSW fibers can be explained by the fact that, when specimens with HSW fibers were exposed to elevated temperatures, the fibers fused, allowing heat to exit via those pores. On the other hand, internal cracks appeared in UHPC specimens without fibers when heated. As a result, the damage was greater, and the mechanical properties of the UHPC without fibers were considerably impacted;



	
There was a similarity in the behavior relating to the mechanical properties and the impact resistance at elevated temperatures, implying that UHPC with HSW fibers could bear more than UHPC without HSW fibers. The reduction for the UHPC without HSW fibers exhibited the greatest value, highlighting the sample’s compressive strength behavior;



	
Small cracks were visible in the UHPC specimens with HSW fibers before failure, and the specimens did not split into pieces at the ultimate load, as was the case with the UHPC specimens without HSW fibers, which collapsed without warning cracks;



	
The enhanced ability of fibers to absorb energy and stop and slow fracture formation at an early stage of loading increased UHPC resistance to repeated loads. Furthermore, the repetition of impact loads increased the strains on the cement paste and the fiber bonding;



	
The behavior of the microstructure revealed that the UHPC without HSW fibers developed huge cracks, but the UHPC with HSW fibers did not develop cracks but rather pores through which large amounts of heat escaped, and these were generated through fiber fusion. As a result, the UHPC without HSW fibers exhibited greater damage than the UHPC with HSW fibers.
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Figure 1. (a) Hybrid synthetic waste fibers; (b) enlarged image of hybrid synthetic waste fibers; (c) the size of the hybrid synthetic waste fibers. 
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Figure 2. Dependence of the ultrasound velocity on the transmission mode as assessed by the direct method. 
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Figure 3. Thermal conductivity of specimens with and without fibers. 
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Figure 4. Compressive strengths at various temperatures and exposure times for unheated and heated specimens. 
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Figure 5. Shapes of specimens after heating. 
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Figure 6. Effect of heating temperature on residual strength at an exposure period of 1 h. 
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Figure 7. Effect of heating temperature on residual strength at an exposure period of 2 h. 
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Figure 8. Diagram of failure shape for UHPC cubes: (a) without and (b) with fibers. 
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Figure 9. Fracture patterns of UHPC at an age of 91 days. 
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Figure 10. Shape of brims for UHPC specimens with and without fibers after failure. 
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Figure 11. Splitting strength at 91 days for UHPC specimens. 
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Figure 12. The shapes of cylinders with and without fibers after failure. 
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Figure 13. Modulus of elasticity for UHPC specimens. 
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Figure 14. The effect of temperature exposure time at 300 °C on residual compressive strength after 1 h and 2 h. 
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Figure 15. The effect of temperature exposure time at 500 °C on residual compressive strength after 1 and 2 h. 
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Figure 17. Numbers of impacts to failure for UHPC specimens with and without fibers. 
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Figure 18. First crack impact energies for UHPC specimens with and without fibers. 
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Figure 19. Failure impact energies for UHPC specimens with and without fibers. 
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Figure 20. Ductility indexes with and without fiber concrete. 
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Figure 21. SEM micrographs for: (a) control—without fibers, (b) control—with fibers, (c) specimen without fibers—500 °C for 2 h, and (d) specimen with fibers—500 °C for 2 h. 
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Table 1. Mix proportions of the UHPC specimens.
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HSWFs

	
Water/Binder Ratio

	
Admixture (kg/m3)

	
Water (L/m3)

	
QP

(kg/m3)

	
Natural Fine

Aggregates

(kg/m3)

	
Natural Coarse Aggregates

(kg/m3)

	
Silica Fume

(kg/m3)

	
Cement

(kg/m3)

	
Mix




	
Size

5 mm

	
Size

10 mm






	
0%

	
0.20

	
13

	
156

	
440

	
440

	
294

	
294

	
130

	
650

	
1




	
1%

	
0.20

	
13

	
156

	
440

	
440

	
294

	
294

	
130

	
650

	
2
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Table 2. Components and physical and mechanical properties of hybrid synthetic waste fibers (HSWFs).






Table 2. Components and physical and mechanical properties of hybrid synthetic waste fibers (HSWFs).





	Type of Fiber
	Length (mm)
	Diameter (mm)
	Tensile Strength (MPa)
	Elastic Modulus (GPa)
	Specific Gravity





	Nylon
	18
	0.05
	967
	24
	1.15



	Polyester
	10
	0.04
	901
	21
	1.08



	Polypropylene
	6
	0.03
	860
	17
	1.00
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