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Abstract

:

Although ultra-high-performance concrete (UHPC) presents superior mechanical properties and durability compared to conventional concrete; its spalling resistance to elevated temperatures is much lower compared to conventional concrete due to the high compactness and absence of capillary pores. This paper investigated the influence of lightweight aggregate (LWA) on the strength properties and microstructure of UHPC to enhance its resistance to elevated temperatures. UHPC specimens prepared with LWA as a partial replacement of silica sand were produced. The study evaluated the compressive and flexural strengths, failure mode, mass loss, and microstructure of the specimens, using SEM. The results showed that the compressive strength of the UHPC specimen was reduced with increasing the content of LWA at ambient temperature, but the compressive strength of the UHPC specimens prepared with LWA improved when exposed to elevated temperatures. The replacement of 10% of the silica sand with LWA led to an increase in the compressive strength from 100 MPa to 110 MPa after exposure to 200 °C; however, the flexural strength decreased from 23.6 MPa to 18.3 MPa. On the contrary, the flexural strength of UHPC increased with the inclusion of LWA at an ambient temperature but reduced with high-temperature exposure. The failure mode of UHPC was not significantly affected by the variation in LWA content and temperature. In addition, the SEM result confirms that LWA is an effective internal curing material for enhancing the microstructure and compressive strength of UHPC
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1. Introduction


Sustainable development is becoming popular globally, which has led to the development of various systems in the construction industry for new technologies. These new technologies come with unique challenges [1,2]. Ultra-high-performance concrete (UHPC), also known as reactive powder concrete, is a new cementitious composite characterized by excellent mechanical properties and durability performance [3,4,5]. However, UHPC is also characterized by a low water to binder (w/b) ratio that can cause a low degree of cement hydration, specifically less than 50%. The UHPC matrix may contain a significant quantity of unhydrated cement particles, which essentially do not participate in the development of hardening properties. This low w/b ratio is responsible for a remarkable autogenous shrinkage in UHPC, which can lead to cracking [6,7]. Moreover, self-desiccation raises the pore water capillary tension, resulting in autogenous shrinkage [8]. Therefore, supplying more water is vital to speed up the cement hydration process, leading to a decrease in self-desiccation. However, due to the high impermeability of the UHPC mixture, the external water-curing technique could be inefficient because of the difficulty for external curing water to permeate the UHPC matrix and participate in cement hydration [9]. Thus, internal curing, which is a reliable method for providing additional water to cure concrete composites prepared with a low w/b ratio, could be the best alternative [10,11,12]. As a result of internal curing, tremendous benefits have been achieved, including a reduction in the shrinkage of high-performance cement composites [13,14], improved compressive strength [13,15], decreased potential cracks [14,16], and improved durability [17]. According to Bentz, Lura [18], the inclusion of a small amount of internal curing agents, which can be effectively dispersed in the matrix, is more effective than using a large amount of internal curing agents in reserving water at the point of mixing and setting of cement composites, and then gradually discharging the water for internal curing. The method adopted by De la Varga and Graybeal [19] provides internal curing by using pre-saturated lightweight aggregate (LWA) to noticeably reduce the autogenous shrinkage of cementitious materials. However, previous studies on UHPC utilizing internal curing showed a trade-off between hardened properties and autogenous shrinkage of concrete when a superabsorbent polymer or rice-husk ash was used [20,21].



LWAs are commonly used in the production of high-strength lightweight concrete (HSLC) for structural purposes. Due to the pores in the LWAs, the weight of the HSLC mixture is 20–40% less than that of ordinary concrete [22]. Meng and Khayat [21] investigated the efficiency of internal curing using various dosages of lightweight sand (LWS) in the UHPC matrix. The results indicated that replacing 25% of the volume of LWS resulted in the highest strength. However, the elastic modulus of UHPC was reduced with LWS. This behavior was consistent with the findings observed in high-performance concrete [23]. In addition, several studies have been carried out to determine the performance of UHPCs internally cured with LWAs, as indicated in the previous literature, which contains: expanded shale [24]; prewetted calcined bauxite [25]; porous calcined bauxite [13]; pumice [26]; and porous ceramic fine aggregate [27]. However, a reduction in strength was observed compared to the control mixture in some UHPC. Some studies with properly designed internal curing agents showed a slightly higher strength was obtained and did not account for elastic modulus. Golias, Castro [28] reported that for a properly designed mixture proportion to take care of the absorbed water by the LWA before cement setting, LWA could guarantee a desirable internal curing effect in concrete composites. Liu and Wei [13] and Liu and Wei [29] discovered that calcined bauxite-aggregate blended in an air-dry condition could absorb water during mixing and discharge it into the concrete mixture after setting, revealing the ability of calcined bauxite aggregate to provide internal curing in the UHPC mixture. However, various methods of providing water for internal curing in the UHPC matrix have been reported in the past literature [25,30,31]. Nevertheless, the widely used methods are extra internal curing water for pre-wetting or introducing dry agents with the introduction of internal curing water while mixing. In contrast, other approaches keep the same total amount of water as the control mixture. Shen, Lu [32] explored the role of the physicochemical properties of LWA in controlling the strength development of UHPC. The review of the literature showed that inclusion of LWA in UHPC mixtures enhanced the overall macroscale properties. Thus, incorporating LWAs into UHPC system is expected to influence its resistance to elevated temperatures. Based on a review of the literature mentioned above, there are limited studies on the mechanical properties and microstructure of UHPC at elevated temperatures incorporating LWAs.



Concrete subjected to a high temperature is prone to spalling, and the risk of concrete spalling when exposed to elevated temperatures is affected by several factors. These factors include concrete materials, type of aggregate, aggregate size, specimen dimension, rate of heating, loading condition, and test method [33]. Despite its exceptional mechanical properties and urability, UHPC is more vulnerable to explosive spalling compared to ordinary concrete exposed to elevated temperatures [34,35]. Bažant and Thonguthai [36] and Kodur [35] defined the process of explosive spalling at high temperatures. It was suggested that in UHPC mixtures, explosive spalling occurs due to the accumulated extremely high pore pressure. Therefore, the UHPC’s denser microstructures cause the formation of internal water vapor pressure at very high temperatures; thus, the chance of explosive spalling in UHPC increases with the decrease in porosity due to the low w/b ratio [37]. Additionally, Phan and Carino [38] evaluated explosive spalling of high-performance concrete subjected to a temperature of 200–235 °C as a result of thermal stress and internal pore pressure. Yi [37] reported the explosive spalling of UHPC at a temperature in the range of 400–500 °C for 10 min of heating. Richard and Cheyrezy [39] observed the reduction in free water in UHPC at elevated temperatures between 230 °C and 250 °C. This phenomenon was explained by the potential accumulation of crystal hydrate and xonotlite, which enhanced the pozzolanic reaction completion level to 95% at elevated temperatures compared to 72% level at room temperature; thus, leading to a denser microstructure of the UHPC. Zheng, Li [40] analyzed the effect of elevated temperature (20 to 800 °C), specimen size, and fiber content on the compressive strength and microstructure of UHPC. The result indicates the progressive increase in compressive strength up to 400 °C temperature exposure and then a systematic decrease in strength at elevated temperatures above 400 °C. Liu and Huang [41] and Tai, Pan [42] reported an improved strength with an increase in temperature up to 300 °C, and then reduced compressive strength above 300 °C temperature exposure. Based on a review of the literature mentioned above, there are limited studies on the mechanical properties and microstructure of UHPC at elevated temperatures incorporating LWAs.



Over the past few decades, researchers have carried out numerous studies on the development of UHPC mixtures by incorporating some additives to achieve mechanically superior and durable UHPC when exposed to adverse conditions [43,44]. The effect of incorporating some admixtures to the UHPC matrix, which includes steel fiber [45], polypropylene, steel fiber [46,47], and steel slag [48], was investigated recently. However, limited studies can be found that deal with the exposure of UHPC mixtures to elevated temperatures. Thus, this study aimed to investigate the mechanical properties and microstructure of UHPC mixtures containing LWAs at elevated temperatures. A UHPC matrix incorporated with different dosages of LWA was considered for evaluating the effect of elevated temperature and LWA content on the compressive and flexural strengths of the UHPC mixture. In addition, scanning electronic microscopy (SEM) was performed on the UHPC mixture before and after temperature exposure.




2. Experimental Program


2.1. Materials


Ordinary Portland cement type I and silica fume locally produced by Sika KSA (Sika Fume HR) were used together as a binder in preparing UHPC mixes (Figure 1). The chemical compositions of the cement and silica fume are presented in Table 1. The specific surface area of the silica fume was 18 m2/g. Unwashed silica sand with a maximum size of 1.18 mm, fineness modulus of 2.3, and a specific surface area of 3550 cm2/g was used in this study. The sand was sourced from a quarry site around Riyadh, Saudi Arabia. Steel fibers with hooked ends were considered with 1% volume fractions. The fiber has an aspect ratio of 40, a diameter of 1.0 mm, and a tensile strength ranging between 800 and 1500 MPa. The physical and mechanical properties of the fiber are listed in Table 2. In order to achieve high flowability with a relatively low dosage, a polycarboxylic ether-based polymer (MasterGlenium-Trade name) was used as a superplasticizer.



A single-size fine LWA free from impurities that might interfere with the setting and hardening of the binder was used. The aggregate originated from a volcanic tuff of scoria available on the outskirts of Al-Madina, Saudi Arabia. The nominal size and absolute density of the fine aggregate were 5 mm and 2.929 g/cm3, respectively. The single size was selected in order to ensure uniform flowability and dispersion within the matrix, which is difficult to achieve with graded aggregate, given the reduced quantity of water used in UHPC.




2.2. Specimen Preparation and Mixture Proportion


Four different mixtures of UHPC of a constant water–binder ratio of 0.2 and varying proportions (0–15%) of LWA partially replacing silica sand were produced. The mix proportions of the mixtures are shown in Table 3. The specimens were labeled with the letter “L” and a number. The number represents the percentage of LWA in the mixture.



A planetary mixer was used to mix the mixtures. The powdery ingredients, which include cement, silica fume, silica sand, and LWA, were first mixed in the mixer at a low speed for 3 min. Thereafter, water and superplasticizer were introduced, and the mixing continued for another 2 min until the mixture changed to a viscoplastic liquid. Finally, fibers were added to the mixture and mixed for an additional 3 min at a high speed. Superplasticizer was added again to ensure better dispersion of fibers and to achieve proper rheological properties of the mixture.



Immediately after mixing, the mixtures were poured into different molds to fabricate specimens needed for compressive and flexural strength tests. All filled molds were then covered with plastic film and kept suspended in the air at a room temperature of 23 °C ± 3 °C for 24 h. After demolding, the specimens were cured in water for 28 days before testing. Cylindrical molds (Ø 50 mm × 100 mm) and prisms (40 × 40 × 160 mm) were used for compressive strength and flexural strength tests, respectively. For each test and each mix, four samples were prepared and tested, and the average values reported




2.3. Thermal Treatment of the Specimens


In order to examine the influence of elevated temperatures on the UHPC, the specimens (cylinders and prisms), after 28 days of curing, were exposed to 100 °C and 200 °C temperatures at a heating rate of 10 °C/min in an electric furnace. The holding time for the specimens at each temperature was 2 h. The specimens were then allowed to cool to ambient temperature in the furnace before being tested.




2.4. Test Methods


The slump flow test was carried out on the different fresh mixes based on the ASTM C143/C143M [49]. A standard-truncated cone with an internal Ø 200 mm at the base, Ø 100 mm at the top, and 300 mm height was used. The flow was measured as the averaged diameters of the circular-spreading concrete. The compressive strength test was carried out in accordance with ASTM C109/C109M [50] while the three-point loading technique was used for the flexural strength test following the ASTM C78/C78M [51] protocol. Four (4) replicates for each specimen type and property were tested and averaged. The strength tests were conducted using an electromechanical testing machine type NL 42564 under load control at a rate of 5 kN/s accurately maintained until the load indicator showed a decreasing trend and the specimens displayed a well-defined fracture pattern. The fracture patterns of each specimen were physically observed to identify the mode of failure of the various specimens. Furthermore, mass loss of the specimens, expressed in percentage, was determined by measuring the mass of the specimens before and after exposure to temperatures.



For the microstructure analysis, some selected specimens were examined using SEM. The remnant specimens obtained from the compressive strength test were utilized for SEM. Before the test, the specimens were oven dried at 60 °C until a constant mass was achieved to stop further hydration.





3. Results and Discussion


3.1. Flowability of UHPC


The results of the workability of the UHPC mixes measured using the flowability test are shown in Figure 2. The flowability was found to increase with the increment in partial replacement of the sand with LWA. The improvement in the flowability can be attributed to the lower water absorption of the LWA in comparison to the sand it replaced. Therefore, when the LWA was added, the further absorption of the mixing water by the sand is reduced; this gives the mixture more water to achieve consistency.




3.2. Mass Loss


The reduction in mass of the UHPC specimens heated at 100 and 200 °C is depicted in Figure 3. The mass loss, expressed in percentage, was determined as the quotation of the mass of the specimen before and after heating. Clearly, all of the specimens suffered a mass reduction. The magnitude of the loss intensified with the temperature increase and rising content of LWA. At 100 °C, the mass losses of specimens L0 and L15 were 0.61% and 0.96%, while at 200 °C, the values rose to 2.95% and 4.19%, respectively. The mass loss experienced by the specimens can be attributed to the escape of evaporated water contained in the specimens, which occurs more with the growing content of LWA [13].




3.3. Compressive Strength


The compressive strengths of the UHPC specimens containing different percentages of LWA exposed to different temperatures are shown in Figure 4. At an ambient temperature, it can be seen that the compressive strength of the UHPC specimen improved with a low content of LWA (5%) but decreased with the increasing content of LA. However, after exposure to elevated temperatures, generally, the compressive strengths of all of the specimens increased due to the autoclaving effect that allows for further hydration. This implies that elevated temperatures up to 200 °C improve the compressive strength development of UHPC which incorporates LWA. However, the improvement is more pronounced at 100 °C. The specimens with a higher content of LWA displayed better strength retention as the temperature increased after exposure to elevated temperatures. Only the specimens containing LWA showed a higher compressive strength compared to the specimens without LWA after exposure to 200 °C. This finding is in agreement with that of Tai, Pan [42] that reported that the compressive strength of UHPC improved with exposure to up to 300 °C temperatures. Similarly, the improved strength was equally observed with the incorporation of calcined bauxite as a partial replacement of silica sand in UHPC [13,29].




3.4. Flexural Strength


The flexural strengths of the UHPC specimens exposed to ambient and elevated temperatures are presented in Figure 5. It is apparent that, at ambient temperature, the flexural strength of the specimens increased with the addition of LWA. The strength improvement may be related to the release of water from LWA which facilitates the continuous hydration process in the matrix. The continuous hydration process, in turn, prevents the propagation of microcracks [52]. However, contrary to the compressive strength results, flexural strength reduction can be noticed with the exposure of the specimens to elevated temperatures. This indicates that an elevated temperature has a devastating effect on the flexural strength of the UHPC. The conversion of reserved water in LWA to vapor leads to thermal pressure build-up that consequently induces microcracks, which are responsible for the reduction in flexural strength of UHPC at elevated temperatures [47]. This finding is in agreement with that of He, Du [52].




3.5. Failure Mode of UHPC


Figure 6 shows the failure patterns of the various UHPC specimens after the compression test. All of the specimens virtually manifested the same pattern of failure, irrespective of their LWA content and exposed temperatures. However, during the test, small chips of the specimens at the top and bottom started to fly off. This chipping continued until a larger chip exited the top and bottom of the cylinder before the specimen rapidly failed. This demonstrated a high degree of brittleness which is typical for high-strength materials [53]. This behavior is different from that of conventional concrete, where visible cracks start to appear at the top and gradually spread and enlarge with increased compressive load before rapidly failing. These result findings were in agreement with those of Gu [54].




3.6. Microstructural Analysis


Figure 7 and Figure 8 represent the SEM micrograms of unheated and heated UHPC specimens containing 0 and 15% LWA at different magnifications. SEM is generally accepted as a useful technique for evaluating the microstructure of UHPC [52,55]. It can be observed that the internal microstructure of the unheated UHPC containing no LWA (Figure 7a,b) mostly consists of hydration products, unhydrated cementitious materials particles, aggregates, pores, and air voids. The main hydration products identified are calcium silicate hydrate gels and calcium hydroxide crystals. Furthermore, the interface between the aggregate and matrix is found to be as compact as the bulk cement paste phase. Owing to the exposure of the specimen to heating, the specimens relatively exhibited a more homogeneous microstructure than the unheated specimen as shown in Figure 7c,d. The homogeneity is paramount for the improved performance of UHPC.



For the unheated specimens containing LWA (L15), as depicted in Figure 8a,b, the microstructure seems denser than the unheated specimen without LWA (L0). Voids and cracks are less visible and the microstructure of the paste, as well as at the interface between aggregate and paste, appeared more uniformly distributed. The improved microstructure is due to the continuous hydration process trigged by the supply of more water reserved in the LWA, which confirms the effectiveness of the LWA as internal curing material [13,56]. Despite the improved microstructure, the strong performance of the specimen with LWA (L15) is, however, inferior to that of the specimen without LWA (L0). This is a possible phenomenon following the intrinsic weakness of LWA, due to its high porosity, which has a significant bearing on the strength-reduction effect of concrete, especially when present in a reasonable quantity [57]. Nonetheless, upon heating, the specimen (L15-200) as presented in Figure 8c,d exhibited better microstructure enhancement which explained the improved compressive strength of the specimen compared to the unheated one. This signified that an elevated temperature is useful for improving the microstructure and compressive strength of UHPC containing LWA.





4. Conclusions


In this study, the influence of incorporating LWA into UHPC mixtures to enhance its spalling resistance when exposed to elevated temperatures was explored by investigating the mechanical properties and microstructure, and the following conclusions were drawn:




	(1)

	
The compressive strength of UHPC improves with a low content (5%) of LWA but reduces with a high content (>5%) at ambient temperature. However, with the temperature increased to 200 °C, improved compressive strength can be achieved even with 15% LWA. Increasing the content of LWA resulted in a better retention of the compressive strength as the temperature increased to 200 °C. The replacement of 10% and 15% of silica sand by LWA increased the compressive strength from 100 MPa to 110 MPa and from 72.5 MPa to 95.5 MPa, respectively, after exposure to 200 °C. No change was observed for specimens containing 5% LWA after exposure to 200 °C, while the compressive strength of specimens prepared without LWA decreased from 106 MPa to 101 MPa after exposure to 200 °C;




	(2)

	
Flexural strength of UHPC improved with LWA but reduced when exposed to elevated temperatures. The negative influence of incorporating LWA into UHPC mixtures on the flexural strength was higher comparing to its influence on other properties. The replacement of silica sand with 5%, 10%, and 15% of LWA resulted in reducing the flexural strength by 21%, 22%, and 37%, respectively.




	(3)

	
Microstructural analysis demonstrated a denser microstructure with fewer microcracks when LWA was incorporated. Effective bonding between the matrix and LWA was observed, which confirms that the LWA is an effective internal curing material for improving the microstructure of UHPC, especially when exposed to elevated temperatures.




	(4)

	
The mass loss increased as the content of LWA and temperature increased due to the escape of the evaporated water contained in the specimens. The specimens containing 10% and 15% LWA lost about 4% of their masses after exposure to 200 °C. However, the variation in LWA content and temperatures have an insignificant effect on the mode of failure of UHPC.









Although this study showed the influence of elevated temperatures on the macro mechanical properties and microstructure of UHPC incorporating LWA, further studies are needed to explore the effect of pore sizes of LWAs, saturation levels of LWAs, and the distribution of LWAs in concrete mixtures on the spalling resistance of UHPC exposed to elevated temperatures.
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Figure 1. Materials used in the preparation of UHPC mix. (a) Steel fiber. (b) Silica fume. (c) White sand. (d) Cement. (e) Superplasticizer. 
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Figure 2. Flow characteristics of UHPC mixtures. 
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Figure 3. Percentage of mass loss after heat exposure. 
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Figure 4. Compressive strength of UHPC mixes. 
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Figure 5. Flexural strength of UHPC mixes. 
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Figure 6. Failure patterns. 
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Figure 7. Microstructural SEM images of UHPC-L0: (a) ambient at 200× magnification; (b) ambient at 500× magnification; (c) 200 °C at 200× magnification; and (d) 300 °C at 300× magnification. 
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Figure 8. Microstructural SEM images of UHPC-L15: (a) ambient at 200× magnification; (b) ambient at 150× magnification; (c) 200 °C at 200× magnification; and (d) 200 °C at 500× magnification. 
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Table 1. Chemical compositions of cement and silica fume.
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	Chemical Composition (%)
	Cement
	Silica Fume





	SiO2
	22.52
	94



	Al2O3
	5.80
	0.21



	Fe2O3
	3.52
	0.09



	SO3
	2.54
	-



	CaO
	62.08
	0.12



	MgO
	1.55
	0.33



	Na2O
	0.05
	-



	K2O
	0.56
	0.38



	L.O.I
	0.94
	1.2
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Table 2. Physical and mechanical properties of steel fibers.
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	Diameter (μm)
	Length (mm)
	Aspect Ratio
	Tensile Strength (MPa)
	Density (g/cm3)
	Elastic Modulus (GPa)





	200
	19.5
	97.5
	2500
	7.8
	200
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Table 3. Proportions of the mixtures used (g).
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Mixture Type

	
Binder

	
Water

	
Aggregates

	
Superplasticizer

	
Steel Fiber




	
Cement

	
Micro Silica

	
LWA

	
Silica Sand






	
L0

	
2646

	
650.18

	
617.4

	
0

	
2911.9

	
88.2

	
231.82




	
L5

	
2646

	
650.18

	
617.4

	
145.6

	
2766.13

	
88.2

	
231.82




	
L10

	
2646

	
650.18

	
617.4

	
291.19

	
2620.56

	
88.2

	
231.82




	
L15

	
2646

	
650.18

	
617.4

	
436.75

	
2474.95

	
88.2

	
231.82
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