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Abstract: Green and sustainable concrete has attracted significant attention from the construction industry and researchers since it was proposed. The ceramic waste materials are often directly buried in the ground or placed in an open dump, and the accumulation of ceramic waste contributes to environmental pollution, which makes the recycling of ceramic waste quite urgent. Owing to the pozzolanic activity, excellent mechanical properties and durability, industrial ceramic waste is considered as a suitable substitute for cement or natural aggregates to fabricate renewable concrete. In this paper, the pozzolanic activity of ceramic waste and the workability, mechanical performance, and durability of ceramic concrete are discussed. In addition, the most recent research results pertaining to ceramic concrete are reviewed. Ground ceramic powder improves the workability, compressive strength, resistance to chloride penetration, and carbonation resistance of concrete to a certain extent. Concrete containing ceramic as the aggregate has a lower mechanical performance than ordinary concrete. However, the resistance to chloride penetration, freeze-thaw resistance, and high-temperature resistance of ceramic concrete are remarkable. Ceramic concrete is environmentally friendly, requires fewer energy resources to manufacture than ordinary concrete, and has excellent engineering properties. However, further research is required for future engineering applications.
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1  Introduction

Concrete is a widely used and man-made building material owing to its accessible shapes and sizes, high strength, and good durability. However, as a crucial part of concrete, cement can consume a large amount of resources and energy in the production process, leading to high emissions of carbon dioxide (CO2), which is considered a greenhouse gas [1]. Moreover, with the rapid development of the construction industry and urbanization, natural aggregate resources are being exploited in large quantities owing to the increasing demand for concrete [2,3]. The risk of depletion of natural resources and environmental pollution in the mining process has increased as a result [4,5]. Therefore, the development of greener and more sustainable concrete is essential for reducing CO2 emissions and protecting nature [6].

The recycling of industrial waste to manufacture concrete can not only protect the environment owing to the reduction in accumulated industrial waste, but also results in economic benefits as it reduces the production costs of concrete [7,8]. Ceramic waste has been extensively studied as an industrial by-product in recent decades. The ceramic waste (Fig. 1) investigated in these studies mainly contained sanitary ware (toilets, urinals, and sinks), tableware (plates, bowls, and cups), electrical insulators, ceramic tiles (wall, floor, and roof tiles), and brick, which generally originated from defective production in the production process, breakage during transportation or utilization, and the demolition of buildings. These ceramic waste materials were often directly buried in the ground or placed in an open dump [9]. Ceramic waste has high strength and durability, and decomposes with difficulty [10]. The continuous accumulation of ceramic waste contributes to environmental pollution, which makes the recycling of this waste quite urgent.
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Figure 1: Types of ceramics available for recycling

Ground ceramic waste powder (CWP) had pozzolanic activity and could replace cement in concrete [11]. According to statistics, replacing 20% of the cement in concrete with CWP could reduce the specific energy consumption of cement preparation by 6.62% [7]. The strength and durability of concrete with CWP as a partial substitute for cement had been tested in some studies [12–15]. The substitution ratio is a vital factor affecting the properties of ceramic concrete. For example, the strength and carbonation resistance of concrete with ceramic powder substitution rates of less than 30% were excellent [13]. Research on the use of ceramic tile waste powders to produce high-performance concrete (HPC) indicated that they reduced the strength of HPC, but the resistivity and resistance to chloride ion permeability were significantly higher than those of concrete without ceramic tile waste powders [3,16]. In addition, the influence of ceramic waste type on performance of concrete was investigated. These results suggested that the compressive strength of concrete containing ceramic waste powder of sanitary ware was higher than that of concrete containing ceramic tile waste powder, because the pozzolanic activity of ceramic sanitary ware waste powders was better than that of ceramic tile waste powders [17]. The use of mineral admixtures to improve the properties of ceramic powder concrete is also extremely effective.

At the same time, ceramic waste exhibited enormous potential as a concrete aggregate (coarse aggregate or fine aggregate) owing to it strength and durability [12,18,19]. Pacheco-Torgal et al. [20] investigated the strength and durability of concrete containing ceramic waste aggregates. The replacement of 25% of the natural coarse aggregates in concrete with crushed ceramic waste resulted in 11% [21] and 19.7% [22] increases in the 28 d compressive strength of concrete. However, it had also been reported that addition of ceramic waste aggregates to concrete led to a reduction in the compressive strength of concrete regardless of the percentage of the addition [23,24]. These results might be attributed to the different types of ceramic waste used in the studies. It was observed that pretreatment (soaking in a special solution or water or removing the smooth surface) of ceramic aggregates could improve the mechanical performance of concrete [25–27]. The special solution with appropriate concentration could corrode surface of ceramic aggregates, resulting in an increase in bond strength between aggregates and pastes and compactness of interface transition zone. The method of removing smooth surface of ceramic aggregates also improved the bonding between aggregates and pastes and increased mechanical strength of ceramic concrete. The aggregates soaked in water released water at the later age, promoting the pozzolanic reaction of ceramic aggregates and generating more C-S-H gels. The influence of silica fume and metakaolin on the mechanical performance and durability of coarse ceramic aggregate concrete had also been studied in detail [28]. Unlike ceramic waste powder, coarse ceramic aggregates resulted in an increase in the water absorption and chloride ion permeability of concrete [22,29]. Moreover, ceramic concrete is highly resistant to high temperatures [30–33]. Thus, it is feasible to use ceramic waste in concrete. This is conducive to the development of greener concrete and reduction in environmental pollution [34,35].

Ceramic concrete has been studied by many researchers. However, there are few comprehensive reviews on the performance of ceramic concrete. To understand the research and development of ceramic concrete more extensively and deeply, it is necessary to integrate the existing literature. This study focuses on ceramic waste as an alternative to cement, fine aggregates, and coarse aggregates in concrete. Detailed descriptions of the workability, compressive strength, tensile strength, flexural strength, elastic modulus, water absorption, resistance to chloride ion penetration, freeze-thaw resistance, high-temperature resistance, and carbonation resistance of ceramic concrete are presented. This provides a basis for future research on ceramic concrete.

2  Pozzolanic Characteristics of Ceramic Waste

The oxides of ceramic waste had been observed by energy dispersive spectroscopy (EDS) and X-ray fluorescence (XRF) [36]. The chemical compositions of cement and ceramic waste are presented in Table 1. Silica (SiO2) and alumina (Al2O3) are the main components of ceramic waste. In terms of oxide content, if the mass fraction meets the requirements of ASTM C618 [37], that is, SiO2 + Al2O3 + Fe2O3 > 70%, the ceramic waste is considered a potential pozzolanic material. As shown in Table 1, in addition to tableware, sanitary ware, electrical insulators, ceramic tiles, and bricks can all meet the demand for ceramic waste. However, this does not mean that tableware does not have pozzolanic activity.
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The pozzolanic activity of ceramic waste can be tested by the Frattini test [3,42], saturated lime test [40], and strength activity index [36,43,44]. The sample for the Frattini test is prepared with 4 g ceramic waste, 16 g ordinary Portland cement and 100 g distilled water [45]. Data points of test results on or above saturation curve have no pozzolanic activity, while those below saturation curve have pozzolanic activity. As shown in Fig. 2, the points of ceramic tile waste powders (CTWP) and fine tableware waste aggregates (FTWA) are under the curve. This proves that ceramic tiles and tableware have pozzolanic activity. In addition, the following three methods are also used to demonstrate the pozzolanic activity of ceramic waste: (i) Analyzing the presence of the amorphous quartz phase of ceramic waste by X-ray diffraction (XRD) pattern [46,47]; (ii) analyzing the change in calcium hydroxide (Ca(OH)2) contents in mixes by scanning electron microscopy (SEM) [43,48]; and (iii) analyzing the change in calcium carbonate (CaCO3) and Ca(OH)2 contents in mixes by thermogravimetric analysis (TGA) [11].
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Figure 2: Results of a frattini test. Adapted with permission from reference [40], Copyright © 2018, American Society of Civil Engineers, and reference [48], Copyright © 2021, Elsevier B.V.

In the study of Awoyera et al. [46], the amorphous phase other than crystalline quartz phase was found at 2θ = 23–35o. This proved the pozzolanic activity of ceramic powders. The active components such as Al2O3 and SiO2 of ceramic powders reacted with Ca(OH)2 to form C-S-H gels, ettringite and other hydration products [7]. The SEM images of mixture of cement and ceramic powders cured for 7 d are shown in Fig. 3. It is obvious that Ca(OH)2 crystal is surrounded by C-S-H gels network which also contain ettringite crystal.
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Figure 3: SEM images of mixture of cement and ceramic powders for 7 d. Adapted with permission from reference [46], Copyright © 2017, Informa UK Limited

3  Workability of Concrete with Ceramic Waste

Concretes with three grades of cement and CWP partially replacing cement presented a slight increase in slump values compared to the control specimen [13]. This was because fine ceramic waste particles filled in concrete pastes caused more free water to be released. This was confirmed in another study, which showed that the slump was greatly reduced when the cement was replaced by more than 20% CWP. Excessive CWP could absorb a large amount of free water, leading to a decrease in workability [15]. In addition, CWP had also been added to HPC [3] and self-compacting concrete (SCC) [11,49]. Fig. 4 shows the slump results of HPC with CWP replacement (10%–40%). The initial slump of the concrete with 30% and 40% replacement levels of CWP was less than that without CWP because CWP had a higher specific surface area than cement [50]. However, the slump retention time of HPC with CWP increased compared to that of the control concrete after 60 min. Slump retention improvement was attributed to a slow pozzolanic reaction and the lack of a hydraulic reaction for CWP [36]. When CWP was used in SCC, its slump flow decreased with the replacement of CWP owing to its high specific surface area [51,52]. However, with CWP partially replacing cement, the slump flow of self-compacted alkali-activated concrete containing ground blast furnace slag was higher than that of the control concrete. This could be attributed to the low specific surface area, large particle size distribution, and low water demand for CWP compared to ground blast furnace slag [53].
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Figure 4: Slump of HPC containing different CWP contents with time. Adapted with permission from reference [3], Copyright © 2017, Elsevier B.V.

In general, ceramic waste partially replacing aggregates (fine aggregates and coarse aggregates) in concrete can lead to a decrease in slump or slump flow [54–58]. This may be attributed to the more irregular shape [59,60], rougher surface texture [59,61], and higher adsorption [61,62] of ceramic waste in contrast with natural aggregates. In order to reach the expected workability, it was recommended to add moderate water reduction additives to concrete [29,56,63]. However, some studies had reported contradictory results. Peter et al. [62] obtained 3%, 14%, and 22% increases in slump in concrete incorporating ceramic tile fine aggregates as substitutes for 25%, 50%, and 75% sand, respectively. Ceramic aggregates absorbed additional water to overcome the high water absorption before being added to the concrete. Moreover, Canbaz [64] reported that the higher slump of concrete was corresponded with the higher sanitary ware coarse aggregate content. In particular, when natural aggregates were completely replaced by ceramic waste, the slump increased by 20% compared to that of the control concrete. The improved workability of concrete was probably attributed to the lower surface area of sanitary ware waste than crushed stone, which was covered by more water layers when water remained unchanged.

The effects of fly ash on ceramic waste concrete were also investigated. As shown in Fig. 5, the slump of coarse ceramic tile aggregate (porcelain and semi-porcelain) concrete increases with an increase in the fly ash substitute level of cement [65]. When content of fly ash is 20%, the slump of concrete containing coarse ceramic aggregates increases by about 50%. The smooth-surfaced fly ash particles envelop aggregates and reduce friction between pastes and the aggregates. Therefore, the workability of the ceramic concrete is improved. Torkittikul et al. [10] obtained similar results. However, it was reported that the slump of coarse ceramic aggregate concrete containing fly ash and silica fume was lower than that of coarse ceramic aggregate concrete containing only fly ash. The very small particle size of silica fume caused concrete mixture to thicken, which reduced workability of concrete.
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Figure 5: Influence of fly ash content on slump of ceramic waste aggregate concrete. Adapted with permission from reference [65], Copyright © 2014, China Academic Journal Electronic Publishing House

4  Mechanical Properties of Concrete with Ceramic Waste

4.1 Compressive Strength

Concrete is commonly under pressure; therefore, its compressive performance is extremely significant. Some related research results had revealed that partial substitution of the cement added to concrete with CWP could lead to a decrease in compressive strength, especially in the early stages of curing. As shown in Fig. 6, the compressive strength at 7 d and 28 d decreases with the content of CWP [16,66,67]. When CWP replaces 25% of the cement, the 7 d and 28 d compressive strengths are 26.35% and 24.58% lower, respectively, than that of the control concrete. It was observed that the compressive strength of concrete containing CWP at older ages of curing (56 d and 91 d) was similar to that of the control sample [20,66]. This was probably due to pozzolanic reaction of CWP and increase in C-S-H gels at older curing age [17]. However, the pozzolanic activity of CWP resulted in denser concrete at older curing ages [52]. Furthermore, Li [13] tested the compressive strengths of three grades of concrete in which various percentages of cement had been replaced with CWP and found that the compressive strength of concrete with CWP was slightly lower than that of concrete without CWP at 7 d. However, the compressive strength of concrete with CWP, except for the concrete in which 40% of the cement was replaced by CWP, exhibited a slight increase at 28 d. In the study by Xu et al. [48], a CTWP content less than 45% of cement contributed to the strength development of ultrahigh-performance concrete (UHPC) despite the curing ages. The compressive strength of concrete containing 45% and 55% CTWP decreased by 1.7% and 8.6% at 28 d, respectively, which was attributed to the low formation of C-S-H gel and more porosity caused by the reduction in the cement-binder ratio. Shi et al. [15] reported a similar development trend in compressive strength. According to Heidari et al. [17], the appropriate nano-silica and metakaolin used in concrete with CWP were beneficial to compressive strength development. Nano-silica improved the concrete strength at early ages owing to its high surface energy and high activity of atoms at the surface, while metakaolin’s positive influence on strength was found at older ages. In addition, the influence of the CWP size on the compressive strength of concrete had also been investigated [68]. The compressive strength of concrete containing CWP less than 90 µm was slightly higher than that of concrete containing 90 to 150 µm. The finer particles reacted more fully and filled the gaps between aggregates, improved compressive strength of concrete.
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Figure 6: Compressive strength of concrete with various CWP contents. Adapted with permission from reference [16], Copyright © 2020, KISTI, reference [66], Copyright © 2013, Elsevier B.V., and reference [67], Copyright © 2014, Trans Tech Publications Ltd.

Relatively few studies had reported that ceramic waste as a substitute for fine aggregates in concrete caused a drop in the compressive strength of concrete [55]. Alves et al. [26] added bricks as partial fine aggregates to concrete, and it indicated that the compressive strength of concrete could decrease with an increase in the replacement ratio of bricks to fine aggregates. Similar conclusions were obtained by Khatib [69] and Debieb et al. [70]. This may be because bricks, which had a low strength and many pores, slowed the strength development of the cement paste. More research is shown in Fig. 7, where the compressive strength of concrete first increases and then decreases as the content of ceramic waste increased. An increase in the strength of concrete had been reported when fine aggregates were partially replaced with ceramic waste [31,58]. The improvement mechanisms are as follows: (i) Compared with natural sands, rougher ceramic sands can increase the bonding strength with cement pastes, which leads to an increase in mechanical strength [31,71]; (ii) fine ceramic waste aggregates exhibit pozzolanic activity at old ages and promote the production of C-S-H gel [72]; and (iii) because the water absorption of ceramic sands is higher than that of natural sands, ceramic waste is soaked before mixing or additional water is added during mixing. During curing, water is released from the ceramic aggregates, which provides an internal curing effect and contributed to the formation of denser C-S-H gels [73,74].
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Figure 7: Compressive strength of concrete containing ceramic waste as fine aggregates [40,62]. Adapted with permission from reference [40], Copyright © 2018, American Society of Civil Engineers, reference [62], Copyright © 2020, IOP Publishing

Figs. 8a–8d show the SEM images of concrete without fine ceramic aggregates and with 40%, 60%, and 100% fine ceramic aggregates, respectively. As shown in Fig. 8a, there was obvious pores in the reference concrete mixture, which led to weak ITZ, poor mechanical strength and impact resistance under drop weight. However, in Figs. 8b–8d, more aggregates were covered by C-S-H gels, and the porosity of ceramic concrete was less than that of ordinary concrete. The formation of a large number of gels by the pozzolanic activity of ceramic aggregates contributed to the reduction in the porosity of concrete and formation of denser structures [74]. This explained why a high strength was achieved with the use of ceramic aggregates. Concrete with 40% fine ceramic aggregates had the highest elastic modulus. It could be seen from Fig. 8b that the ITZ of concrete containing 40% fine ceramic aggregates was smoother and denser. For higher percentages of fine ceramic aggregates (60%, 80%, and 100%), the angularity and roughness of aggregates created pores in concrete samples, reducing elastic modulus. The incorporation of fine ceramic aggregates improved the impact resistance and resistance to chloride penetration of concrete. The pozzolanic behavior of fine ceramic aggregates produced a large amount of hydration products that increased bond area between aggregates and mortar, which increased resistance to falling weight impact and chloride penetration. The addition of fine ceramic aggregates also changed the failure mode from a single large crack to a group of cracks. Cracks moved around aggregates and specimens to propagating through the weakest part. This aggregation of crack movement delayed failure of specimen.
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Figure 8: SEM images of concrete with different contents of fine ceramic aggregates [74]. Adapted with permission from reference [74], Copyright © 2018, Elsevier B.V.

It was observed that a 100% replacement of fine aggregates by ceramic waste improved the compressive strength of concrete [20]; however, Torkittikul et al. [10] found that concrete with a 100% substitution level had nearly no slump. Consequently, they suggested that the utilization of moderate fly ash when using fine ceramic waste aggregates could maintain the workability and strength of concrete. In addition, Ogrodnik et al. [19] and Halicka et al. [56] concluded that alumina cement was more conducive to the compressive strength development of sanitary ware aggregate concrete compared to Portland cement. The effects of four methods of replacing natural sand with ceramic waste on concrete strength were studied by Cheng et al. [75]. They reported that the optimal replacement level was different for different replacement methods, and the compressive strength of concrete in which the traditional method was used was greater than that of the reference concrete, regardless of the fine ceramic waste aggregate content.

The compressive strength of concrete with 100% coarse electrical insulator aggregates decreased when the water/binder (W/B) ratio increased, and the decreasing trend with W/B was similar to that of traditional concrete [2]. However, the compressive strength of ceramic electrical insulator concrete was slightly lower than that of traditional concrete for the same W/B ratio [76]. Bakri et al. [77] used ceramic waste (flowerpots, tiles, and bricks) as the coarse aggregates of concrete and found a similar reduction trend in compressive strength. When the replacement level of sanitary ware did not exceed 25%, the compressive strength of concrete containing sanitary ware aggregates was higher than that of the control concrete and improved as the replacement level increased at different ages [21]. This was because more irregular shapes and rougher surfaces provided good bonds for the interface between the cement pastes and sanitary ware aggregates [78]. According to the microstructure, the improvement in the thickness and modulus of elasticity of the interfacial transition zone (ITZ) between pastes and sanitary ware aggregates explained the increase in concrete strength [79]. Almeida et al. [80] found that the 28 d compressive strengths of concrete in which 25%, 50%, 75%, and 100% of the cement had been replaced with sanitary ware coarse aggregates were 3.2%, 7.7%, 5.2%, and 1.4% higher, respectively, than that of the reference concrete. In addition, the use of sanitary ware aggregates did not have a significant impact on the compressive strength of self-consolidating concrete and high-strength concrete [29,81].

Nepomuceno et al. [82] found an increase in compressive strength with curing age when using bricks as coarse aggregates of concrete. A decreasing trend in compressive strength with brick content was also observed. The same conclusion was reached by utilizing fine ceramic brick aggregates in concrete [26,83,84]. Nevertheless, the results that had been obtained using ceramic tiles as partial coarse aggregates in concrete are different. As shown in Fig. 9, Rajprasad et al. [23] reported that the compressive strength of concrete containing coarse ceramic tile aggregates was lower than that of the control concrete and reduced by up to 1.67%. However, Bommisetty et al. [85] found a slight increase in compressive strength when ceramic tile waste partially replaced coarse aggregates. To improve the compressive strength, a method of minimizing the size of coarse ceramic tile aggregates to reduce their smooth surface area and provide a rougher surface was recommended [62]. Xu et al. [25] reported that utilizing coarse ceramic aggregates soaked in a silane coupling agent (KH-550) solution could substantially improve concrete strength. Furthermore, the compressive properties of concrete with unused ceramic tile waste and recycled ceramic tile waste from demolition buildings as coarse aggregates were further investigated (Fig. 10) [86]. The results indicated that the unused ceramic tile aggregates did not significantly slow down the concrete strength development. The compressive strength of concrete containing recycled ceramic tiles was lower than that of concrete with unused ceramic tiles when the replacement level of coarse ceramic aggregates exceeded 75%. The compressive properties of concrete in which different types of ceramic tile waste (porcelain and semi-porcelain, porcelain, and red ceramic) partially replaced coarse aggregates had also been investigated [87,88].
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Figure 9: Compressive strengths of concretes containing coarse ceramic tile aggregate. Adapted with permission from reference [23], Copyright © 2020, IOP Publishing
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Figure 10: Relative compressive strengths of concretes with coarse ceramic tile aggregate. Adapted with permission from reference [86], Copyright © 2016, Elsevier B.V.

The compressive strength of ceramic aggregate concrete is also affected by fibers and mineral admixtures. The 28-day compressive strength of concrete containing ceramic waste as coarse aggregates decreased with fly ash content. This was because the hydration rate reduced owing to the low activity of fly ash [65]. However, for the same content of fly ash, the addition of silica fume led to an increase in the concrete strength, and the compressive strength of concrete containing fly ash and silica fume was higher than that of the control concrete [87]. The strong pozzolanic effect of silica fume promoted the hydration reaction of cement, and the small-sized particles also played a filling role in concrete. The increase in strength of concrete by silica fume made up for the reduction in strength of concrete by fly ash. The addition of waste carpet fibers at a volume fraction of 1.0% slowed down the compressive strength development of coarse ceramic aggregate concrete, while steel fibers at a volume fraction of up to 1.5% led to an increase in the compressive strength development of coarse ceramic aggregate concrete [27,89]. To study the impact of steel chips and coarse porcelain tile aggregates on the compressive strength of concrete, Keshavarz et al. [90] developed a three-dimensional model of the compressive strength of concrete, as shown in Fig. 11. This model considered both the coarse porcelain tile aggregate replacement ratio and steel chip content.
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Figure 11: Three-dimensional model for the compressive strength (MPa) of concrete [90]. Adapted with permission from reference [90], Copyright © 2019, Elsevier B.V.

4.2 Tensile Strength

There are two methods for testing the tensile strength of concrete: direct testing and splitting testing. The splitting tensile test is considered the most common method. According to Fig. 12, CWP added to SCC and ordinary Portland (OPC) could result in a decrease in the splitting tensile strength compared to the control sample, and the strength decreased with an increase in the substitution ratio of CWP. However, when ceramic powder and red brick dust were used as substitutes for 5%, 10%, and 15% of the cement and fine aggregates, the splitting tensile strength of concrete mixtures increased by 3.44%, 6.02%, and 4.01%, respectively, compared to the control concrete [91]. Similarly, the positive effect of various levels of CWP on the tensile properties of concrete containing recycled aggregates and ceramic waste as total coarse aggregates was also obtained [46]. Some researchers had studied the effect of CWP on ordinary concrete and self-compacted alkali-activated concrete. In Huseien et al. [53], the use of various contents of CWP as substitutes for ground blast furnace slag in the preparation of self-compacted alkali-activated concrete led to a drop in the splitting tensile strength of concrete, and the splitting tensile strength decreased when the CWP content increased. The results were attributed to a decrease in CaO content with an increase in CWP content, which caused a reduction in the rate of C-S-H gel production. In addition, as shown in Fig. 13, an exponential relationship between the compressive strength and splitting tensile strength was obtained, and the correlation coefficient was greater than 0.9, which indicated that the splitting tensile strength was also related to the compressive strength of self-compacted alkali-activated concrete with ceramic powder.
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Figure 12: Splitting tensile strength of concrete with CWP at 28 d. Adapted with permission from reference [16], Copyright © 2020, KISTI., and reference [51], Copyright © 2017, Elsevier B.V.
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Figure 13: Relationship between the compressive strength and splitting tensile strength. Adapted with permission from reference [53], Copyright © 2020, Elsevier B.V.

The performances of ceramic aggregates are not separated from those of natural aggregates, so they can be used in concrete as aggregate substitutes. The splitting tensile strengths of concrete containing 20%, 50% and 100% brick waste acting as a substitute for fine aggregates were 2.2%, 5.7% and 5.2% lower than that of reference concrete in Alves et al. [26]. This may be because the porosity of the paste increased when the content of fine ceramic waste aggregates increased. Moreover, because the effective W/B ratio increased with the replacement level, the strength of concrete containing fine sanitary ware aggregates was lower than that of concrete containing fine brick aggregates. However, according to Siddique et al. [74], the splitting tensile strength of fine ceramic aggregate concrete with various W/B ratios (0.35, 0.45, and 0.55) was higher than that of concrete without fine ceramic aggregates. As shown in Fig. 14, compared to that of the reference specimen, the compressive strength of concrete mixes containing bone china as fine aggregates increased significantly. However, when the W/B ratio was different, the substitution rate corresponding to the maximum tensile strength also differed. Similarly, the splitting tensile strength of later age increased compared to that of the control concrete when ceramic wall tile waste was used to replace 25%–100% of the fine aggregates despite a decrease in splitting tensile strength of early age being observed [92]. Some studies suggested that fine ceramic waste aggregates, with a rough texture and slight pozzolanic activity, helped to form a good cement paste–aggregate interface [31,72]. In addition, fine ceramic waste aggregates improved the residual mechanical properties of concrete after exposure to high temperatures, especially the splitting tensile strength [31]. This conclusion was supported by Halicka et al. [56].
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Figure 14: Splitting tensile strength of concrete containing fine bone china ceramic. Adapted with permission from reference [74], Copyright © 2018, Elsevier B.V.

As expected, the use of ceramic electrical insulator industrial waste as coarse aggregates in concrete could slow down the splitting tensile strength of concrete [2]. Similarly, the addition of coarse ceramic brick aggregates slowed down the tensile strength development of concrete, which gradually decreased as the replacement ratio increases [82]. Using coarse porous ceramic aggregates in concrete also resulted in a reduction in the splitting tensile strength at early and later ages. The higher the content of coarse porous ceramic aggregates, the greater the decrease in the splitting tensile strength [93]. However, the strength of concrete containing ceramic sanitary wares and tiles was different. Garcia-Gonzalez et al. [18] reported that the splitting tensile strength of the reference sample was the same as that of concrete containing sanitary ware waste as coarse aggregates (95% confidence). Moreover, other studies reported that, when sanitary ware waste replaced a small percentage of coarse aggregates, the splitting tensile strength of concrete could be higher than that of the reference concrete. The addition of ceramic tile waste also increased the tensile strength of concrete, as shown in Figs. 15 and 16 [21,85,92,94]. There were two reasons for the increase in concrete strength: (i) The inherent performance of ceramic aggregates led to good bonding; and (ii) ceramic aggregates that could be used to refine pores increased the volume of capillary pores and reduced the volume of macropores.
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Figure 15: Splitting tensile strength of concrete with sanitary ware waste. Adapted with permission from reference [94], Copyright © 2012, Elsevier B.V.
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Figure 16: Splitting tensile strength of concrete with ceramic tiles. Adapted with permission from reference [85], Copyright © 2019, Elsevier B.V., and reference [92], Copyright © 2018, Informa UK Limited

Nevertheless, in Wu’s study, coarse semi-porcelain tile aggregates may have slightly slowed down the tensile strength development of HPC, while coarse porcelain tile aggregates did not have a negative effect on the tensile strength of HPC [87]. A 100% substitution of coarse aggregates with ceramic tiles was not recommended because of the decrease in the tensile strength of concrete caused by using ceramic tiles as the only coarse aggregates [86]. As shown in Fig. 17 (where P is porcelain aggregate concrete, B is semi-porcelain aggregate concrete, F is fly ash, S is silica fume, and the numbers represent the content percentages), the addition of fly ash to concrete with ceramic tiles as the only coarse aggregates improved the tensile strength, and the influence of silica fume content on the tensile strength of coarse semi-porcelain aggregate concrete was greater than that of coarse porcelain aggregate concrete [65]. In addition, the use of both ceramic waste and other waste (laterite aggregates, recycled aggregates, and limestone powders) in concrete had also been studied, and the optimum mix proportion was obtained [46,95,96].
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Figure 17: Relative splitting tensile strength of ceramic aggregate concrete containing fly ash and silica fume. Adapted with permission from reference [65], China Academic Journal Electronic Publishing House

Utilizing fibers to increase the strength of concrete is a common method. Steel fibers could improve the tensile strength of concrete, and the splitting tensile strength of ceramic aggregate concrete usually increased with steel fiber content (volume fraction no more than 1.5%) [89,99]. Keshavarz et al. [90] investigated the impact of both coarse ceramic aggregates and steel chip content on the tensile strength of concrete, and found that the tensile properties of concrete containing 50% coarse ceramic aggregates and 1% steel chips performed the best in their study. Moreover, the bridging effect of carpet fibers was responsible for the significant improvement in the tensile properties of concrete containing carpet fibers and ceramic aggregates [27]. A support vector machine (SVM) and gradient boosting machine (GBM) were used to develop prediction models for predicting the strength of concrete containing coarse ceramic aggregates and nylon fibers [100]. The study demonstrated that the performance of the GBM model in predicting the tensile strength of concrete was better than that of the SVM model.

The empirical equations for the compressive and tensile strengths of ceramic concrete are summarized in Table 2, where 
fc
is the compressive strength, 
ft
is the tensile strength, 
r
is the replacement ratio of ceramic waste, 
a
is the percentage of fly ash, 
1.18E−4
is 
1.18×10−4
and 
s
is the percentage of steel chips. The presence of linear, quadratic, and cubic Eqs. (1)–(5) could be explained by the diversity of the ceramic waste. Some equations for the compressive and tensile strengths of concrete containing ceramic waste aggregates and other additives had been proposed [90,98]. As shown in Eqs. (6)–(8), the effects of fly ash and steel chips were also considered, which made the equations closer to reality.
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4.3 Flexural Strength

Flexural strength is the ability of a concrete beam to withstand bending and destruction. Similar to the flexural strength development of OPC, the flexural strength of concrete containing CWP increased gradually with the extension of curing ages and decreased with an increase in W/B. Atkuri et al. [68] believed that the addition of CWP slowed the flexural strength of concrete and investigated the effect of CWP size on flexural performance. The results indicated that when W/B was 0.4, the 28-d flexural strength of concrete containing CWP with a size less than 90 µm was higher than that of concrete containing CWP with sizes ranging from 90 to 150 µm despite the CWP substitution ratio for cement. The conclusion that CWP could lead to a decrease in flexural strength was also demonstrated by the experiments of Vejmelkova et al. [101], who reported that concrete containing up to 20% CWP exhibited lower flexural strength than the control specimen. The flexural strength of concrete with 20% CWP was lower than that of concrete with 15% CWP, but it was still acceptable. When CWP partially replaced cement, the impact of red bricks or other ceramic waste dust as partial fine aggregates on the flexural strength of concrete had been studied [91,102]. The test results revealed that the flexural strength of concrete with brick dust was higher than that of the control specimen; however, an opposite result was obtained for concrete containing other types of ceramic waste. If CTWP was added to UHPC as a cement replacement, the flexural strength at 3 d would reduce and the flexural strength at 7 days would increase and then decrease [48]. This may be due to the reaction between CTWP and CH, which did not occur at early ages. The flexural load–deformation curves of UHPC with various levels of CTWP were presented in Fig. 18. All of the curves were similar, except for the curves of UHPC containing 55% CTWP, which suggested that CTWP did not change the fracture behavior of concrete at yielding.
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Figure 18: Flexural load–deformation curves of UHPC with various level of CTWP. Adapted with permission from reference [48], Copyright © 2021, Elsevier B.V.

Ceramic tile waste had been used as a substitute for fine aggregates in concrete, and its effect on the flexural strength of concrete in different studies was not the same. Johnson Daniel et al. [55] used ceramic tiles as substitutes for 5%, 10%, 15%, and 20% of the fine aggregates in concrete and found that the 7 d flexural strength of concrete containing ceramic tiles was higher than that of the control concrete, except for the concrete in which 20% of the fine aggregate was replaced with ceramic tiles; however, the 28 d strength of concrete containing ceramic tiles was lower than that of the control concrete despite the replacement ratio. According to Yahya et al. [59], ceramic tiles were collected from construction site areas. The study revealed that the development of concrete strength was similar at each curing age, and flexural strength first increased and then decreased as the substitution level of fine ceramic tile aggregates increased. This was because ceramic tiles with smooth surfaces at the top and bottom caused low cohesion between the cement pastes and fine ceramic tile aggregates. Moreover, as the replacement ratio of fine ceramic waste aggregates increased, the flexural strength gradually declined when crushed bricks and sanitary wares were used as partial replacements for sand [70,103]. However, the results obtained when fine bone china ceramic aggregates were added to concrete were opposite. In a study by Siddique et al. [74], when the W/B ratio was 0.35, the flexural strength of concrete mix containing 20%, 40%, 60%, 80%, and 100% fine bone China ceramic aggregates slightly increased by 1.17%, 1.23%, 1.28%, 1.33%, and 1.30%, respectively, compared to the reference concrete. The strength of concrete containing 80% bone china ceramic waste was the highest despite the W/B ratio. Studies indicated that a higher silica content and percentage of fine size in bone china ceramic waste helped to improve the mechanical strength of the concrete [104]. In addition, the effect of various ceramic wastes on the strength of concrete was investigated. As shown in Fig. 19, when red ceramic, glazed ceramic, sanitary ceramic, basalt, and gravel were used as the aggregates in concrete, the flexural strength of concrete with sanitary ceramic was the highest and that of concrete with red ceramic was the lowest among the five groups [105]. The high content of dust in red ceramic aggregates may be the reason for the low flexural strength of concrete. The dust can wrap aggregate particles and then further prevented pastes from contacting aggregates, resulting in weakening of ITZ. Certainly, ceramic tiles and sanitary wares could replace sand in the preparation of SCC, and the flexural strength of SCC containing these fine ceramic waste aggregates was found to be greater than that of the reference SCC. This was due to the higher hardness of ceramic waste grains than sand [61] and denser ITZ between ceramic aggregates and cement pastes than that between sand and cement pastes [106]. Furthermore, the strength of sanitary ware concrete was higher than that of ceramic tile concrete when the substitution ratio of ceramic waste was less than 60%, which was different from the compressive strength results [61].
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Figure 19: Flexural strengths of concrete containing different aggregates. Adapted with permission from reference [105], Copyright © 2018, MDPI

Certainly, because the inherent characteristics of different types of ceramic waste are slightly different, it is necessary to study the flexural strength of concrete with different ceramic aggregates. Ceramic electrical insulator waste was considered to be a substitute for natural coarse aggregates in concrete [2]. As shown in Fig. 20, the variation in the flexural strength of electrical insulator concrete with different W/B ratios was similar to that of conventional concrete, and the ceramic concrete exhibited a slightly lower strength in contrast with conventional concrete for the same W/B ratio. In addition, a linear reduction trend of flexural strength with an increase in coarse ceramic brick aggregates had been reported [82]. If the gravel was replaced with ceramic bricks in structural concrete, the replacement ratio should not exceed 30%. However, different researchers reported different effects of ceramic tile aggregates on the flexural strength of concrete. The addition of ceramic tile aggregates may slightly increase the flexural strength of concrete, according to Zareei et al. [27] and Bommisetty et al. [85] (Fig. 21a); however, ceramic tile aggregates had a negative impact on the strength of concrete and a higher ceramic tile content corresponded to a lower flexural strength according to Rajprasad et al. [23] and Mohammed et al. [107] (Fig. 21b). This increase may be attributed to the less smooth area of the ceramic tile aggregates utilized in these studies, which had been processed in advance, as smooth surfaces slowed down the bonding between cement pastes and ceramic aggregates [86]. Ceramic aggregates from construction and demolition waste, which contained many impurities (mortar, concrete, and sawdust), were present in non-structural concrete (curbstones and paving blocks) [108,109].
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Figure 20: Flexural strength of ceramic electrical insulator concrete with different W/B ratios. Adapted with permission from reference [2], Copyright © 2005, Elsevier B.V.
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Figure 21: Flexural strength of concrete with different replacement ratios of ceramic tiles. Adapted with permission from reference [23], Copyright © 2020, IOP Publishing, reference [27], Copyright © 2019, Elsevier B.V., reference [85], Copyright © 2019, Elsevier B.V., and reference [107], Copyright © 2020, Springer Nature Switzerland AG

Fibers are an important factor affecting the mechanical performance of concrete. For concrete containing ceramic waste as coarse aggregates, the flexural strength increased when the steel fiber content increased [89,99]. However, an increase in the steel fibers did not always improve the flexural strength of concrete. The incorporation of steel chips and coarse porcelain ceramic aggregates significantly improved the flexural strength, as they increased the tensile strength and reduced the ratio of crack development during loading [90]. The flexural strength of concrete can be estimated from the compressive strength according to the equations in some specific national codes. Zareei et al. [27] compared the mechanical properties of high-strength concrete containing different replacement ratios of coarse ceramic aggregates and carpet fiber content obtained by using the code equations based on the compressive strength of concrete with those obtained from experiments (Fig. 22). The results indicated that flexural strength was slightly underestimated by ACI 318 [110] and CSA A23.3-04 [111] and overestimated by EC-04 [112]. There was an error between the forecasting results generated by the code equations and the actual results. Therefore, more appropriate equations need to be developed.
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Figure 22: Relationship between the flexural strength (
fr
) and compressive strength (
fc
) of concrete containing coarse ceramic aggregates and carpet fibers. Adapted with permission from reference [27], Copyright © 2019, Elsevier B.V.

4.4 Elastic Modulus

The elastic modulus represents the ability of concrete to resist elastic deformation. The higher the elastic modulus, the harder the material. It was observed that substituting partial cement in concrete with CWP (10%, 20%, and 40%) did not have an adverse effect on the elastic modulus of the concrete [113]. However, a decrease in the elastic modulus of concrete containing ceramic tile powder was observed. Furthermore, when the replacement ratio was 30%, the elastic modulus was 21.875% lower than that of the reference concrete in another study [102]. Shen et al. [114] further studied the mechanical properties of ceramic aggregate concrete with ceramic powders and found that the elastic modulus of concrete containing ceramic powder (no more than 30%) was higher than that of concrete without ceramic powder. This was attributed to the micro-filler effect of the ceramic powder, resulting in a denser structure of concrete.

In general, replacing natural aggregates with ceramic waste reduced the elastic modulus of concrete. As shown in Fig. 23, if bricks, ceramic tiles, and sanitary wares were used as substitutes for fine or coarse aggregates, the elastic modulus of concrete would reduce, and a higher reduction corresponded to a higher replacement ratio. Moreover, the results were similar when bricks and sanitary wares were used as substitutes for fine and coarse aggregates, respectively. It is well known that the elastic modulus of concrete is closely related to the coarse aggregate stiffness, mortar paste stiffness, porosity of the concrete, and bonding between pastes and aggregates [74]. Therefore, the reduction in elastic modulus can be attributed to the following four reasons: (i) The stiffness of coarse ceramic aggregates is lower than that of natural aggregates; (ii) fine ceramic aggregates with lower stiffness lead to lower stiffness of the mortar pastes; (iii) the angular shapes of the aggregates create pores in the concrete; and (iv) the smooth surface of the ceramic aggregates weakens the bonding between itself and the paste. Nevertheless, in Fig. 23, there was a case where the elastic modulus of concrete with coarse ceramic tile aggregates was slightly higher or substantially higher than that of the reference concrete. These results could be attributed to the reduced angularity of the aggregates due to the use of thicker ceramic tiles. It was observed that a lower angularity was consistent with a higher elastic modulus. Furthermore, bone china ceramic aggregate concrete had an excellent elastic modulus as the fine bone china ceramic aggregates increased the stiffness of mortar pastes. With regard to the elastic modulus, ceramic tiles and sanitary wares had been utilized in SCC as an alternative to partial sands [61].
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Figure 23: Relative elastic moduli of concrete with different ceramic aggregate contents [26,27,58,64,69,74,84,86]. Adapted with permission from reference [26], Copyright © 2014, Elsevier B.V., reference [27], Copyright © 2019, Elsevier B.V., reference [64], Copyright © 2012, Springer, reference [69], Copyright © 2005, Elsevier B.V., reference [74], Copyright © 2018, Elsevier B.V., reference [84], Copyright © 2017, Elsevier B.V., and reference [86], Copyright © 2016, Elsevier B.V.

Fiber is a factor affecting the elastic modulus of ceramic aggregate concrete. The available research suggested that steel fibers increased the elastic modulus of concrete with coarse ceramic aggregates [99]. However, 1% carpet fibers negatively affected the elastic modulus of ceramic aggregate concrete [27]. In addition, the elastic modulus of concrete containing coarse ceramic aggregates soaked in KH-550 solution increased, as KH-550 improved the surface performance of ceramic aggregates, increasing the bonding between aggregates and pastes [25].

5  Durability of Concrete with Ceramic Waste

5.1 Water Absorption

Water absorption is closely related to the porosity of concrete, which determines the durability of concrete. It was observed that when brick powder replaces cement, a replacement ratio of less than 15% improved the vacuum water absorption of concrete, and a replacement ratio above 15% led to an increase in porosity, which could result in increased vacuum water absorption [15]. Similarly, in a separate study, the vacuum water absorption of concrete with 20% brick powder was 5% higher than that of the reference concrete [20]. Fig. 24 presents the water absorption of concrete containing different sanitary ware powder and ceramic tile powder contents. The addition of sanitary ware powder and ceramic tile powder contributed to a reduction in water absorption, and water absorption was the lowest at a replacement percentage of ceramic tile powder of 20%. This was attributed to the pozzolanic reaction between ceramic powders and Ca(OH)2, which produced more C-S-H gels. This resulted in a denser matrix [66]. Li et al. [115] showed that ceramic powders significantly refined pore structure of concrete to reduce water absorption. At the same time, concrete containing ceramic powders may had excellent durability related to transportation. More ceramic powders led to less hydration products, looser matrix and more pores. Therefore, the water absorption of concrete gradually increased. In terms of mechanical properties, this represented decline in compressive, tensile and flexural strength. There was a negative correlation between mechanical strength and water absorption. Interestingly, ceramic powders, which were rich in silicon and aluminum in geopolymer concrete, were studied. The study found that, with an increase in ceramic powders, C-S-H gel formation decreased, and the looseness of the C-S-H gels increased. This caused a reduction in the water absorption. An alkali solution with a high molar concentration typically exhibited a low water absorption [53,116]. Moreover, mineral admixtures (fly ash, silica fume, and metakaolin) could improve the durability of ceramic powder concrete. Nano-SiO2 utilized in ceramic powder concrete further reduced water absorption due to its filling effect and pozzolanic reaction, causing an increase in the density and compressive strength of concrete [66]. Karthikeyan et al. [117] reported similar results. The reduction effect of metakaolin on water absorption resembled that of nano-SiO2.
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Figure 24: Water absorption of concrete with ceramic powder at 90 days. Adapted with permission from reference [16], Copyright © 2020, KISTI., reference [17], Copyright © 2019, UTHM Publisher

Typically, if ceramics are used as substitutes for fine aggregate, the water absorption of concrete increased. This was mainly due to the high water absorption of the ceramic aggregates. Fine ceramic tiles, bricks, and bone china ceramic aggregates used in concrete significantly increased water absorption [20,59,70,72]. Siddique et al. [72] found that the capillaries formed by higher bleeding in fine ceramic aggregate concrete and pores formed by the release of water into the fine aggregates resulted in an increase in porosity and water absorption. Guendouz et al. [61] tested the capillary water absorption of flowable sand concrete in which ceramic tiles and sanitary ware replaced 10%, 20%, 30%, 40%, 50%, and 60% of the sand (by volume), respectively. The results revealed that the capillary water absorption increased with fine ceramic aggregate content and at the same replacement ratio. Moreover, the water absorption of concrete incorporating ceramic tiles was lower than that of sanitary-ware concrete. This was because the water absorption and porosity of the sanitary ware were higher than those of the ceramic tile.

An increase in water absorption was found in ordinary concrete or high-strength concrete when utilizing ceramic tiles or sanitary wares as coarse aggregates [29,78,90]. Surprisingly, although the water absorption of porcelain tiles was lower than that of natural coarse aggregates, the water absorption of ceramic concrete was close to that of the reference concrete only when the replacement ratio was 25%, and the water absorption increased significantly when the replacement ratio was higher [88]. The linear correlation between water absorption and porosity vs. the replacement ratio of coarse ceramic aggregates is shown in Fig. 25. The values of the two correlation coefficients were greater than 0.9, showing a good correlation between them. Therefore, these two formulas could inform the study of the porosity and water absorption of recycled aggregate concrete. There was no doubt that the addition of coarse electrical insulator aggregates could improve concrete water absorption. A higher W/B corresponded to higher water absorption [76]. Normally, the water absorption of concrete in which coarse and fine aggregates had been replaced with ceramic waste was greater than that of the reference sample. Nevertheless, Ulewicz et al. [54] drew completely opposite conclusions, and water absorption decreased with ceramic waste content. Furthermore, the effect of carpet fibers on the durability of ceramic aggregate concrete was studied. The addition of carpet fibers to concrete with coarse ceramic aggregates could further improve water absorption by increasing the number of pores for the balling effect of the fibers [27]. To slow down water absorption and improve the durability of ceramic aggregate concrete, the use of mineral admixtures is also an effective method.
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Figure 25: Correlation between water absorption and porosity vs. the replacement ratio of coarse ceramic aggregates. Adapted with permission from reference [78], Copyright © 2013, Elsevier B.V.

5.2 Resistance to Chloride Penetration

Chloride ions can destroy passivation on the surface of rebars and cause rebar corrosion as they penetrate the rebar, which is a significant factor affecting the durability of concrete structures. The main factors influencing chloride penetration are the porosity, pore distribution, and chloride ion mobility in the pore solution. Studies reported that replacing cement with appropriate brick or sanitary ware contents improved the resistance of structures to chloride penetration [20,118]. Shi et al. [15] tested the chloride diffusion coefficient of concrete with various levels of brick powders, and the results revealed that a substitution ratio of more than 15% had a negative impact on the chloride penetration resistance. Moreover, the ceramic tile powders used in concrete exhibited good durability. The charge passing through different types of concrete disks is shown in Fig. 26. When the ceramic tile powder content increased, the passed charge tended to decrease, which indicated an improvement in the chloride penetration resistance of HPC, SCC, and OPC. The following three factors were responsible for the enhancement of concrete durability: (i) Compared to cement, ceramic powder had a finer size distribution that contributes to the formation of denser particle systems; (ii) the pozzolanic reaction of ceramic powder not only reduced the OH- content and increased the electrical resistivity, but also produced more gels, which filled the pores in concrete; and (iii) the microfilling effect of the ceramic powders may have an effect. However, whether ceramic powders affect the pore solution needs to be further studied in the future. In addition, the lower W/B was consistent with the lower chloride penetration [16].
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Figure 26: Passed charge of different types of concrete with ceramic tile powders. Adapted with permission from reference [3], Copyright © 2017, Elsevier B.V.

Pacheco-Torgal et al. [20] reported that the use of ceramic waste as total fine aggregates could lead to a large reduction in the chloride ion diffusion coefficient. Ceramic waste from the demolition of buildings used as fine aggregates also improved the resistance of concrete to chloride penetration owing to its pozzolanic activity [38]. The variation in the chloride penetration depth at different curing ages as the content of fine bone china ceramic aggregates increases in concrete is presented in Fig. 27. When fine bone china ceramic aggregates increased, the chloride penetration depth gradually decreased. This was attributed to the formation of AFm and AFt owing to the ceramic pozzolanic activity. The formation of Friedel’s salt and an ion exchange mechanism decreased the chloride permeability. In addition, the stable, dense, and durable properties of bone china ceramic aggregates also blocked chloride ion diffusion.
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Figure 27: Chloride penetration depth for concrete with fine bone china ceramic aggregates. Adapted with permission from reference [9], Copyright © 2019, Elsevier B.V.

There were no unified research results on the effect of ceramic as coarse aggregates on the resistance to chloride penetration of concrete. Some research results showed that when ceramic waste was used to replace coarse aggregates, the chloride ion diffusion capacity of concrete was significantly reduced [20]. Wu et al. [119] found that the resistance to chloride penetration of concrete with 50%, 70%, and 100% coarse semi-porcelain aggregates were consistent with that of ordinary concrete. This was due to the excellent bonding between the rough surface of semi-porcelain aggregates and cement pastes, and unconnected pores in semi-porcelain aggregates blocked the penetration channels. However, in contrast with that of the control specimen, the chloride permeability of concrete in which sanitary ware waste replaced 20% and 25% of the coarse aggregates increased by 4% and 8%, respectively [22]. As shown in Fig. 28, chloride concentration reduced with penetration depth and decreased to zero at 25, 26 and 27 mm when sanitary ware waste replaced 0%, 20%, and 30% of the coarse aggregates, respectively. At the same depth, the chloride concentration of concrete containing sanitary ware aggregates was higher than that of the reference concrete, which indicated a reduction in durability. Similarly, the chloride penetration resistance of high strength concrete containing sanitary ware aggregates was lower than that of high strength concrete without sanitary ware aggregates [29]. Certainly, the durability of ceramic aggregate concrete was also improved by mineral admixtures. It was worth noting that, for low pozzolanic activity, the ability of fly ash to reduce chloride ion penetration was not shown in the early curing. The reduction effect was better when fly ash and silica fume were utilized together. This was attributed to the smaller size of silica fume particles than cement particles; moreover, it could fill the pores in concrete and reacted quickly with Ca(OH)2, generating gels that improved the microstructure of concrete. If the surface strengthening technology could be used to improve the performance of coarse ceramic aggregates based on using mineral admixture, the pores of ITZ would be greatly reduced, which made ITZ denser and durability of concrete better [120].
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Figure 28: Chloride penetration profiles in concrete with coarse sanitary ware aggregates. Adapted with permission from reference [22], Copyright © 2016, Elsevier B.V.

5.3 Freeze-Thaw Resistance

Freeze-thaw resistance is also a considerable index for estimating the durability of concrete. Mass loss, strength loss, and relative dynamic elastic modulus usually occur after freeze-thaw cycles. The freeze-thaw resistance of concrete is easily affected by the inherent characteristics of concrete (porosity, water content, and aggregate type) and the external environment (cold climate and working environment). In general, moderate ceramic powder contributes to an improvement in the frost resistance of concrete. The maximum number of freeze-thaw cycles of concrete with ceramic powder instead of 30% cement was the highest in the quick frost experiment of [121]. In addition, Peng et al. [122] reported a 20% optimum replacement ratio for freeze-thaw resistance. As shown in Fig. 29, in terms of the relative dynamic modulus of elasticity, that of recycled aggregate concrete with 10% ceramic powder was similar to that of the reference concrete and that of recycled aggregate concrete with 20% ceramic powders was the highest after the same freeze-thaw cycles. However, a replacement ratio of more than 20% was disadvantageous. For replacement levels less than 20%, the filling effect of ceramic powder was poor, while with replacement levels greater than 20%, the reduction in cement led to a reduction in the Ca(OH)2 reacting with ceramic powders, which had a negative impact on the formation of a dense concrete structure and affected the freeze-thaw resistance. The mass loss ratio also exhibited a similar trend. In Fig. 29, at the beginning of the freeze-thaw cycle, the mass loss rate of each specimen group increased negatively. This was because external water intruding into the recycled aggregate concrete owing the large pores of the recycled aggregates and some microcracks in the concrete improved the quality of each group of specimens [123].
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Figure 29: Variation of dynamic elastic modulus and mass loss rate of ceramic powder concrete. Adapted with permission from reference [22], Copyright © 2016, Elsevier B.V.

The addition of fine bone china ceramic aggregates was considered to improve freeze-thaw resistance. As shown in Fig. 30, the resistance to mass loss from the freeze and thaw of concrete with a W/B ratio of 0.55 was best. During the freeze-thaw cycles, the water in concrete expanded and contracted constantly, which led to mortar falling off the concrete surface owing to the stress it experienced. The ice lens formed by the higher porosity could relieve the stress on the mortar. The presence of fine bone china ceramic aggregates increased the pores in concrete and the higher W/B ratio corresponded to a higher porosity, which explained the higher frost resistance of ceramic aggregate concrete and why the highest frost resistance was achieved with concrete having the highest W/B ratio. Moreover, the loss of compressive strength should be attributed to poor bonding between pastes and aggregates owing to repeated changes in internal stress. The strength loss of ceramic aggregate concrete was lower than that of control concrete for excellent bonding between pastes and aggregates caused by more gels from pozzolanic reaction of fine bone china ceramic aggregates. The research reported the best freeze-thaw resistance of ceramic concrete was achieved when ceramic tiles replaced 20% of the sand, and a higher replacement ratio would reduce the durability of ceramic concrete [124]. Chen et al. [125] tested the freeze-thaw resistance of concrete with ceramic tiles substituting 30%, 50%, 70%, and 100% of the sand and gravel. The results revealed that their maximum number of freeze-thaw cycles were same (50 times). Wang et al. [126] found that beyond 25 freeze-thaw cycles, the strength loss of concrete containing coarse ceramic tile aggregates was lower than that of ordinary concrete, while the mass loss of concrete containing coarse ceramic tile aggregates was higher than that of ordinary concrete. Furthermore, the durability of concrete containing ceramic waste as fine and coarse aggregates was also studied [54,127]. Ogrodnik et al. [19] further investigated the impact of different cements on the freeze-thaw resistance of concrete with sanitary ware as the only aggregate and reported that the frost resistance of concrete with Aluminous cement was worse than that of concrete Portland cement.
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Figure 30: The mass loss and compressive strength loss for concrete with fine bone china ceramic. Adapted with permission from reference [9], Copyright © 2019, Elsevier B.V.

5.4 High Temperature Resistance

The decline in the strength, quality, and density of concrete at high temperatures often poses a great threat to the safety of concrete structures. Therefore, it is necessary to evaluate the high-temperature resistance of concrete. The high-temperature resistance of ceramic concrete is higher than that of ordinary concrete because of its sintering process at elevated temperatures. The thermal conductivity and thermal diffusivity of concrete with brick powder were lower than those of the reference concrete and gradually decreased with the brick powder content. This meant that concrete with ceramic powder was a superior thermal and thermal insulation material [30,67].

In Fig. 31, the increasing and then decreasing trend of compressive strength with the temperature of concrete containing fine tableware aggregates was consistent with that of concrete without fine tableware aggregates. The increase in compressive strength at 200°C could be attributed to consumption of Ca(OH)2 to generate C-S-H gels, which was beneficial for the microstructure of concrete. Cracks appeared on the surface of ordinary concrete exposed to a temperature of 500°C, whereas cracks were not observed in concrete containing fine tableware aggregates even at 800°C [31]. Similar behavior also occured in concrete with coarse ceramic aggregates.
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Figure 31: Compressive strength of fine tableware concrete exposed to temperature. Adapted with permission from reference [31], Copyright © 2018, John Wiley & Sons, Inc.

Fig. 32 presents the relative compressive strength of concrete containing different contents of coarse ceramic aggregates exposed to different temperatures. In contrast with the reference sample, the residual strength of concrete containing ceramic waste as coarse aggregates after high temperature exposure increased significantly and tended to increase with the replacement ratio of ceramic waste. This was due to the following reasons: (i) Ceramic aggregates were more stable, and their mass loss was lower than that of natural aggregates at elevated temperatures; (ii) the thermal expansion coefficient of ceramic aggregates was much lower than that of gravel; thus, the volume change of ceramic aggregates could adapt to the deformation of the matrix, resulting in a lower internal stress. Thus, crack formation in the concrete matrix with ceramic aggregates was slowed down. As expected, the use of ceramic waste to replace sand and gravel simultaneously improved the high-temperature resistance as well [33,64]. Surprisingly, aluminum cement containing ceramic aggregates would maintain its shape and high strength at 1000°C [56]. Moreover, it was observed that the specimen size and the time required to achieve the desired temperature had a significant effect on the residual mechanical performance of ceramic aggregate concrete [128].
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Figure 32: Variation of relative compressive strength of concrete with content of coarse ceramic aggregates after high temperature [32,96]. Adapted with permission from reference [32], Copyright © 2016, John Wiley & Sons, Inc., and reference [96], Copyright © 2020, Springer Nature Switzerland AG

5.5 Carbonation Resistance

Concrete is usually exposed to the air and CO2 continuously reacts with Ca(OH)2 in the concrete, resulting in reduction of internal alkalinity of concrete and occurrence of carbonation. Carbonation phenomenon is common in concrete engineering. In order to ensure sufficient life of concrete, the carbonation resistance of concrete cannot be ignored. In the study of Li [13], the carbonation depth of concrete first decreased and then increased with the increase in replacement rate of ceramic powders (Fig. 33). 10%–30% replacement rate of ceramic powders was more recommended. A suitable content of ceramic powders played a filling role and increased compactness and uniformity of concrete. Therefore, the diffusion of CO2 in the concrete could be suppressed. Ceramic powders concrete produced less Ca(OH)2 during the hydration process, which meant that the alkalinity of concrete with ceramic powders was lower than that of control concrete. In addition, the pozzolanic activity of ceramic powders was beneficial to secondary hydration reaction of Ca(OH)2 produced in process of cement and ceramic powder hydration. which further reduced the alkalinity of concrete with ceramic powders. The increase in replacement rate of ceramic powders led to decrease in alkalinity of concrete, which caused reduction in carbonation resistance of concrete. The chemical activity effect of 40% ceramic powders was stronger than filling effect of ceramic powders, which resulted in the increase in carbonation depth of ceramic concrete. However, Cheng et al. [129] reported that the carbonation depth of concrete increased monotonically with increasing ceramic powder content (Fig. 33). This may be due to the fact that the pozzolanic activity of ceramic powders was higher than that of ceramic powders used in the study of Li [13].
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Figure 33: Carbonation depth of concrete with ceramic powders [13,129]. Adapted with permission from reference [13], Copyright © 2010, China Ceramic, and reference [129], Copyright © 2014, Elsevier B.V.

Lu et al. [130] believed that the carbonation depth of concrete containing 25% of fine ceramic fine aggregates was different under different conditions (strength grade and curing age). For concrete of same strength grade, the carbonation depth increased with curing age. And the carbonation depth increased rapidly with curing age at the beginning, and then slowed down. After curing age exceeding 180 d, the magnitude of increase was significantly reduced. For concrete of the same curing age, the lower strength grade of concrete, the greater carbonization depth. As the curing age increased, the pores or channels in concrete were filled or blocked by CaCO3 generated by carbonation. Then the carbonization rate became slower. The higher the strength grade of concrete, the denser its structure, which made it difficult for CO2 to enter concrete. This effectively reduced carbonation depth of concrete. It was also reported that larger carbonation depth of concrete was consistent with higher content of coarse ceramic aggregates [131]. The glazed surface of coarse ceramic aggregates resulted in the formation of many micro-cracks in concrete, which was conducive to diffusion of CO2 and reduced carbonation resistance of concrete. The more ceramic aggregates replaced natural aggregates, the more micro-cracks were produced, leading to greater carbonation depth of concrete.

6  Recommendations for Future Research

(1) There may be conflicts between the mechanical properties of ceramic concrete, and these differences are attributed to the types of ceramic. Furthermore, various strength prediction formulas for ceramic concrete are not universally applicable. Therefore, a significant amount of research must be carried out in order to obtain prediction formulas of general significance.

(2) With the development of green construction, geopolymer can be regarded to be a suitable green substitution for cement. Therefore, the further investigation of properties of the geopolymer concrete or composites containing ceramic waste can be conducted.

(3) Several economic, environmental and technical advantages can be obtained by using large quantities of ceramic waste in concrete. Some ceramic aggregate improvement techniques should be developed to increase mechanical strength of ceramic concrete. The detailed analysis at the microscopic level that might contribute to improving mechanical strength should be carried out.

(4) The behavior of ceramic concrete under fire or high temperature can be further studied. The high temperature damage mechanism needs to be elaborated.

7  Conclusion

The pozzolanic activity of ceramic waste, workability, mechanical properties, and durability of ceramic concrete are discussed in this paper. The following conclusions can be drawn based on the results of this review:

(1) Ceramic waste exhibited pozzolanic activity. The superior mechanical properties and durability of ceramic waste were apparent. These characteristics made it possible for ceramic waste to act as a substitute for cement or natural aggregates in concrete. Recycling of ceramic waste was beneficial to the environment and green development of concrete. Moreover, the addition of ceramic powder improved the workability of concrete because fine ceramic particles filling concrete pastes could release more free water. However, ceramic waste as fine or coarse aggregates may increase or decrease the slump value of concrete.

(2) In addition to compressive property, other mechanical properties of concrete with ceramic powders were lower than those of ordinary concrete. A high content of ceramic powders also reduced the compressive strength of concrete. Fine or coarse ceramic aggregates did not significantly increase or decrease the mechanical strength of concrete. Bone china as aggregate for concrete improved its tensile strength and elastic modulus. In addition, the tensile and flexural strengths of ceramic concrete could be improved by using appropriate fibers.

(3) When ceramic waste was used as an aggregate, the water absorption obviously increased. The partial replacement of cement or sand with ceramic waste reduced the chloride permeability of concrete. The appropriate amount of ceramic waste added to concrete did not have a negative impact on the freeze-thaw resistance of concrete. Moreover, the elevated temperature resistance of ceramic concrete was higher than that of traditional concrete. The carbonation resistance of concrete containing coarse ceramic aggregates was lower than that of ordinary concrete.

As an alternative to cement or aggregates, ceramic waste has potential applications in production of concrete. The review of the mechanical properties and durability of concrete with ceramic waste lays a solid foundation for further discussion and analysis of ceramic concrete in the future.
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Table 1: Chemical composition of cement and various ceramic waste. Adapted with permission from
reference [38], Copyright © 2014, Elsevier B.V., reference [39], Copyright © 2019, Springer Nature,
reference [40], Copyright © 2018, American Society of Civil Engineers, reference [41], Copyright ©

2012, Elsevier B.V., and reference [42], Copyright © 2009, Elsevier B.V.

Oxide Cement Sanitary ware Tableware Electrical insulator ~ Ceramic tile Brick
[38] [39] [40] [41] [42] [39]
Mass fraction (%)
Si0, 21.75 66.00 28.86 70.90 64.04 66.00
AlL,Oz 3.38 23.60 23.86 21.10 19.18 23.60
CaO 64.65 1.20 24.15 0.76 1.64 1.20
Fe,O3 4.55 1.30 541 0.81 7.11 1.30
MgO 1.63 0.70 2.86 0.24 1.37 0.70
K,O 0.64 2.90 1.58 3.57 1.30 2.90
Na,O - = 0.54 1.47 3.73 =
SO;  2.66 0.007 = = 0.01 0.07
LOI 0.91 0.30 0.50 = 0.60 0.30

Note: LOI: loss 1n ignition.
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Table 2: Empirical equations for compressive and tensile strength of ceramic concrete Adapted with permission
from reference [70], Copyright © 2008, Elsevier B.V., reference [97], Copyright © 2012, Elsevier B.V.,
reference [88], Copyright © 2019, Elsevier B.V., reference [98], Copyright © 2019, International Journal of
GEOMATE, and reference [90], Copyright © 2019, Elsevier B.V.

Author Ceramic type Empirical equation Equation
number
Debieb et al. [70]  Fine brick aggregate  f. = 99.67 — 1.49r 4 0.02/° (1)
— (1.18E — 4)1°

Medina et al. [97]  Coarse sanitaryware  f; = 0.02737 + 2.6582 2)

aggregate
Keshavarz et al. [88] Coarse porcelain and f. = 0.13r + 29.4 3)

red ceramic aggregate ;. _(1.8F — 5)° +0.0027% + 0.13r +28.4 (4)

£, = 0.0001847% — 0.0065207 + 2.899 5)

Elevado et al. [98]  Coarse ceramic tile £, = 30.01565 + 33.35915a + 0.98724r 6)

aggregate + 8.83664ra — 79.86914a° 4 2.53592/
Keshavarz et al. [90] Coarse porcelain fo =26.25+10.72 sin(1.1437sr) (7)

ceramic aggregate 1 0.03465354

fi=12.1—14.955 +2.31r 8)
+5.085% + 2.32sr — 3.34717
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