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Abstract

:

The negative environmental impacts of Portland cement as a binder in the construction industry have created a growing impetus to develop sustainable alternative binders. Various types of clay have been considered as potential cement replacements. The impact of clays as cement replacement depends on the dosage and treatment methods. This paper presents a comprehensive review to determine the effects of different types of clay on the fresh and hardened properties of concrete mixtures by analyzing the experimental database reported by the literature, including raw, calcined, modified, nano, and organo. This study intends to show the process of optimizing the use of clay in concrete, the reason behind converting raw clay to modified types, and research gaps through a comparison study between different types of clays. The present review study shows that clay-based concrete mixtures have higher thixotropy and yield stress values, improving shape stability. This results in lower early-age shrinkage of the concrete. However, the high floc strength of clay-based concrete causes a reduction in flowability. Treatment methods of raw clay, such as calcination and nano-sized clay particles, improve concrete compressive strength. General results of the previous studies highlight that all types of clay investigated positively affect the resistance of concrete to environmental attack.
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1. Introduction


Global demand for cement and concrete has increased significantly in recent years due to the rapid expansion of countries and continued population growth throughout the world [1,2]. Global cement production has increased almost 4-fold since 1990 [3]. This has led to the expansion of various industries connected to concrete as one of the leading construction industry components, starting from raw material extraction and increased fossil fuel consumption for material processing and cement production [4]. This heightened demand has increased the cost of cement by more than 150% over the past ten years and threatens significant environmental impacts which need to be mitigated [5]. Hence, improvements in concrete sustainability have become a principal concern of researchers in the construction industry.



Most of the binding materials used in concrete are based on Portland cement, which is the hydraulic binder (hardening when combined with water), produced through an energy-intensive process [6]. The process emits large amounts of greenhouse gases, an estimated 5–8% of the world’s anthropogenic CO2 [7]. This trend is expected to increase in the coming decades as the countries continue to increase their concrete demand [8]. It is predicted that cement production could represent 10% to 15% of global CO2 emissions [9]. The cement industry has made substantial development in improving its production efficiency [9] as well as reducing its environmental impact [10]. Automation of the manufacturing of lime in modern cement kilns and increased use of alternative and sustainable fuel sources are the key improvements in the cement industry for reducing energy consumption and associated CO2 emissions [11]. However, these initiatives have been outpaced by the dramatic increases in demand, and further developments are required to reduce the environmental impacts and costs.



To address the sustainability problems facing the concrete industry, there is an urgent need to develop concrete compositions with reduced cement content. Recent advancements in packing optimization and the development of water-reducing superplasticizers have already contributed to more sustainable concrete use [12]. Furthermore, the cement industry has already achieved impressive improvements by developing supplementary cementitious materials (SCMs) and naturally sourced blending materials, such as silica fume (SF), natural pozzolan, fly ash, and limestone, to reduce the required cement content in concretes. Pozzolanic and filling effects are the two essential characteristics of these mineral admixtures. To date, a large variety of products have been used as cementitious materials, with a wide range of chemical compositions, which are placed in a CaO–SiO2–Al2O3 ternary phase diagram [13]. Although industrial by-products or waste (e.g., fly ashes and blast furnace slags) are widely used to replace part of the cement clinker, the availability of these SCMs is limited by their production as by-products of power plants or blast furnace industries [14,15]. Furthermore, their efficiency to replace clinker has been studied by previous researchers who have concluded that they cannot be considered a global alternative to cement [16]. Thus, there is a growing tendency to find new alternative inorganic binders from local sources for replacing cement in concrete structures. Raw earth-based materials are promising options for low-cost and environmentally friendly building materials [17,18]. Among such materials, clays are an abundant option that can be effective as mineral additives or in blended concrete in many places of the world [19]. Clays are a rich source of alumina and silica, which can cause a pozzolanic reaction under the proper conditions. Clays have already been shown to have excellent pozzolanic properties under specific calcination conditions or surface modifications [14,19]. For these reasons, clays in their raw, calcined, and modified forms are important cement-replacement alternatives for the development of sustainable concretes with lower costs and environmental impacts.



This review discusses the field of clay-based concrete from a physical standpoint, emphasizing both fresh and hardened state properties, which are critical to concrete applications. Thermodynamic and kinetic reactions are possible to be discussed but are outside the scope of the present study. Instead, the current review will focus on a brief survey of the clay-based concrete, including the efforts made before 2000, recent advancements, and existing gaps in scientific understanding, which will be discussed to present a clear path for future research in this field.



Scientific Databases Used


This study uses different scientific databases, including journal papers, conferences, and dissertations, to reveal the effect of using clay in concrete. Various credible sites have been considered for extracting related research. The authors have tried to gather journal papers mentioned in the largest database of peer-reviewed literature. Although the authors intended to use the current state-of-art of research in this study, they did not want to ignore the impressive old research (Figure 1). About 27.7% and 38.3% of the referenced research studies are devoted to 2010–2015 and 2015–2021, respectively. Thus, the present study uses many novel types of research in this field to maintain both novelty and comprehensiveness. Figure 1 shows the growing interest of researchers in recent years to identify new generations of clays (mostly calcined clay and nano-clay) compared to studies performed before 2000. Three subsections are considered in this research to accurately determine the effect of adding clay to the concrete mixture, including fresh properties, hardened properties, and durability (Figure 2). Flowability, rheology, and early-age shrinkage are the main three characteristics of fresh-state concrete selected to be discussed in Section 3. The compressive strength of concrete and bond strength between reinforcing bars and surrounding concrete are the only properties of the hardened state, considered in Section 4. To review the effect of clay on the ability of concrete to resist deterioration from the environment, Section 5 is divided into four subsections. The authors intend to monitor the impact of clay on the performance of concrete from the beginning to service life. Research related to each section has been precisely explained. The figures have been strictly selected to clarify better the findings of the researchers.



It is worth mentioning that references related to the limestone calcined clay cement (LC3) are out of the scope of the present study [20]. This study mainly consists of using clay minerals along with the calcined types without using limestone, fly ash, and slag. Moreover, the present study intends to concentrate on studies conducted on separately adding calcined clays to the concrete instead of a partial replacement of clinker in cement, which is the main issue in LC3 technology. A more comprehensive review is necessary for future works to review the LC3 technology.





2. Properties of Clay


Clay is a product of the erosion of precursor minerals such as quartz, feldspar, or other clay types in minor amounts and is plentifully accessible close to the earth’s surface [21,22]. Feldspar contains oxide, second metal oxide, and silicon dioxide [23]. Kaolinite, montmorillonite (MMT), and illite are the three common standard clay minerals. Kaolinite-contained clay is the most suitable clay type in tropical and subtropical environments [7]. Each clay particle or micelle has a hexagonal lamellar crystalline structure, whose structure is a combination of aluminosilicate sheets (an octahedral (O) and tetrahedral (T) sheet). A silica sheet is composed of silicon atoms in tetrahedral coordination, where three of the four oxygen atoms in each tetrahedron are shared to form a hexagonal net. Furthermore, alumina sheets are composed of aluminum atoms in octahedral coordination with oxygen or hydroxyls [14,24]. Clay surfaces are charged due to the isomorphous cation replacement by cations of lower valence [25]. The surface charge density depends on the clay type, pH value, and electrolyte composition [24,26]. As discussed before, (i) around silicon cores: layers are surrounded by oxygenation; (ii) in the case of aluminum cores, by hydroxyl (ions) groups (-HO). The silicon oxide layers have the strongest negative charge, which endows them with a high inter-lamellar binding force [27,28,29]. These interchangeable cations, a positively charged ion, significantly affect the binding force and compressive strength of clay-based earth material [22,30].



As shown in Figure 3, six types of clay have been considered by the literature, including raw clay, metakaolin, bentonite, nano-clay, organo-clay, and other calcined clays. The authors of this study have tried their best to consider the fundamental research related to clay-based concrete. Moreover, Figure 3 illustrates that previous research firmly focused on using metakaolin, nano-clay, and raw clay for use in concrete. Other calcined clays, bentonite, and organo-clay are in the later levels of use. Two kinds of references have been used in this study, including general references for an additional explanation about concrete and specific references related to clay-based concrete. Statistical information presented in Figure 3 is related to the specific references of clay-based concrete (percent per 100% of clay papers). In the first years of studying clay-based concrete, researchers have widely considered raw materials for use in cementitious materials. However, metakaolin has been the most interesting calcined clay in this field of study. In recent years, there is a growing tendency to use other types of clay in concrete, such as nano-clay, organo-clay, and other calcined clay. CaO-Al2O3-SiO2 ternary diagram of clay types is shown in Figure 4. This section intends to describe these types of clay as follows briefly.



Raw clays consist of minerals, with no additional processes being utilized for preparing them. Quartz, kaolinite, illite, silica, sepiolite, montmorillonite, muscovite, and concresol are the clay minerals that have been considered in the literature.



Calcination of clay minerals means the process of dehydroxylation of ultrafine raw clay by thermal activation in high temperature in the kiln, which results in driving off the chemically bound water, breaking down the crystal structure, and changing into a highly reactive transition phase. Most of the previous research has concentrated on the calcination of kaolinite clays at various temperatures. Different temperatures have been considered in the process of calcination by the literature. For example, Palomo et al. (1992) [32] found 600–700 °C for calcined kaolinite clay. Zibouche et al. (2009) [33] and Chareerat et al. (2006) [34] selected 800 and 600 °C, respectively, as the best calcination temperature. Calcination temperature affects the fresh and hardened properties of cementitious material [35]. One of the most applicable products of kaolinite (Al2Si2O5(OH)4) calcination is metakaolin as an anhydrous alumino-silicate (Al2Si2O7). Metakaolin is a dehydroxylated form of the clay mineral kaolinite obtained by calcination at a temperature between 500 and 800 °C. The major constituents of metakaolin are silica oxide (SiO2) and alumina oxide (Al2O3). The typical chemical compositions of metakaolin are shown in Table 1. SiO2 reacts with Ca(OH)2 in concrete to produce secondary calcium silicate hydrate (CSH) gel at ambient temperature. Apart from that, the alumina in metakaolin reacts with calcium hydroxide (CH) to produce additional alumina-containing phases, including C4AH13, C2ASH8, and C3AH6 [36]. The recommended optimum activation temperature of metakaolin varies between 600 and 850 °C for the varying duration (Table 2). The importance of calcination temperature was highlighted and prioritized in geopolymer cement. For instance, the compressive strength of geopolymer cement paste increases with the increase of the calcination temperature of kaolinite clays between 500 and 700 °C but drops above 700 °C [35].



Bentonite is a highly colloidal ductile clay formed by the alteration of volcanic ash (or glass) in situ and is also considered as a smectite-rich clay (mostly montmorillonite) [67]. Main world bentonite manufacturers (in descending order) include the USA, China, India, Greece, Mexico, Turkey, Iran, Russia, Japan, Brazil, and Germany [68,69]. Recently, researchers have defined bentonite as non-kaolin calcined clays and inexpensive supplementary cementitious materials [21,36,70,71,72,73,74]. Bentonite is composed primarily of montmorillonite and is also non-consolidated sedimentary rock. However, the industrial practice uses the same terms for bentonite and montmorillonite as synonyms [75]. Most commercially available bentonites are the non-swelling type, which is called natural sodium bentonites. To produce such material, the Ca2+ and Na+ ions should replace Mg2+ ions, denoted as the technology of “alkaline activation” [75].



Organo-Clay (OC): Several methods can be used to modify clay minerals such as adsorption, ion exchange with inorganic cations and organic cations, binding of inorganic and organic anions, linking of organic compounds, reaction with acids, pillaring by different types of poly(hydroxo metal) cations, intraparticle and interparticle polymerization, and dehydroxylation and calcination [76,77,78]. Ion exchange with alkyl ammonium ions is the conventional way of preparing OC. Montmorillonite with high cation exchange capacity, swelling behavior, adsorption properties, and large surface area is a good option for preparing OC [77]. OC can act as a successful adsorbent of organic pollutants of industrial waste to enable them to be treated by cement-based stabilization/solidification and reduce the retarding effect of hazardous industrial wastes on cement hydration [79]. The use of organo-clay (like modified montmorillonite (OMMT)) in cement as nanoparticles can develop mechanical properties including elastic modulus, compressive strength, and activation energy of stress relaxation [80,81,82]. This effect depends on the water/solid ratio and the type of modifier used in the OC composition.



Nano-Clay, a layered mineral silicate nanoparticle, is a clay mineral with a phyllosilicate or sheet structure and a thickness of about 1 nm and surfaces about 50–150 nm in one dimension [83,84,85]. Nano-clays can be classified into various types of classes such as illite, halloysite, bentonite, kaolinite, montmorillonite, hectorite, and chlorite, based on the morphology of nanoparticles and chemical composition [84]. Modification of nano-clays with ammonium salts causes the production of organo-clays (organically modified nano-clays). However, normal nano-clays and organo-clays are separated from each other in this study.




3. Fresh Properties of Clay-Based Concrete


The fresh-state properties of cementitious materials affect today’s construction world and the hardened properties of the material in service [86], generating high requirements of fresh cement paste properties, such as workability [87]. Ease of placement, increasing the filling ability, using dense reinforcement in high-congested concrete members, and reducing the cost of vibration in the construction industry are the advantages of using concrete with high workability [88,89]. A highly workable concrete with superior segregation resistance needs proper flowability and adequate rheological properties. One of the most common models for determining the rheological properties of cement paste is the Bingham model. Yield stress, plastic viscosity, and thixotropy are the fundamental rheological parameters. As the limit stress of the shear flow, the yield stress is an indispensable rheological constant of fresh concrete and dry granular materials (like soils), which is used to evaluate the flowability or transportability of high workability concrete [90,91]. The yield stress defines the minimum shear stress required to initiate the flow [91]. Another critical parameter for the evaluation of the flowability of cementitious material is viscosity. Plastic viscosity is the macroscopic signature of the flow of water in the porosity of the granular system like concrete, so that tends to relate fresh concrete to water (viscous body). Thixotropy is the property of freshly mixed cement pastes that are thick or viscous under normal conditions but become flow over time when agitated [87]. Thixotropy property depends on the particle flocculation and cement hydration of the cement pastes, which change over time. This section explains how clay admixtures affect the microstructure of cement pastes from a rheological standpoint. Yield stress and thixotropy are used to measure how clay provides opportunities to improve the performance of fresh concrete.



3.1. Effect of Clays on Fluidity of Concrete


Previous research has shown that raw materials in concrete, such as clay minerals, seriously affect the dispersion properties of PCEs [40,92,93,94]. The impurities of clay minerals (such as opal-C, an amorphous crystobalite [95]) along with surface irregularities may affect the dispersing ability of PCEs in concrete [96]. Thus, a novel type of PCE possessing enhanced clay tolerance was found to disperse cement nicely in the presence of clay. Sodium montmorillonite clay affects the dispersion force of PCEs in cement paste and reduces dispersing effectiveness of PCE superplasticizers [97]. Clay affects the flow properties of concrete by increasing solid volume, decreasing liquid volume, and the adsorption of PCE’s side chain between the interlayer of clay [40]. In this context, Ouellet-Plamondon et al. (2020) [98] reported that the admixture of C-S-H seeds with a PCE and increases the fluidity of mortar with 20% replacement of cement with calcined clays. The negative effect of kaolinite on PCE’s performance is lower than the effect of bentonite and montmorillonite [39,99]. Xiong et al. (2015) [92] reported that adding more than 2% Na-MMT or adding 4% kaolin will considerably affect the fluidity of cement pastes. They also showed that the influence order is Na-MMT, kaolin, and illite, in which illite has no severe effect on the dispersion performance of polycarboxylate superplasticizer. Bentonite is also known to adsorb the surfactant used in cement admixtures in its structure made of two tetrahedral silica sheets bonded to one central alumina octahedral layer [100]. Pekmezci et al. (2007) [101] focused on optimizing the consolidation properties and shape stability of fresh concrete mixtures. The addition of a very small amount of metakaolin (3% and 6% weight of the cement) reduces the flow ratio to zero. They attributed this effect to the combined effect of the water absorption of the fine materials and the particle size and particle shape of these materials. They also reported that raw clay and purified magnesium aluminosilicate increase flowability compared with the plain mixture. Kawashima et al. (2012) [102] reported that the plain cement paste (without clay) shows higher fluidity due to a higher degree of deflocculation. They deduced that a significant reduction would happen in fluidity when the clays are pre-dispersed in water. They attributed this effect to the immediate stiffening of the placement of the clay. A similar trend can be seen in other references [40,93,96,97,99]. The main reason for this reduction in flowability of the clay-based mixture is the phenomenon of flocculation by which fine particles can combine into floc, and thus a fragile structure is formed. Flocculation is the procedure of transferring coagulated colloids into contact with each other to form larger aggregates [103]. The attractive and repulsive forces are the two common explanations for the flocculation mechanism [87]. The flocculation strength significantly affects the yield stress of fresh cement paste. When the shear stress of the microstructure exceeds the yield stress, flow is initiated, and flocs begin to break down into smaller pieces, resulting in the escape of trapped liquid within the flocs [104]. This process also causes a reduction in the viscosity of the paste [105,106]. Flocculation studies have indicated that clays increase floc size and flocculation strength [86,107,108], increasing the viscosity, increasing the level of thixotropy, and decreasing the fluidity of concrete mixtures. Different superplasticizers have been suggested to solve this problem in concrete mixtures [109,110]. In this field, Liu et al. (2020) [111] experimentally studied fresh and hardened properties of bentonite-based mortars. They used three different types of bentonite in the experimental program, including sodium bentonite (Na-bent), calcium bentonite (Ca-bent), and magnesium bentonite (Mg-bent). As shown in Figure 5, they found that the fluidity of the mixtures decreases with the addition of bentonite, especially for more than 4% cement replacement. Among the different types of bentonite, calcium bentonite shows the best performance regarding the fluidity characteristics.




3.2. Effect of Clays on Viscosity of Concrete


Concrete in its fresh state can be considered as a fluid material. The flow behavior of concrete can be determined by the Bingham model. Theoretically, the yield stress is the stress at which the fluid starts moving as the viscosity changes between being finite and infinite [112]. Since experimentally determining the yield stress of many fluids is difficult in a transient regime between two steady states (flow and solid) [113], the thixotropy of yield stress fluids has been considered. Thixotropy is the decrease of viscosity of the material in time as a material is made to flow [112]. Quanji (2010) [87] reported that pastes with high reactivity metakaolin replacement have higher thixotropic values, improving the shape stability of the mixture. Similarly, as shown in Figure 6, Quanji et al. (2014) [114] showed that the addition of nano-clay (highly purified magnesium alumino silicate) significantly increases the thixotropy of mixtures for the cases of 1–3% by mass of cement. Hence, pastes with improved thixotropic behavior can attach to the substrates or maintain the shape right after the casting [87]. Moreover, a high thixotropy mixture has the ability to quickly restore its structure which can reduce formwork pressure. Therefore, it has been demonstrated that with small dosages of clay addition (high-reactivity metakaolin), significant improvements in the shape stability and the cohesiveness of cement pastes can be made [87,115,116]. As reported by Krauss (2005) [117], an increase in yield stress occurs with increasing the ratio of clay/cem (cement). Still, clay admixture does not significantly change yield stress when the ratio of water to solid volume is high. However, the yield stress dramatically increases with the clay/cem (cement) ratio when the    V W   /   V S    (water to solid volume ratio) ratio is lower than 1.60. In this field, Tregger et al. [106] found that cement pastes containing clays (purified magnesium alumino silicate, kaolinite, illite, quartz, and purified calcined kaolinite) have higher shear yield stress of the suspension (   τ y   ), as compared to normal cement paste, showing higher bonds between the particles. They also showed that the compressive yield stresses of clay-based cement pastes are also higher than the normal mixture, indicating larger floc strength. Regarding nano-clays, Kawashima et al. (2012) [102] showed that mixtures containing nano-clays (purified magnesium aluminosilicate, or palygorskite) have greater yield stress and viscosity at equilibrium, while representing comparable structural rebuilding eventually. On the other hand, nano-clay-based mixtures show abrupt influence on thixotropy, probably due to flocculation, but then have little impact over time. Similarly, Dejaeghere et al. (2019) [118] studied the influence of purified palygorskite nano-clay in mixtures containing fly ash and superplasticizers. They found that nano-clay enhances dynamic and static yield stress along with plastic viscosity. This was similarly confirmed by Quanji et al. (2014) [114]. In this field, Wang et al. (2021) [119] reported that using nano attapulgite clay increases the static yield stress in 3D printable cementitious materials, warranting the strength improvement essential by the buildability of materials. As shown in Figure 7, Liu et al. (2018) [120] confirmed these observations and showed that using nano-clay, as a viscosity modifier, significantly improves the plastic viscosity and yield stress of paste, especially for a lower   w / c  . ratio. Following this context, Varela et al. (2020) [121] experimentally studied the influence of four types of nano-clays on rheology of SCC pastes, including attapulgite, bentonite, one sepiolite powder form, and one sepiolite dispersed in water. Generally, they reported that all nano-clays have higher yield stress as compared to the reference mixture. Moreover, among them, nano sepiolites have the highest yield stress [121]. They showed that nano bentonite-contained SCC pastes have 20.5% and 175.5% higher yield stress, as compared to the reference SCC paste, for w/c ratios of 0.35 and 0.45, respectively. Similar results regarding the improved yield stress were reported by the literature for metakaolin-based mixtures [122,123]. For instance, Neto et al. (2021) [123] found that pastes with metakaolin demonstrated yield stress values almost 10–12 times greater than those of the reference mixture. This phenomenon may be due to the enormous surface area of the clay materials and the following adsorption of the free water within the mixture. This inhibits lubricating the solid particles and consequently increases the internal friction.



The structural changes within the fresh-state concrete prior to the initial setting can be named as structural rebuilding. Ferron (2008) [124] has presented a hypothesis in which paste matrix governs the initial structural building since the aggregates can be considered as inert materials. It has also been deduced that the rheological properties can be an appropriate way to show structural rebuilding. The rate of structural rebuilding increases with the amount of clay replacement [87]. Aggregation, deflocculating, dispersion, rearrangement, and re-flocculation of cement particles are the key parameters that affect structural rebuilding. Tregger et al. (2010) [106] indicated larger floc strengths for mixes containing clays and smaller floc strengths for mixtures containing high-range water reducers or fly ash. They reported that the strong bonds between the clay particles are due to the absorbing water that would typically help lubricate the microstructure and allow particles to easily slide past each other during shear or compression. In the absence of this lubricating water, the suspension would have a higher shear and compressive yield stress [106]. Kawashima et al. (2013) [108] reported that nano-clays have an immediate stiffening effect, governed by flocculation, not water adsorption, but little influence over time. Similarly, Kawashima et al. (2014) [86] studied the impact of nano-clays on the adhesive properties of cement pastes. They reported that by additions of 0.2% and 0.5% of clay, cohesion and viscosity increase. The same trend can be seen in other references [86,102,107,116,125].




3.3. Effect of Clays on Early-Age Shrinkage of Concrete


Several types of cracks affect the serviceability and durability of concrete, mainly generated by early-age and long-term shrinkage of concrete. Early-age shrinkage represents shrinkage during the first 24 h after the first contact between cement and water [126,127], and long-term shrinkage extends beyond the first day [128]. Concrete has low strength and strain capacity at an early age, showing sensitive behavior to internal stresses. Hence, internal and microscopic cracks easily imitate and extend at later ages, causing severe problems [129]. Early-age autogenous shrinkage is one of the most effective deformations that generate early-age cracking. Autogenous shrinkage of concrete can be defined as an external volume change (apparent volume change) and the macroscopic volume change that occurs after the initial setting because of the withdrawal of moisture from capillary pores to continue cement hydration reactions. As an internal volume reduction (absolute volume change), chemical shrinkage is the main driving mechanism behind autogenous shrinkage, reducing the volume of hydration products compared with that of the reacting constituents [130,131]. Particulate suspension, skeleton formation, and initial hardening are the three main phases of concrete during early age. In the initial phase, concrete is still plastic with no permanent internal structure, and autogenous shrinkage has the same value as the chemical shrinkage. In this phase, concrete is so sensitive to any applied stresses and experiences different deformations. A few hours after casting, initiation of the hydration reaction causes the development of a skeleton. Thus, the setting will occur, and concrete can experience some of the chemical shrinkages. At this moment, autogenous shrinkage starts to be discriminated from chemical shrinkage. Finally, the hardening stage starts, and autogenous shrinkage becomes increasingly restrained due to the stiffening of the cement paste [126,130,132,133]. Figure 8 shows the influence of different dosages of metakaolin on the early-age autogenous shrinkage measured from the initial set time. It is clearly demonstrated that the replacement of cement by metakaolin dramatically reduces the autogenous shrinkage. The reduction of autogenous shrinkage could be explained by a dilution effect caused by a decrease in cement content as part of the cement was replaced by metakaolin [46]. Concretes with metakaolin replacement can have a higher effective superplasticizer (based on sulphonated vinyl copolymer) dosage to retard hydration reactions at an early age [46]. Similar results of the effect of clay admixtures on the early-age autogenous shrinkage have been reported in the literature [134,135,136]. Akcay and Tasdemir (2015) [137] experimentally determined the influence of metakaolin on volumetric autogenous shrinkage of paste samples with different w/b ratios. They indicated that with the increasing amount of metakaolin, autogenous shrinkage dramatically decreases. Since the filler effect of metakaolin addition resulted in a denser inner structure, water loss was prevented, and autogenous shrinkage decreased [136]. The same trend has been observed in other references [138]. However, Gao et al. (2012) [38] reported that the addition of clay (nano-clay and metakaolin) increases the autogenous shrinkage at very early ages. They mentioned that this increase is less significant over time. They reported that high specific area and specially charged surfaces are the main reasons for the higher early-age autogenous shrinkage, which allows it to easily gel and adsorb 200% water by mass. They explained that higher pozzolanic reactivity and the filler effect of metakaolin lead to an increase in autogenous shrinkage related to refining the pore structure [38].





4. Hardened Properties of Clay-Based Concrete


4.1. Compressive Strength


Until now, many studies have been performed to evaluate the effect of clay on the compressive strength of concrete. The impacts of different types of clays are separately discussed in the following subsections. It is tried to briefly report both positive and negative results.



4.1.1. Effect of Raw Clay (vs. Calcined Clay) on Compressive Strength


Pioneering studies have revealed the effect of raw clays on the performance of cement-based material. Furthermore, additional research has been conducted in the following years. Raw clay materials reduce the compressive strength of concrete [139], while the calcined clays at the optimum increase the compressive strength (Figure 9) [36]. The reactive state of clays depends on the calcination temperature and clay type. The calcination or burning process leads to the loss of hydroxyls, changing the state of clay minerals to a collapsed and disarranged structure [140]. The vast majority of the research has shown the reduction effect of raw clay minerals on the compressive strength, while the results reported by Budelmann et al. (2006) [141] show different trends than the other investigations. The effect is due to the water adsorption on the clay surfaces, so cohesion is reduced, and water for the cement hydration process is retained [24,36]. Moreover, the low strength of the clay minerals has a supplementary effect on the compressive strength. The increased water demand is the predominant cause of this adverse effect [142,143]. Calcination develops the pozzolanic activity of clay minerals by damaging and destroying the crystal structures of clays, which is a very effective method for solving this problem. The pozzolanic character of the calcined clay that combines CH to form additional C-S-H explains this increase [14].




4.1.2. Effect of Metakaolin (MK) on Compressive Strength


Most previous studies have focused on the properties of metakaolin concrete. Metakaolin is a thermally activated alumino-silicate material obtained by calcining kaolin clay [144,145]. Ambroise et al. (1985) [146] reported that calcination temperature, ranging from 700 to 850 °C, results in appropriate metakaolin. Calcination below 700 °C generates less reactive metakaolin, while above 850 °C the crystallization process reduces the reactivity. Marwan et al. (1992) [147] found 800 °C to be the optimum calcination temperature of metakaolin. Although natural pozzolans or different types of artificial pozzolans (e.g., fly ash (FA), blast-furnace slag (BFS), and silica fumes (SF)) are secondary products or by-products, metakaolin is a primary product. The production process of metakaolin can then be controlled to attain the desired properties. Metakaolin has high reactivity and can improve the strength of cement and concrete. As shown in Figure 10, El-Din et al. (2017) [148] reported that an optimum dosage of 15% metakaolin causes 21.96%, 27.51%, and 43.34% increase in the compressive strength of specimens containing 0, 0.25%, and 0.50% steel fiber volume fractions. Similar results were reported by Ding and Li (2002) [149]. The filling effect, the dilution effect, and the pozzolanic reaction of metakaolin with CH are the main factors influencing the contribution of metakaolin in the compressive strength when it partially replaces cement in concrete [150]. Enhancing the bond between the cement paste and the aggregate particles and increasing the density of the cement paste are the other effects of using metakaolin in the concrete mixture [151]. Metakaolin can prompt the hydration of PC, shorten the setting time of cement, increase the water requirement, increase the fluidity loss of the fresh paste, and also can react with CH released by cement clinker hydration to produce secondary C-S-H gel inside the cement paste [152].




4.1.3. Effect of Bentonite on Compressive Strength


Recently, researchers have addressed bentonite as non-kaolin calcined clay and inexpensive SCMs [21,36,74]. Although calcined kaolinite is an excellent SCM, removing impurities during the manufacturing of metakaolin consumes energy, increasing the cost of the SCM. Thus, the research tried to develop non-kaolin calcined clays to minimize the purification process of metakaolin as an SCM. Many studies have concluded that raw bentonite concrete has lower early-stage compressive strength, but the later age strength of bentonite samples is quite appreciable [4] (Figure 11). In this context, Masood et al. (2020) [153] reported that the addition of bentonite results in the densification of the matrix and enhances the microstructure of the concrete. In another paper, Targan et al. (2002) [56] showed that as curing time expanded, bentonite decreased compressive strength compared to the normal concrete. Furthermore, Ahmad et al. (2011) [5] reported that the compressive strength decreased with the increased percentage of bentonite as cement replacement at all ages. However, in this context, Liu et al. (2020) [111] reported that the addition of different types of bentonite (sodium bentonite (Na-bent), calcium bentonite (Ca-bent), and magnesium bentonite (Mg-bent)) causes a considerable increase in the compressive strength. Among these bentonite types, sodium bentonite has the most influence on the concrete compressive strength. These conflicting results regarding raw bentonite need to be further studied in future works. Different methods of bentonite production (heating temperature) affect the integration of previous research. In this field, Memon et al. (2012) [4] concluded that to achieve higher compressive strength, bentonite should be heated at 200 °C. Bentonite-containing beam also has a high ductility ratio (the area under the curve), which is a vital feature to dissipate energy in case of earthquakes [52] (Figure 12). In this field, Trümer et al. (2019) [154] experimentally studied the mechanical properties of calcined bentonite as a reactive pozzolan when heat treated at temperatures about 900 °C. They found that using calcined bentonite causes a reduction in early-age strength of concrete mixtures due to the slow hydration rate, while complete 100% compensation was observed for the long-term strength of the calcined bentonite-containing concrete mixture. In this field, Laidani et al. (2020) [155] determined the effect of calcined bentonite on the fresh and mechanical properties of self-compacting concrete. They reported that for 3-day strength, calcined bentonite reduces the concrete compressive strength for all dosages, while the addition of calcined bentonite causes higher 28-day concrete compressive strength with the optimum dosage of 15%. A reduction was observed beyond this replacement rate. Moreover, Xie et al. (2019) [156] reported that the dry density of concrete specimens affects the results, so that compressive strength decreased at lower density ( < 400 kg/m3) but improved at higher density with the increase of pre-saturated bentonite. Similarly, Yang et al. (2019) [157] showed that using 4% and 8% bentonite (natural sodium bentonites) results in 18.1% and 61.5% increase in compressive strength of mortar. Overall, the previous results indicate that age of the bentonite-based concrete specimens, bentonite dosage, bentonite calcination (treatment), and specimen density have considerable impact on the mechanical properties of bentonite-based concrete specimens.




4.1.4. Effect of Nano-Clay (NC) on Compressive Strength


Nano-clay (NC) is a new generation of processed clay for achieving high-performance cement nano-composites [158]. Nano-clay not only reduces the pore size and porosity of the cement mixture but also improves the strength [159] (Figure 13). Nano-clay and calcined nano-clay (CNC) increase the compressive strength of cement at low content (1% to 3%). Calcined nano-clay is more effective in increasing concrete compressive strength than nano-clay. There are three mechanisms attributed to the improvement of strength in nano-clay containing pastes, including: (1) nano-clays can act as a filler due to their nano-sized particles [160,161]; (2) the high amount of SiO2 in nano-clay on its ultra-thin surface can increase the rate of C–S–H [162,163]; and (3) the swelling of tubular nano-clay due to entrapment of water within its layers, which results in expansion of the clay and then an enhanced filling effect in the capillary pores [161]. In this context, Zhang et al. (2021) [164] determined the influence of nano-metakaolinite clay on the mechanical characteristics of cement-based materials. They found that nano-metakaolinite clay efficiently fills the internal pores of cement-based materials and enhances the pore structure by considerably increasing the micro-scale compactness. They reported that the dispersion technique of nano-clay materials could significantly affect the results. Overall, several previous studies confirmed the positive influence of nano-clay on the concrete compressive strength [125,158,161,164,165,166,167,168]. Accordingly, Panda et al. (2019) [169] recommended nano-clays for 3D printable concrete. They found that the addition of nano-clay improves the early-age strength of 3D printable concrete layers due to its intrinsic properties of flocculation and thixotropy modifier. Moreover, they reported that nano-clay addition reduces the layer deformation owing to a substantial increase in Young’s modulus [169]. This study summarizes the strength efficiency of different types of clay in Figure 14. Results show that metakaolin has the highest efficiency among other types of clay. Moreover, nano-clay has comparable results compared to metakaolin for lower dosages (less than 4%), while higher dosages of nano-clays have a significantly lower strength efficiency factor than metakaolin. Bentonite has the lowest considerable strength efficiency factor among clay types.




4.1.5. Effect of Organo-Clay (OC) on Compressive Strength


Smectites (especially montmorillonite) have been widely used to produce organo-clays [77]. Porosity and capillary pore size significantly affect the strength of cement-based material. Organo-modified clay, such as organo-modified montmorillonite (OMMT), can be used as fillers and reinforcement to reduce cement or concrete porosity (Figure 15). The compressive strength of OMMT cement mortar increases initially and then decreases dramatically by increasing OMMT dosage [80,81]. The optimal dosage of OMMT for cement mortars should be less than 0.25% when w/c = 0.4, 0.25–0.5% when w/c = 0.485, and 0.5–0.75% when w/c = 0.55 [80]. Kuo et al. (2011) [81] reported that the adequate dosages of OMMT particles to give higher compressive strength are around 0.25% and 1% when w/c ratios are 0.485 and 0.6, respectively.





4.2. Bond Strength


Previous studies reported that concrete composition significantly affects the bond strength between reinforcing bar (rebar) and surrounding concrete [170,171]. A few researchers have studied the effect of clays on the bond strength of reinforcing bars in the surrounding concrete. Karahan et al. (2012) [172] studied the fresh, mechanical, and transport properties of expanded shale aggregate self-consolidating lightweight concrete (SCLC) containing metakaolin. Their results show that metakaolin content has no positive effect on all strength properties, including a bond of SCLC mixtures. Results reported by Sancak et al. (2017) [173] showed a similar trend. They reported that for non-corroded pullout specimens, the mixture without metakaolin showed the highest normalized bond strength among the other non-corroded specimens. However, Güneyisi et al. (2014) [174] reported that metakaolin has a positive effect on the interfacial transition zone (ITZ) and also bond strength. Similarly, El-Din et al. (2017) [148] experimentally studied the effect of metakaolin on bond strength of 10 mm steel rebar embedded in plain and fiber-reinforced concrete specimens. They found that metakaolin content has a considerable influence on the results. For instance, they reported that 15% metakaolin causes a 7.73% increase in the bond strength, while a considerable decrease was observed for cement replacement for more than 15%. These bond improvements are about 16.9% and 21.83% for 0.25% and 0.50% steel fiber volume fractions, respectively [148]. In this field, Albidah et al. (2020) [66] experimentally examined the bond strength of GFRP and steel rebars embedded in metakaolin-based geopolymer concrete. They reported that normalized bond strength metakaolin-based geopolymer concrete is generally lower than that of normal concrete for steel and GFRP rebars. Similarly, Zhang et al. (2015) [175] and Fan et al. (2016) [176] found that the addition of nano-kaolinite can improve the bonding behavior of concrete and steel bars and reduce the stiffness of concrete specimens. It seems that additional experiments are necessary to determine the effect of different types of clay on rebar–concrete interaction in reinforced concrete members. In this field, Zhang et al. (2021) [177] studied the impact of nano-kaolinite clay on the interfacial properties between rebar and concrete. They found that nano-kaolinite clay (5% nano-clay) enhanced the chloride resistivity and rebar–concrete bond strength. Another interface in the reinforced concrete structures is the interaction between fibers and surrounding concrete. In this context, Banthia and Yan (1996) [178] found that the bond strength of deformed steel fibers embedded in cement paste containing 10% metakaolin (by weight of cement) is higher as compared to the mixture containing silica fume. Similarly, Lee et al. (2012) [179] reported that the addition of metakaolin and silica fume efficiently improves the polyvinyl alcohol fiber–cement mortar bond strength by an optimum dosage of 10% for metakaolin. The literature confirmed these promising results for metakaolin and nano-clay with specific dosages [180,181].





5. Effect of Clay on the Durability of Concrete


According to the American Concrete Institute (ACI) Committee 201 [182], the durability of hydraulic-cement concrete is defined as its capability to resist weathering action, chemical attack, abrasion, and different deterioration processes. Tang et al. (2015) [183] classified the durability problems in concrete into the alkali–aggregate reaction, sulphate attack, steel corrosion, and freeze–thaw. The effect of adding clay-based materials (raw, calcined, and nano-clays) in concrete on each of these durability problems are discussed in the following subsections.



5.1. Effect of Clay on the Alkali–Aggregate Reaction (AAR) in Concrete


This phenomenon (AAR) is a reaction between the OH–ion (hydroxyl groups) associated with the alkalies (Na2O and K2O) from the cement and siliceous constituent in the aggregate as an active chemical [182]. Alkali–carbonate reaction (ACR) and alkali–silica reaction (ASR) are the two types of attacks of AAR. The high pH, moisture, and reactive materials in aggregates such as silica are the three essential conditions which generate this reaction in concrete. The use of blended cement with enough pozzolanic materials such as fly ash, silica fume, slag, rice husk ash, and natural pozzolans is an effective way of eliminating the attack of AAR [183,184,185]. By thermal treatment of clays (like metakaolin), the crystal structure is destroyed and generates an amorphous or disordered aluminosilicate structure, obtaining pozzolanic material [184,186]. This heat treatment increases resistance to the alkali–silica reaction [187,188]. By utilizing metakaolin as a replacement for cement, mechanisms of forming a supplementary calcium aluminate and calcium aluminosilicate hydrate through reaction with the Ca(OH)2 of Portland cement hydration control the ASR attack [189]. Incorporation of 20% metakaolin was found to significantly reduce the long-term OH−, Na+, and K+ ion concentrations in pore solutions (reduction in the pH and the alkalinity of pore solutions) and also the reduction in expansion of the concrete prisms (Figure 16) [190]. Moreover, as a critical parameter for controlling ASR, the high aluminum content in metakaolin has been illustrated to contribute to ASR reduction [190,191,192]. In this context, Trümer and Ludwig (2015) [193] experimentally studied the effect of using concrete made with calcined clay-blended cement on the ASR evaluation. They used various types of clays (kaolinite, montmorillonite, and illite) to obtain calcined clays. They found that calcination of kaolinite and montmorillonite significantly reduces the expansion of the concrete. Finer porosity inhibiting ion transport, a decreased provision of calcium being the main constituent of expanding ASR gel, and the incorporation of alkali ions in the CSH phases due to lower C/S ratios are the important reasons for the reduction of ASR risk by using calcined clay in concrete or mortar [193,194]. In this field, Irshidat et al. (2015) [195] reported that the addition of small amounts of nano-clay reduced the expansion due to the ASR. Decreasing the amount of CH and nano-reinforcing for obstructing the alkali ions to attack the aggregate particles results from using nano-clay to prevent ASR risk [195]. Despite these findings on metakaolin, a limited study has been performed using other calcined clays of different chemical compositions for ASR mitigation [186]. The chemical composition and mineral phase of calcined clays, which are directly related to the calcination process and temperature, significantly influenced the efficiency of ASR mitigation [186].




5.2. Effect of Clay on Deterioration Caused by Sulfate Attack


One of the most common aggressive environmental causes of deterioration of concrete is the sulfate attack. Sulfate ions and moisture are the two crucial factors of sulfate attack. Sulfate attack is due to the chemical reaction of sulfate ions with calcium hydroxide and calcium aluminate hydrate, which results in the formation of gypsum and ettringite. The damage caused by the formation of gypsum and ettringite crystals involves expansion, cracking, deterioration, and disruption of concrete structures. Metakaolin replacement of cement enhances the sulfate resistance of concrete. Many researchers have studied the effect of calcined kaolinite (metakaolin) on the sulphate risk of concrete [41,196,197,198,199]. The sulfate resistance of metakaolin concrete increased with increasing the metakaolin replacement level (Figure 17). By consuming Ca(OH)2, metakaolin significantly affects the durability of concrete and mortar exposed to a sulfate environment [41,197].




5.3. Effect of Clay on the Steel Corrosion


An anodic oxidation site, a cathodic reduction site, an electrical connection between the anode and cathode to transfer electrons, an electrolytic environment to transfer ions and complete the circuit, and the availability of reactants at the site of corrosion such as CO2, Cl−, and H2O are the components necessary for corrosion of embedded steel reinforcement [200]. Concrete confinement surrounding the steel reinforcing bar provides a passive state with a high pH environment, preventing depassivation. Carbonation and chloride ion concentration are the two important reasons for initiating the rebar depassivation or corrosion. Carbonation of concrete can happen due to the diffusion of carbon dioxide from the environment sources through the concrete pores, decreasing the concrete pH. Lower pH accelerates the initiation of reinforcement corrosion and results in deterioration of concrete durability [200]. Use of seawater for mixing water, dredged aggregate, aggregate washed with seawater, and chloride-containing admixtures, and environmental factors are the internal or external sources of penetrating chlorides into concrete [200]. Water and oxygen help the chloride ions for initiating the corrosion of embedded steel rebar [201]. Thus, as concrete is a porous composite material, the penetration of aggressive ions into concrete depends mainly on the microstructure and the chemistry of the mixture [202]. The existence of metakaolin changes the mix design and affects concrete corrosion resistance [201,202,203,204,205]. When chloride concentration increases, the corrosion current density increases, and concrete become more vulnerable to corrosion [201]. However, it has been deduced that metakaolin concrete is efficient in preventing the active corrosion of concrete, even at severe chloride contamination levels (Figure 18).




5.4. Effect of Clay on the Freeze–Thaw


The presence of water in low-permeable concretes exposed to severe winter conditions such as freezing–thawing causes significant deterioration, including swelling, surface scaling, spalling, aggregate exposing, cracking, and broken-off concrete [176,183]. The resistance of concrete to freezing and thawing was determined by accelerating the freezing and thawing cycle test until 300 cycles, according to the standard test method for resistance of concrete to rapid freezing and thawing, KS F 2456 [207]. The addition of metakaolin enhances the resistance of concrete to freezing and thawing [208,209,210]. Experimental works related to the weight change and pulse velocity at each cycle evaluate the effect of freezing–thawing cycles on the performance of concrete. The metakaolin concrete exhibits a lower weight gain or pulse velocity reduction compared to the ordinary concrete (Figure 19). Lower weight gains result in less water absorption and the existence of fewer internal cracks in concrete.



Since concrete is a porous material, the freeze–thaw resistance of concrete depends mainly on the structure of the material, such as porosity. Concrete with low porosity results in a less permeable material that is so resistant when subjected to freeze–thaw action. Thus, the filling and activating effects of nano-clay in concrete can be useful for achieving less permeable and also more durable concrete. With the increase in freeze–thaw cycles, the porosity of concrete increases, which shows that freeze–thaw cycles create a more porous microstructure concrete with high permeability. However, using nano-clay in concrete mixture significantly decreases the concrete porosity, especially in high cycles (Figure 20) [211]. The addition of nano-clay leads to lower permeability [212,213] and also less damage to the surface compared to the control specimen during the freeze/thaw process [176].





6. Discussion


A summary of the references reviewed in this study is illustrated in Table 3. To clarify the future research needs, current research gaps (RG) in clay-based concrete are highlighted by “RG” in Table 3. Bond strength and durability are the two main sections related to clay minerals, which should be considered for future research. As the compressive strength of clay minerals-based concrete was not acceptable enough, there was no interest in more research on durability and bond strength. Most of the previous research has focused on demonstrating the effect of metakaolin on the fresh, hardened, and durability properties of concrete. Although no research gap was found in the field of metakaolin-based concrete (Table 3), more experimental studies are necessary for the sections of flowability and viscosity. Sulfate attack is the only field of study related to nano-clay which needs more concentration in future research. It should be noted that many sections just contain one research paper, which shows additional experimental work should be conducted for approving the reported trends, such as early-age shrinkage and durability of raw clay, fresh properties of metakaolin, and durability and fresh properties of nano-clay. The mark “I” (used in Table 3) shows the positive effect, which means higher flowability, higher viscosity, lower early-age shrinkage, and higher resistance to severe environmental conditions. The term “U” (unsure) is used for cases in which no clear trends have been reported, such as the results of compressive strength for bentonite or organo-clay-based concrete. Fresh property and durability are the sections related to organo-clay, bentonite, and other calcined clays, which need experimental works to fill these current research gaps. As mentioned earlier in the present study, the compressive strength of organo-clay-based concrete is very sensitive to the dosage of organo-clay and also water-to-cement ratio of the mixture so that an optimum dosage cannot be derived from the current references. Thus, the uncertainty of the results is illustrated in the case of organo-clay. Similarly, the mark of unsure is selected for the compressive strength of bentonite-based concrete. The compressive strength of bentonite-based concrete significantly depends on the curing time so that, unlike the 28-day strength, the early-age strength of bentonite-based concrete is lower than free-clay concrete. In recent years, there has been a growing tendency in the literature related to other calcined clays. However, more scientific research is necessary for filling existing needs. Current investigations mostly concentrate on finding different types of calcined clays by changing the temperature and calcination conditions. As finding other alternatives to the existing famous calcined clay (like metakaolin) needs more effort, it seems that this field of study (other calcined clays) is in the early stages.



To summarize the existing results (by knowing the current RG), the normalized trend is considered in this section. As Figure 21 shows the positive and negative effects of different types of clays on the fundamental properties of concrete, the rate of increase or decrease has been ignored in this symbolic form. Overall results are considered for the input data of Figure 21, and cases with just one reference have been ignored. It can be deduced from the reviewed references that clay-based concrete has lower flowability and also higher viscosity than normal concrete. This property can be attributed to the high floc strength of clay particles in the mixtures. The high viscosity of clay-based concrete can be a suitable property for use in additive manufacturing or 3D concrete printing. However, the low flowability of clay-based concrete should be controlled by using different types and dosages of superplasticizers. Promising results were reported by the literature to use calcined clay in printable cementitious mortars [250,251,252,253]. In 3D concrete printing, the material should have enough viscosity to be properly extruded by the printer and then solid enough to be laid onto the lower layer without collapsing [254]. As shown in Figure 21 and Table 3, no negative or unsure result has been reported for durability properties of clay-based concrete. It shows the very good resistance of clay-based concrete under severe environmental conditions. Uncertainty of other properties is related to the clay types and also few references.




7. Limitations of the Present Study


It is worth mentioning that this study mainly intends to highlight the importance and benefits of using clay-based materials as a binder in the concrete mixture to produce sustainable concrete. Due to the large scope of results discussed in the present study, some important topics in this field of research, clay concrete, were ignored, which needs to be considered for future review papers along with performing experimental topics summarized in Table 3. These topics include the thermal characteristics of clay concrete and limestone calcined clay. Additionally, references related to the limestone calcined clay cement (LC3) were out of the scope of the present study. A further comprehensive review is essential for future works to prolong the current review.




8. Conclusions


This review reveals that replacing cement with clay in concrete production results in more sustainable concrete with promising durability properties (for all types of clay) and acceptable hardened properties (especially for calcined and nano-sized clays). Clay-based concrete (raw and treated) not only has generally no considerable negative impact on concrete properties but also enhances its performance in many aspects. Reviewing available research trends made it possible to draw the following conclusions:




	-

	
The mixture with clay replacement has higher thixotropic and yield stress values, which results in the improvement of the shape stability. This characteristic is strongly suitable for using clay-based concrete in 3D printable concrete. This also results in lower shrinkage in the early-age life of the concrete. However, the high floc strength of clay-based concrete causes a reduction in flowability. Using a calcination method and nano-sized clay particles could not solve this issue. Hence, more experimental studies are necessary for future work to propose an efficient way of increasing the flowability of clay-based concrete mixtures. Moreover, there are significant research gaps for organo-clay in this field.




	-

	
Mineral clay has an inverse effect on hardened properties, while calcined clay improves the compressive strength of concrete. The calcination or burning process of clay minerals and using nano-clay make a crucial contribution to improving the concrete compressive strength. Regarding bentonite and organo-clay, conflicting results were reported for hardened properties which need to be investigated by future efforts. Moreover, considerable research gaps exist for bond strength (reinforcing bar and fibers).




	-

	
Overall results of the section related to durability reveal that all types of clay positively affect the resistance ability of concrete exposed to environmental attack. Results indicate that the dosage of clay replacement should be lower than 15%. However, the present review study shows that major works are still required in this field by future investigations. Current results comprehensively confirmed using metakaolin and nano-clay in concrete exposed to a harsh environment.









It should be noted that this review study has revealed the scientific gaps necessary in the field of clay-based concrete. Solving these research needs by future studies can be an essential improvement for considering specific regulations in the design codes for using clay-based materials in construction. Specifications of design codes can consist of information regarding the clay dosage in concrete production and the optimum types of clay (minerals or modified).
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Figure 1. References used in the present study (produced entirely by the authors through analyzing the literature). 
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Figure 2. Overview of the sections considered in the present paper. 






Figure 2. Overview of the sections considered in the present paper.



[image: Constrmater 01 00010 g002]







[image: Constrmater 01 00010 g003 550] 





Figure 3. Types of clay used in the literature reviewed (produced entirely by the authors through analyzing the literature). 
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Figure 4. CaO-Al2O3-SiO2 ternary diagram of clay types. (Reproduced and improved entirely by the authors through changing the diagram reported by Rossen (2014) [31]). 
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Figure 5. Effect of different types of bentonites on the fluidity of mortar (adapted from Liu et al. (2020) [111]). 
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Figure 6. Effect of nano-clay on the thixotropy of cement pastes (adapted from Quanji et al. (2014) [114]). 
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Figure 7. Influence of nano-clay percentage on the yield stress of pastes (adapted from Liu et al. (2018) [120]). 
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Figure 8. Influence of metakaolin content on the shrinkage of mortar exposed to drying (adapted from Brooks and Johari (2001) [46]). 
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Figure 9. Compressive strength of mortars containing raw clay minerals and calcined clay (mortars with the ratio of cement/clays/sand = 70:30:300 (in weight), adapted from He et al. (1995) [36]). 
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Figure 10. Compressive strength of metakaolin concrete (adapted from El-Din et al. (2017) [148]). 
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Figure 11. Effect of bentonite on the concrete compressive strength (values mentioned after “BC” correspond to the bentonite percent by weight of cement (adapted from Memon et al. (2012) [4])). 
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Figure 12. Effect of bentonite on the ductility of RC beam (bentonite beam contains 25% bentonite (of control mixture) and 75% ordinary Portland cement; control beam contains 100% ordinary Portland cement, adapted from Mirza et al. (2009) [52]). 
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Figure 13. Influence of nano-clay and calcined nano-clay on the concrete compressive strength: (a) adapted from Hakamy et al. (2015) [158]; (b) adapted from Farzadnia et al. (2013) [161]. 
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Figure 14. Strength efficiency of concrete for different replacements of clay additives. (Produced entirely by the authors through analyzing the experimental database reported by the literature [5,52]). 
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Figure 15. Influence of organo-modified montmorillonite (OMMT) on the compressive strength of cement mortars reinforced with different dosages (adapted from Kuo et al. (2011) [81]). 
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Figure 16. Effect of high-reactivity metakaolin on the alkali–aggregate reaction of concrete containing Spratt aggregate (siliceous limestone) (adapted from Ramlochan et al. (2000) [190]). 
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Figure 17. Effect of metakaolin replacement level on the variation of sulfate expansion with sulfate exposure period at w/b ratio of 0.5 (adapted from Al-Akhras (2006) [41]). 
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Figure 18. Effect of metakaolin on corrosion resistance of concrete: (a) change of the corrosion current density with the change in levels of chloride contamination (adapted from Güneyisi et al. (2013) [201]); (b) weight loss measurement (adapted from Parande et al. (2008) [206], mmpy = millimeter per year). 
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Figure 19. Percentage of weight gained of freezing and thawing specimens for all tested SCC (adapted from Hassan et al. (2012) [210], the amount of moisture absorbed due to cracking caused by expansion of the cement paste). 
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Figure 20. Relations between the average value of porosity and nano-clay additives during the freezing and thawing cycles (adapted from Fan et al. (2015) [211]). 
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Figure 21. Overall results of the present review study (based on Table 3). 
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Table 1. Compounds of different clay types (average values of references).
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	Compound (%)
	Raw Clay
	Metakaolin
	Bentonite
	Nano-Clay





	SiO2
	53.24
	52.32
	53.91
	57.81



	Al2O3
	28.27
	43.06
	16.90
	20.46



	Fe2O3
	2.10
	1.70
	7.19
	2.58



	MgO
	1.11
	0.14
	4.22
	1.243



	CaO
	1.88
	0.09
	7.14
	0.763



	Na2O
	1.07
	0.17
	0.60
	0.8



	K2O
	1.56
	0.38
	2.33
	0.86



	SO3
	0.13
	0.1
	0.12
	-



	TiO2
	0.38
	0.67
	1.12
	1.28



	P205
	-
	0.11
	0.51
	-



	MnO
	-
	-
	0.11
	-



	Cr2O3
	-
	-
	0.01
	-



	ZnO
	-
	-
	0.17
	-



	V2O5
	-
	-
	0.07
	-



	H2O
	-
	-
	-
	-



	CO2
	-
	-
	-
	-



	Loss on ignition (LOI)
	12.74
	0.80
	10.42
	14.23



	References used
	[37,38,39,40]
	[41,42,43,44,45,46,47,48,49,50]
	[4,5,51,52,53,54,55,56]
	[57,58,59]
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Table 2. Thermal treatment recommended for producing metakaolin.
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Reference

	
Calcination Temperature

(°C)

	
Heating Time (min)

	
More Explanation






	
Murat and Comel (1983) [60]

	
700–850

	
360

	
-




	
Badogiannis et al. (2005) [61]

	
650

	
180

	
poor kaolins with a low alunite content




	
850

	
180

	
kaolin with high alunite content




	
Mejía et al. (2008) [62]

	
700–800

	
2.0 °C/min

	
metakaolin with a high pozzolanic index




	
Ilić et al. (2010) [63]

	
650

	
90

	
-




	
Moodi et al. (2011) [64]

	
750–850

	
60

	
-




	
Salau and Osemeke (2015) [65]

	
750

	
60

	
metakaolin concrete




	
Albidah et al. (2020) [66]

	
750

	
180

	
metakaolin-based geopolymer concrete
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Table 3. A summary of references reviewed in this study (I = improve, D = decrease, U = unsure, RG = research gap).






Table 3. A summary of references reviewed in this study (I = improve, D = decrease, U = unsure, RG = research gap).





	
Clay Type

	
Fresh

	
Hardened

	
Durability




	
Flowability

	
Viscosity

	
Early-Age Shrinkage

	
Compressive Strength

	
Bond

	
AAR

	
Sulfate Attack

	
Steel Corrosion

	
Freeze-Thaw






	
Raw Clays




	
I

	
[101]

	
[106,107,116,117]

	

	

	
RG

	
[184]

	
RG

	
RG

	
RG




	
D

	
[39,40,92,93,99,214]

	

	
[38]

	
[36,139,142,143,215,216,217,218]

	




	
U

	
[94]

	

	

	

	




	
Metakaolin




	
I

	

	
[107]

	
[46,134,135,137,138]

	
[6,47,48,144,145,149,151,152,167,208,219,220,221,222,223,224,225]

	
[174]

	
[187,188,189,190,196,226]

	
[41,196,197,198,199]

	
[201,202,203,204,205,206,225]

	
[208,209,210]




	
D

	
[101,167]

	

	
[38]

	

	
[66,172,173]

	

	

	

	




	
U

	

	

	

	
[38]

	
[148]

	

	

	

	




	
Nano-Clay




	
I

	
[101]

	
[86,102,106,108,115,125]

	

	
[125,158,161,164,165,166,167,168,227,228,229,230,231,232,233]

	
[175,176,177]

	
[195]

	
RG

	
[175,177,227]

	
[176,232]




	
D

	
[102,167,227,228,231,232]

	

	
[38]

	

	

	

	

	




	
U

	

	

	

	
[38]

	

	

	

	




	
Organo-Clay




	
I

	
RG

	
[234,235]

	
RG

	
RG




	
D

	
[236]




	
U

	
[80,81,237]




	
Bentonite




	
I

	

	
RG

	
RG

	
[111,238,239]

	
RG

	
RG

	
[240]

	
RG

	
RG




	
D

	
[40,93,96,111,214,239,241]

	
[242]

	




	
U

	

	
[4,56,156,157,214,240,241,243,244]

	




	
Other Calcined Clays




	
I

	
RG

	
[106,116]

	
RG

	
[36,154,155,245,246,247,248]

	
RG

	
[186]

	
RG

	
RG

	
RG




	
D

	

	
[218]

	




	
U

	

	
[249]
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