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Abstract

:

Researchers have been driven to investigate sustainable alternatives to cement production, such as geopolymers, due to the impact of global warming and climate change resulting from greenhouse gas emissions. Currently, they are exploring different methods and waste materials to enhance the mechanical and physical properties of geopolymer and expand its application range. This review paper offers a thorough analysis of the utilization of various waste materials in geopolymer manufacturing and shows the creative contribution of this research to the development of environmentally friendly cement substitutes. The article covers the properties, durability, and practical applications of geopolymer composites made from various waste binders. It includes a microstructure and chemical analysis. The research findings indicate that geopolymers are an effective cementitious binder substitute for cement in various applications. Additionally, the ecological and carbon footprint analysis highlights the sustainability of geopolymers compared to cement.
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1. Introduction


For the development of a country, the construction industry has a significant role, accounting for more than 6% of the gross domestic product globally [1]. The development of infrastructure and urbanization require producing considerable amounts of concrete. Cement represents a main constituent of concrete which binds filler and aggregate materials.



Cement mainly consists of silicon, calcium, and aluminum and minerals such as iron ore, chalk, clay, and limestone [2], which are mined or quarried from natural resources. Moreover, during the manufacturing of cement, the required fossil fuels such as coal and petroleum are also considered natural resources. The energy required for the manufacturing also includes that needed for the grinding and heating of raw materials to more than 1450 °C. Additionally, the thermal decomposition of limestone emits greenhouse gases directly into the atmosphere, including carbon dioxide (CO2) [3,4], with small quantities of other toxic gases such as sulfur dioxide (SO2) and nitrogen dioxide (NO2) [4].



The production of cement is considered a significant contributor to the emissions of carbon dioxide (CO2). From 2015 to 2020, each ton of cement produced increased CO2 emissions by 1.8% annually. It was also estimated that about a 3% reduction of CO2 is needed to achieve net zero emissions by 2050 [5]. It is estimated that the process of cement production causes 4–10% of CO2 emissions globally [6,7]. During the use of electric power, combustion of fuel, and the process of calcination, each ton of cement produced emits about 0.66–1.5 tons of CO2 depending on the production system and technique [8,9]. Each ton of cement produced requires 3.2–6.3 GJ of energy and 2.65–2.8 tons of raw materials [10,11]. In addition, dust is generated during cement production which contributes to industrial air pollution [12]. Thus, reducing the manufacturing of cement reduces the amount of CO2 emission. With the increasing need for concrete for infrastructure and housing, cement production is increasing daily. It was estimated that about 4100 million metric tons of cement were produced worldwide in 2018 [13]. It was reported by Schneider et al. [14] that the production of cement will increase in 2050 to 4.38 billion tons due to the increasing global demand. In addition, Müller and Harnisch [15] expected a cement production of 5 billion tons in 2030. Such predictions are alarming as the production of cement requires a substantial quantity of energy and raw materials, reducing the available non-renewable fossil fuel and natural resources [12,16].



On the other hand, significant amounts of solid waste are produced by municipalities, agriculture, and industry due to the increasing global population. The amount of discharged waste was estimated at 10.4 billion tons in 2010 and will rise to 148 billion tons by 2025 [17,18]. Although solid wastes can be dealt with by various methods such as decomposition, crushing, incineration, and gasification [19], residues result which cause secondary pollution [17]. Thus, effective reusing or recycling of the residues can minimize the burdens on the environment [20]. With the consideration of the adverse effect of utilizing and producing cement, various researchers have attempted to provide solutions for sustainable technologies. Some of the suggested approaches are to use supplementary cementitious materials (SCMs) to partially replace cement and chemical additives for reducing the consumption of water, usage of alternative fuels, an effective system of cement production, and use of water and recycled materials and concrete [21,22,23,24].



Geopolymer binders use by-products such as ground granulated blast furnace slag (GGBS) and fly ash with minimal emission of greenhouse gases from the production of alkali activators. By-product materials have been used in concrete only as a partial replacement since they need to react with the cement hydration product to form binding materials. Thus, there has been substantial interest in developing alternatives that can reduce the dependence on cement while providing approximately similar engineering properties to cement. Geopolymer represents a new binding material that can be produced from the activation of aluminosilicate material with alkaline solutions [4,25]. Thus, geopolymer binders were proposed as an effective solution to fully or partially replace the use of cement. It is estimated by Davidovits [26] that only 0.15 to 0.20 tons of cement are produced from each ton of geopolymer, significantly lower than when using cement alone. This shows the effective potential of replacing cement with geopolymers as an environmentally friendly alternative. Geopolymers have been considered a sustainable solution and eco-friendly disposal of industrial by-product materials such as ground granulated blast furnace slag (GGBS) [27,28,29,30], fly ash [28,31,32,33,34], metakaolin [34,35,36], bottom ash [27,35,37], and rice husk ash [27,33,38].



This paper aims to critically review the recent use of geopolymers as an alternative to cement in various fields. The focus of this paper is to provide a comprehensive review of the various usages and incorporations of waste and by-product materials in geopolymer binders for various applications. The use of various by-products including basic geopolymer precursors and other recent alternatives was explored. It was found that important review studies have been conducted on the material properties and the impact of various parameters on the performance and engineering properties of geopolymer binders. However, most of the reviews focused on geopolymer concrete, and little attention was paid to the use of geopolymers in other applications. Moreover, this paper covers additional relevant study publications that were not covered in prior review articles and were recently published. Therefore, this research summarizes and presents a state-of-the-art review of all recent and current research for the use of various waste and by-product materials as geopolymer precursors. Based on the knowledge of the authors, this is the first review paper that combines the various studies on geopolymers in engineering applications. It comprises a systematic review, analysis, and discussion to help researchers and the construction industry obtain a better understanding of the topic. The paper is divided into several sections. The first section deals with general information about geopolymer, its formation, process, and chemical reactions. The second section focuses on the constituents of geopolymers. The third section presents the mix design and process and curing regime. The results and main finding of the studies are presented in the fourth section while the fifth section focuses on the sustainability of geopolymers in terms of carbon and ecological footprints. The gap between knowledge and future research is also proposed.




2. Geopolymers


In 1976, this alkali-activated material was defined by Joseph Davidovits [39]. Alkali-activated material (AAM) represents an effective alternative to cement due to its better performance and lower environmental impacts. Although the concept of alkali-activated material and geopolymer technology has been widely explored over recent decades, no consensus has been reached for distinguishing between the terminologies [24]. However, according to Provis and Bernal [40], AAM is the widest classification, referring to any system of an aluminosilicate-rich precursor with either no or high calcium content and activated by alkaline activators, whereas geopolymers are a subset of AAM, referring to a system of high aluminosilicate and low calcium content with the presence of alkaline activators [41,42].



Geopolymer is a term for a binder produced from the chemical reactions of a precursor containing silica with alumina material by the presence of alkaline activators. The main components are the source materials which should be rich in major constituents, such as silicon (Si) and aluminum (Al), from either natural or waste and by-product materials, such as clays, kaolinite, etc. or red mud, fly ashes, slags, etc. The liquid is usually based on sodium (hydroxide or silicate) or potassium (hydroxide or silicate) [41,42]



Initially, geopolymer binders were produced as amorphous and inorganic material for their non-combustible, inflammable, and heat-resistant properties for reducing the fire risks of the use of plastic materials in the 1970s in Europe. Then, the use of geopolymer binders was shifted to structural engineering since promising results were obtained by different studies in terms of their behavior and potential of replacing cement [12,43]. Alternative names for geopolymers were also introduced, including geocement, alkali-bonded ceramics and hydroceramics, aluminosilicate inorganic polymers (AIPs), inorganic polymers (IPs), inorganic phosphate cement (IPC), and alkali-activated materials (AAMs), based on the composition and formulation [12,42].



Geopolymer binders are innovative cement-based materials that can substitute OPC composites while emitting less CO2 than OPC [44]. The desired goal of studies about geopolymer binders in industry and academia has been to obtain an effective alternative to cement. Thus, based on traditional cement-related techniques and science, development and synthesis processes were aligned and evaluated. However, the synthesis and chemistry processes of geopolymers and cement are different due to the different natures of materials and constituents. The binders of cement are synthesized depending on the hydration reactions of silicon dioxide and calcium oxide to produce calcium silicate hydrates (C-S-H) [45,46].



On the other hand, the structure of geopolymer binders as inorganic polymers consists of chained repetitive elements called monomers, controlling the characteristics of geopolymers. The structure is made of sialate (of silico-oxo-aluminate) or alkali aluminosilicate gel with alumina (Al) or silica (Si) ions, presenting alumina and silica bonding by a bridge of oxygen. Geopolymer has an amorphous microstructure similar to a crystalline structure, which allows the reaction with other materials to form binders, while the composition is similar to natural zeolite [45,47]. Van Jaarsveld et al. [48] found that the crystalline and amorphous degree in fly-ash-based geopolymers is a key parameter impacting the mechanical and physical characteristics.



According to Davidovits [26], the term polysialate is used to chemically designate aluminosilicate-based geopolymers, while sialate is the abbreviation for silico-oxo-aluminate (Si-O-Al-O) [49]. The process of geopolymerization involves the chemical reaction of aluminosilicate oxide minerals with a high-alkaline solution. The process is a very fast reaction and, during the process, the geopolymer blocks are created by polymeric bonds and three-dimensional sialate (Si-O-Al-O) chained structures [50,51]. The quantity of alumina and silica in the structure impacts the degree of reaction and bonding and thereby the characteristics of geopolymers. The following formula represents the created polysialate chained structure:


Mn [-(SiO2)z-AlO2)]n.wH2O








where M is a cation or alkaline element (e.g., potassium, sodium, etc.), z is a value of 1–3 or higher depending on the reaction chemistry, n is the polymerization degree, w is the hydration degree [39]. The polysialate formation and its chemical structure are illustrated in Figure 1 as depicted by Davidovits [26]. The polysialate structure depends on the spatial arrangement and organization of alternately linked SiO4 and AlO4 with all shared oxygen ions, which can form several repeating units (monomers).



However, the geopolymerization mechanism is not thoroughly understood due to the existence of influential parameters in the process. Various studies indicated that the process consists of three main stages: dissolution and destruction of alumina and silica ions from precursors by hydrolysis of alkaline activators, the re-orientation and transportation of cation ions into monomers, and polycondensation of the monomers into polymeric structures. The stages can overlap with each other and therefore are difficult to study or isolate [12,52,53,54].



In the 1950s, alkaline-activated mechanisms were first explored by Glukhovsky, who divided the process into three phases: destruction–coagulation; coagulation–condensation; condensation–crystallization [42]. Later on, researchers such as Shi et al. [51], Fernandez-Jimenez et al. [55], and Duxson et al. [56] reviewed the Glukhovsky model and proposed a new model for the geopolymerization process, as shown in Figure 2. Figure 3 illustrates the chemical reactions of geopolymerization [57,58,59]. Alkaline activators dissolve aluminosilicate materials into silicate and aluminum ions (AlO4 and SiO4 tetrahedral units) with a pH greater than 10. Aluminosilicate gel is formed by the shift of the ions to an equilibrium state and then interaction. A small degree of structural order is observed, which favors a stable Al-rich compound. Silicon and aluminum tetrahedrons join, producing rings with four secondary tetrahedral units [55]. The high concentration of aluminum in the precipitation of gel 1 (SiAl = 1) results from the significant concentration of Al + 3 ions in the alkaline medium at the beginning of the reaction [40,60]. Firstly, the gel consists of alumina since it dissolves faster than alumina, then following the dissolution of silicate, the gel is said to be a zeolite precursor gel. This gel is more stable than aluminum gel due to stronger SiO bonds than Al-O bonds [61]. More Si–O bonds are broken from the precursors as the reaction progresses, which dissolve and thereby increase the concentration of silicon in the solution, reaching the gel 2 precipitation model (SiAl = 2). This rise in the ratio of Si/Al ratio improves the mechanical characteristics of the formed aluminosilicate gels [62]. Finally, the formation of an amorphous to semi-crystalline aluminosilicate network is developed with the desired physical characteristics. The final products are based on the characteristics of alkaline activators and source materials and the contents of calcium, aluminosilicate, or magnesium. Such products can be sodium aluminosilicate hydrate (N-A-S-H) (Na + Al + Si), polymers or zeolite from alumina or silica, or C-S-H gel [61,63,64]. The existence of alumina, silica, and calcium species can produce aluminosilicate hydrate (C-A-S-H) gel products, which can often be seen in GGBS geopolymer binders. In terms of the secondary products, in addition to the formation of the C-S-H gel inside the material, they include portlandite, ettringite, and calcium monosulfoaluminate [41,65].



Additionally, water (H2O) is a product of the process indicated by the proposed model, chemical reactions, and the formulation of the polysialate chain structure. Hardjito and Rangan [47] mentioned that chemically free water resulted during the chemical reactions of the process from the matrix of the geopolymer and was removed in the drying and curing steps. However, the role of water is negligible in comparison with the hydration process of cement, though it impacts the workability and produces micro- and nanovoids in the matrix [66]. Since water lacks involvement in the process, the properties and microstructure binders are influenced by the ingress water resistance, elevated temperatures, chemical attacks, and alkali-aggregate reactivity [67].



When the amount of activator is lower than required, some of the aluminosilicate precursors do not undergo a reaction due to the lack of reaction medium. Low dissolution of aluminosilicate does not cause a change in the setting time. In addition, various researchers [68,69] reported that the geopolymer structure is similar to zeolites, though the geopolymer has denser mesoporous and semi-crystalline or amorphous structures in comparison with the crystalline structure of zeolites [70,71]. This could result from the vast dissolution of the glassy constituents during the mixing of the alkali activators with the precursors. In this case, space and time are not adequate for the growth of the gel into a well-crystallized structure, forming semi-crystalline, amorphous, or microcrystalline structures [72].



Studies have indicated that the content of active calcium in the raw materials determines the nanostructures of geopolymers. A highly crosslinked zeolite-like N-A-S-H structure is formed with a low amount of active calcium, with Q4 (4Al) as the main units of the structure [73,74]. With the presence of humidity, oligomeric aluminum-rich colloids are formed by the rapid combination of aluminum–oxygen and silicon–oxygen tetrahedrons. In contrast, the polymerization degree of aluminum-rich colloids is low with low levels of humidity. With a high content of calcium, C-A-S-H gel is formed, similar to tobermorite in structure. N-A-S-H and C-A-S-H can both occur in the system, though at high pH levels of more than 12, the N-A-S-H is slowly transformed into C-A-S-H [75].



2.1. Components of Geopolymers


2.1.1. Aluminosilicate (AS)


This includes the main precursors with various materials that have been utilized to produce geopolymer binders. Of those, the main sources of alumina silicate which have been widely used include ground granulated blast furnace slag (GGBS), fly ash (FA), and metakaolin (MK). These are explored in detail below.



	(1)

	
Fly ash (FA)







FA is created by power plants and in some industries by steam or electric generation centers. In general, after crushing and placing coal in an ignition chamber in the presence of air, it undergoes impulsive sparking, generating mineral traces and heat. In the kiln, the heat is eradicated by broiler tubes, cooling the flue gas with the formation of hardened mineral residues. Fly ash particles are retained in the flue gas while coarser ash is present in the chamber and known as slag. The use of fabric filters or electrostatic precipitators for the culmination process for controlling particulate emissions allows the collection of the FA. The ash mainly contains alumina and silica, which assist in forming cement as a substitute. With the presence of water, FA reacts with lime to form similar compounds to cement [7,76].



FA has been widely reported as a building material with various applications in concrete, mortars, and pastes [73,77]. Additionally, it has been reported that about 1000 million tonnes of FA are produced worldwide annually, which is undesirable from the environmental aspect. It functions as a binder in the geopolymer with the presence of an alkaline activator. Figure 4 illustrates a scanning electron microscope (SEM) image and X-ray diffraction (XRD) graph of FA [7,78]. The SEM image shows the particles of ash have a spherical shape which permits their easy mixing and flow in the mixtures. The XRD peak indicates the existence of an amorphous phase of the FA, with a late reaction with the hydration products. The existence of crystalline impurities in the FA is indicated by the sharp peaks of the XRD graph.



The ash is often used as a replacement for cement in the production of concrete [79], with higher durability and strength in comparison with traditional concrete [7]. Its lower costs and sulfate resistance mainly contribute to its use in cement replacement [80]. The use of ash represents a sustainable solution to environmental issues since it reduces the required amount of energy and water in cement production, causes relatively lower CO2 emissions, and conserves landfilling areas [81]. The use of 1000 Kg of FA can cut the CO2 emission by 1000 Kg. The use of all annually produced amounts of FA equals the prevention of 25% of CO2 released through vehicles globally [82]. FA has wide applications, therefore it plays a significant role in the green and economic application of technologies. It has been used in soil stabilization [83,84], zeolite production [85], and retrieval of nutrients [86].



	(2)

	
Ground Granulated Blast Furnace Slag (GGBS)







GGBS is a by-product of steel and iron production in blast furnaces in which coke, calcium carbonate (CaCO3), and iron ore are heated at about 1500 °C. Molten slag and iron are produced as a result of material softening in the blast furnace. High-strain water is applied to the molten slag floating above the molten iron to obtain granular particles. Then, the particles are dehydrated and ground to fine materials to create the GGBS product [29]. The product is a renowned building material, widely used in the production of concrete, mortar, and cement [87]. The particles of GGBS have a glassy structure and contain mono-silicate, similar to cement clinker [88]. As a replacement for cement, GGBS has been used for increasing heat generation in the hydration process, resistance to sulfate, strength, and reducing permeability and water demands [79]. Thus, it can be effectively used in geopolymers. Figure 5 illustrates the SEM and XRD of GGBS [89]. The SEM image indicates the irregular shape of the particles and the amorphous nature of the materials, indicating the reactivity of GGBS in comparison with FA. The XRD peak confirms the higher reactivity of GGBS. The blending of GGBS can enhance the cementitious property of the cement though negatively impacting the flow characteristics due to the irregular shape of the particles [76].



	(3)

	
Metakaolin (MK)







Metakaolin derived from the name of a Chinese city (Gaoling) in Jiangxi Province, southeast China. MK is also known as China clay. Scientifically, it is a rock with a substantial amount of kaolinite (Al2Si2O5(OH)4). It consists of layers of octahedral sheets of alumina (Al (O, OH)6) linked to tetrahedral sheets of silica (SiO4), sharing the atoms of oxygen. It has been widely used in ceramic and paper production, paints and rubber filler, and mortar and concrete for increasing the strength and durability of cementitious paste. Around 25.7 million tonnes of kaolin was produced in 2011 according to the British Geological Survey with the main producers being the US, Germany, China, Brazil, Korea, and Iran, contributing to about 75% of the total production [90,91]. This shows the significant potential of MK to be used in geopolymers. Figure 6 shows a SEM image and XRD graph of MK [90,92], indicating the existence of an aluminosilicate composite with semi-crystalline phases. The SEM image indicates a plate-like structure that assists in the geopolymerization process. The XRD graph indicates peaks of quartz and muscovite with a range of 10 to 70.



	(4)

	
Alternative precursors







Any material rich in alumina and silica can be used as a precursor for geopolymer binders. Thus, when checking waste and by-products materials, their chemical compositions should be investigated [29,93]. Natural minerals such as bentonite, mullite, halloysite, diatomite, bauxite, etc. can also be used as precursors though they require the use of high-temperature pretreatment for sufficient activity due to their low amorphous contents. Construction and demolition wastes such as brick wastes and crushed waste glass have also been explored by various researchers for use in geopolymer concrete to reduce the amount of cement or aggregates. In addition, adding recycled waste can help reduce waste and protect natural resources [94]. For the various reviewed studies in this paper, the chemical compositions of some of the explored waste and by-product materials other than basic precursors are shown in Table 1. These include drinking water treatment sludge (DWTS), silica fume (SF), mine tailings (MTs), activated tailings (ATs), spent fluid catalytic cracking (SFCC), sewage sludge ash (SSA), nanoparticles (NPs), corncob ash (CCA), waste glass powder (WGP), cow bone ash (CBA), lime kiln dust (LKD), fluid catalytic cracking (FCC), palm oil fuel ash (POFA), brick powder (BP), plant ash (PA), and recycled asphalt pavement (RAP). These materials have been synthesized for usage in geopolymer binders with compressive strength ranging from 40 to 85 MPa [58,95]. The materials can be used separately or blended with basic precursors such as FA, GGBS, and MK. As indicated in the table, the materials are reported to have adequate amounts of alumina and silica, and the content of calcium oxide cannot be ignored. This suggests their potential for application in geopolymers. The presence of such materials can variably impact the tension performance and properties of the resultant geopolymers. The effective raw materials should have amorphous characteristics and an outstanding ability to easily release aluminum [95].




2.1.2. Alkaline Activators


The use of activators for activating the precursor materials plays a significant role in generating cementitious materials through the geopolymerization process. Activation allows the crystallization and precipitation of alumina and silica components of the solution. Hydroxide ions act as a reactivity catalyst while the cation of metal acts as a structural element, balancing the negative framework of the tetrahedral aluminum [108,109]. Initially, the reaction is based on the dissolution ability of the activator on pozzolanic materials as well as the production of reactive aluminum and silicon in the solution.



With the mixture of the alkaline activator and pozzolanic materials, vast dissolution of the vitreous component occurs. In this case, space and time are not adequate for the growth of the gel into a well-crystallized structure, forming semi-crystalline, amorphous, or microcrystalline structures [52].



The activating agents can be categorized into the following where M is an alkali ion: silicates, M2O*nSiO3, strong salt acids, M2SO4, aluminosilicates, M2O*nAl2SO3*(2–6)SiO2, weak acid salts, M2CO3, M2SO3, M3PO4, MF, aluminates, M2O*nAlO3, and alkalis, MOH (Pacheco-Torgal et al.). Examples of activators include K2CO3, KOH, NaOH, cement clinker, K2SO4, Na2CO3, and Na2SO3 [72,110]. The most widely used activators are NaOH, KOH, and Na2SO3 [111,112], which are described below.



	(1)

	
Sodium Hydroxide (NaOH)







Sodium hydroxide widely used for the production of geopolymer binders. In comparison to potassium cations, sodium cations are smaller and can move within the paste network with a relatively smaller effort, thereby providing enhanced zeolitization. It also carries a high charge density, prompting more formation of zeolite energy [108,109].



High content of the sodium hydroxide activator can depress carbon hydrogen and ettringite and accelerate chemical dissolution during the formation of binder [113]. Additionally, high amounts of the activator result in significant strength development at the early stage of reaction though, laterally, the strength is reduced due to the substantial amount of OH- in the solution, resulting in a non-uniform and undesirable morphology of the final product [113]. The use of NaOH in geopolymers was found to provide significant crystalline properties to the binder and thereby increased the resistance to acids and sulfate [114]. In addition, it directly impacts the formation of the main C-S-H product in the geopolymerization process as it regulates the hydration activity and buffers the pH of the fluids. An inverse relationship between the amount of activator and time of the greatest hydration heat occurs and there is a linear relationship between the generation of heat and the amount of activator [52,115].



	(2)

	
Potassium Hydroxide (KOH)







The potassium ion is more basic than other activating agents, providing a significant possibility of polymer ionization in the solution. This results in a matrix with a high ability to improve the compressive strength and porosity of the geopolymer and a dense final product with highly reactive main pozzolanic materials [116]. However, the use of a potassium activator of more than 10 M decreases the strength of the geopolymer because of the substantial potassium ions and higher Si/Al leaching of KOH-based cement in comparison with sodium hydroxide activator [116,117]. NaOH provides a higher capacity to liberate alumina and silica monomers while KOH causes a higher dissolution level as a result of a higher alkalinity level [108].



	(3)

	
Sodium Silicate (Na2SO3)







This activator is produced by fusing sand (SiO2) with sodium carbonate (Na2CO3) at a temperature of more than 1100 °C and the use of high-pressure steam to dissolve the product into a semi-viscous liquid substance known as water-glass [118]. This substance cannot be used as an activator as it does not provide adequate activation for pozzolanic reactions. Thus, it is used in combination with sodium or potassium hydroxides for improving alkalinity and strength. Mostly, in a geopolymer binder, sodium hydroxide is mixed with sodium silicate as an activator [119]. Na2SO3 is commercially available in various grades, though the liquid form provides higher performance than the powdered form [112,120]. It is recommended to mix an activator of 8 to 16 M with the ratio of 2 (SiO2/Na2O) of silicate solution for 24 h before being used for best results [52,121].






3. Raw Materials and Mix Design


As explained above, the binders of geopolymers are manufactured by the reaction between pozzolanic precursor materials and alkaline activators [42], including: (1) dissolution, (2) rearrangement, (3) gel nucleation, and (4) solidification. A rupture of the surface bond of the binders occurs, such as CaO and Si-O-Si bonds in GGBS and Si-O-Si and Al-O-Al bonds in FA, when the precursors are in contact with the activator, generating various dissolved substances such as calcium, alumina, and silica monomers [61]. The monomers react with each other with continuous dissolution, resulting in the formation of aluminosilicate gels. With a high content of calcium in the precursor, such as slag, the final product mainly consists of C-A-S-H gel with a tobermorite-like structure [122,123], while N-A-S-H gel is the main product when a low-calcium precursor such as FA is used [122,123]. Blending high- and low-calcium precursors results in the presence of both gels [63]. Geopolymers have been widely applied for cement replacement in concrete, mortar, soil stabilization, and pavement binders. The raw materials and the mixture designs and curing regimes of the various applications are summarized in Table 2, Table 3 and Table 4.



For preparing concrete, mortars, or pavement-based geopolymers, GGBS and FA have been used as 10–50% and 50–90% of the total mass of the binder. These were either blended or used with other supporting materials made of waste and by-products. MK is used as a separate pozzolanic material or blended with FA or waste by-products with a content of up to 1.5%. Apart from GGBS, FA, and MK, waste and by-product materials have also been used as precursors for producing concrete and mortar due to their environmental benefits. Several additives, including superplasticizers, nanoparticles, fibers, and silica fumes, can be used for improving the viscosity and rheology of the structure and strength of the concrete or mortar due to pozzolanic reactions. As fine aggregates, silica or river sand with a maximum particle size of less than 1180 µm has been used. While traditional coarse aggregates have been used in some applications (i.e., mortars and pastes), their use is limited as they can increase the fracture toughness of the matrix and impair tensile characteristics [64]. For reducing the environmental impact of using natural resources, crushed recycled granite, basalt, and copper have been used as a replacement for fine or coarse aggregates. The ratio of aggregate to binder ranged from 0.2 to 5.



For soil stabilization, most of the geopolymer studies utilize MK and traditional precursors of FA and GGSB. MK content was up to 50% of the total mass of the binder while FA and GGSB contents were up to 20% and 50% of the total mass of the binder, respectively. Bottom ash and plant ash could be used as possible alternative precursors.



Generally, a combination of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) was the most used liquid alkaline activator for geopolymer precursors. The molarity of NaOH ranged from 4 to 20 M while the modules of silicate (SiO2/Na2O) of Na2SiO3 ranged from 2 to 3. A large amount of heat is released by blending these solutions which requires the use of a cooling system before usage. Other solid activators such as Na2SiO3 have been explored as a solid alternative activator. The liquid-to-binder ratio ranged from 0.1 to 0.8 and the water-to-solid ratio from 0.2 to 0.5.




4. Results and Discussion


4.1. Concrete and Mortar


It is reported that only 3% of the studied mixtures provided 10 to 40 MPa of compressive strength, which can only be applied to some non-structural applications [150], whereas 40% of researchers reported compressive strength higher than 40 MPa, adequate for structural applications. The increase in the curing period up to 28 days significantly increased the compressive strength of geopolymer, then it slightly increased or reduced [124,130]. The reduction can be attributed to the induced cracking from shrinkage. The highest reported compressive strength is 222 MPa, though with a low strain capacity of less than 0.4% [97]. The binding of GGBS and FA provided 100 MPa as the highest compressive strength with a 5.77 MPa tensile strength and a 5.81% tensile strain capacity [130].



The tensile stress–strain behavior of geopolymer concrete and mortars can be divided into three areas, namely linear elastic, strain softening, and strain hardening areas. Between strain hardening and linear elastic areas, the transition point is known as the first cracking strength [129]. The tensile strength represents the highest stress point with corresponding strain being the capacity of tensile strain. Additionally, the strain hardening can be reflected by the density of strain energy per unit volume, obtained by the integration of the tensile curve of stress–strain before the area of strain softening [151]. Few studies reported a pure strain softening response while most studies reported a clear strain hardening response [7].



Workability is a significant characteristic of geopolymer concrete, usually evaluated using a flow table test [7]. The specimens prepared from GGBS have lower slump flow than the FA–GGBS-based geopolymer binders due to the low reactivity and spherical shape of FA [151]. The increase in the amount of activator reduces the slump flow value [7], due to polycondensation and accelerated dissolution. However, [104] reported an opposite trend due to the different precursors used. In addition, the increase in the W/s or W/b ratios results in increasing the workability of concrete [133], while the slump flow was consistently reduced with the increase in Agg/b ratio as a result of the larger specific area and interparticle friction [132]. More paste is required with a large specific area for converting the aggregates while the packing of particles can be improved with a high content of aggregates which requires less paste for filling the voids [152]. Such factors simultaneously compete and the use of a proper content of aggregates can result in a better packing of particles and adequate workability of concrete.



Eliminating the use of coarse aggregates results in higher dry shrinkage during the hardening process [153]. Paste geopolymer binders are more susceptible to dry shrinkage and cracking in comparison with geopolymer concrete. The use of a high content of coarse aggregates in geopolymer concrete provides more resistance to drying shrinkage [132]. Controlling drying shrinkage is investigated in only limited studies.



The durability of FA–GGBS and FA-based geopolymer concrete was only studied in a few studies, therefore further research is needed on the impact of other attack types such as carbonation. Different kinds of sulfate solution provide variable impacts on the alkali-activated slag geopolymers. Immersion in Na2SO4 did not impact or cause any harmful consequences on the binder other than positively impacting on further activation of the slag. On the other hand, the use of MgSO4 aggressively impacts the geopolymer, leading to the decomposition of hydration products and the formation of gypsum. Such an attack is associated with disintegration rather than expansion. Accelerating the sulfate attack with the use of a small amount of paste is an efficient technique. Additionally, the expansion can be reduced by wrapping the specimens [131].



The study by Ruiz et al. [103] indicated that the SiO2/Al2O3, Na2O/SiO2, Na2O/Al2O3, and H2O/total solids ratios in both precursor and activator can be controlled for the best performance of geopolymers. Ruiz et al. [103] found the compressive strength reached the highest level at 7 days of curing with the use of a 1.10 concentration of AS/FCC, 15 M of NaOH, and 0.85 Ms modulus. In comparison with other geopolymer binders, the density was lower.



Table 5 summarizes several studies carried out on the synthesis and performance of geopolymers from several low-reactivity precursors with their resulting compressive strengths. High curing temperatures and supplementary active materials can promote geopolymerization and increase the compressive strength of low-reactivity geopolymer binders. However, in actual engineering applications, achieving high curing temperatures is relatively difficult. A pretreatment of 550–1100 °C followed by ambient curing was performed on precursors for alkaline fusion with the addition of supplementary cementitious materials for enhancing performance. In addition, the associated cost of high-temperature requirements for calcination during the fusion process has substantially reduced the practical application of this technique. The compressive strength of most geopolymer binders reaches above 35 MPa after 28 days of curing at ambient temperature, which shows the great possibility of application in construction.



Liu et al. [98] used only 200 °C for the hydrothermal process for activating MTs, indicating reduced costs of geopolymers in comparison with the conventional fusion technique. The resulting strength was about 48 MPa at 28 days of ambient curing, which could be applied in general construction fields. As shown in Figure 7, the compressive strength of geopolymer binders was higher than that of normal concrete, indicating that a hydrothermal process is an effective approach for improving the reactivity of MTs. With the increase in the NaOH content to 30%, the compressive strength increased for geopolymer concrete samples. For slag hydration, an alkaline environment was produced during the hydrothermal process that generated soluble products from the reaction of activators with precursors. This phenomenon was also described in other slag-based cementitious materials containing high alkali content [161,162].



The content of C(N)–S–H gel as a dominant reactant is impacted by the content of the activator. Increasing NaOH enhanced the initial pH, dissolving alumina and silica species from precursors and thereby increasing the amount of produced gel (Figure 8a,b). This occurs up to a certain level of activator with any further increase in the activator content beyond this level negatively impacting the microstructure. This is shown in Figure 8c by the presence of microcracks and micropores due to the excessive amount of free alkali [98].



Thermal treatment was investigated at two temperatures of 950 °C and 450 °C for increasing the reactivity of geopolymer binders when lime waste (LKD) material was used as an activator [67]. It was evident that the thermal treatment was contributing to the breakage of crystalline phases of the material by transforming it into an amorphous structure, particularly at 450 °C, indicated by XRD, TG-DTA, and FTIR results. Kadhim et al. [67] reported the possibility of using lime waste as an activator if adequately treated and impurities are removed.



Garcia Lodeiro et al. [114] reported that aluminum extrusion by-products can effectively be used as an activator for low-alkalinity precursors such as calcium and silicon high blast furnace slag binder. This provides similar mechanical and hydration properties to conventional 4M-NaOHBFS paste. However, the activator is not sufficient for dissolving all alumina and silica specimens in high-reactivity systems such as FA-based geopolymers, as shown by low mechanical and hydration properties.



As per various design specifications shown in Figure 9, Akhtar et al. [127] reported that normal cement concrete provides compressive strengths of 41 MPa, 43 MPa, and 32 MPa at 28 days of curing per IS, ACI, and DOE specifications, respectively. These were compared with FA-based geopolymer concrete. They concluded several points: (1) geopolymer is a cement-free binder, (2) design methods by the IS standard provided a higher estimation of cement requirements, (3) the highest compressive strength was obtained for geopolymer binder with NaOH+Na2SiO3 as an activator of about 48 MPa at 28 days at an initial 80 °C for 24 h of curing; 80% of gain strength was even obtained at 7 days of curing, and (4) the slump value was the lowest for the geopolymer concrete while mixtures according to the IS standard had the highest slump levels.



The compressive strength of FA-based geopolymer concrete was enhanced with the use of nanoparticles (NC, TiO2) by 38% for NC and 24% for TiO2 for binary binders [128]. Additionally, nanoparticles were proved to be significant elements in enhancing the tensile strength of geopolymers with a higher strength as a result of the use of NC in comparison with NT. The use of nanomaterial at more than 1% lowered the obtained improvements [128]. It is suggested that, for better utilization, the amount of nanomaterials is limited to 1%.



Investigations were performed on geopolymer mortar with GGBS and FA binder and free cement with the inclusion of nanosilica [125]. The results indicated that the inclusion of nanosilica reduces the workability of mortars, showing low flow levels. The use of 1%, 2%, 3%, and 4% nanosilica reduces the flow by about 4.1%, 8.4%, 14.4%, and 21.3%, respectively. Compressive and flexural strengths improved by 30% and 33%, respectively, with the use of 1% nanosilica. The values of absorption for geopolymer mortars, as indicated in Figure 10, are in the range of 7.9% to 11.89%. The lowest water absorption was obtained for 1% NS.



The use of DWTS with GGBS binder for manufacturing environmentally friendly geopolymer binder was investigated by Duan et al. [96]. The consistency of fresh mortar was significantly reduced by the reduction in the sodium silicate to sodium hydroxide ratio with the increase in the DWTS to GGBS content. This was due to the high viscosity of sodium silicate and water absorption and porosity of DWTS. The mechanical performance of GGBS-based geopolymers could be enhanced by the use of DWTS of up to 40% and a sodium silicate to sodium hydroxide ratio up to 1.5. An adequate amount of alumina is dissolved from the DWTS, promoting geopolymerization and the formation of C-A-S-H gel and providing enhanced mechanical properties. However, silica dissolution may be hindered by excessive amounts of alumina, leading to a porous matrix. This impact could be reduced with an increased sodium silicate to sodium hydroxide ratio due to extra silica provided by the activator.



The use of WGB was explored by Jiang et al. [24] who reported the significant impact of the sample sizes, as increasing the sample size reduced the compressive strength of the geopolymer paste. Smaller samples can result in higher reaction degrees as well as higher relative humidity and curing temperature. These contribute to the formation of the C–S-Hs and lead to better mechanical performance. Additionally, the XRD, TGA/DSC, mass loss, and carbonation test results indicated the significant impact of moisture distribution, causing different impacts during the geopolymerization process at different reaction stages.



WCB was investigated in GGBS–FA-based geopolymer mortars by Migunthanna et al. [126] as an alternative to normal cement-based geopolymer mortars. WCB did not result in mechanical property improvements. Immersing the mortars in water reduced the strength by up to 27% after 1 month, while some samples were not impacted by the immersion. Most samples had good performance even with water susceptibility. Enhanced resistance to sulfate attack with a maximum expansion of 0.12% was reported by the use of WCB-based geopolymers in comparison with normal cement mortar. In addition, exposing WCB-based geopolymers to sulfate for up to 150 days did not noticeably impact the compressive strength, dimensional stability, or microstructure. WCB-based binders can be used to replace OPC in mortar for developing low-carbon and high-performance material.



Rovnaník et al. [105], on the other hand, investigated BP and fly ash-based geopolymers with a ratio of 1:3. The results, as shown in Figure 11, indicate compressive strengths of 40 MPa and 48 MPa at 28 and 90 days of curing, respectively. The use of a ratio of 1:1 did not provide significant changes in the compressive strengths across the curing periods. Similarly, Wong et al. [163] explored the combination of WCB and fly ash in 10 and 20% replacements for preparing geopolymer mortars. They reported a compressive strength of 44.2 MPa at 28 days from the replacement of fly ash by 10% WCB. There are no significant differences in the reported compressive strength in either study with 10% and 50% replacements of fly ash with WCB. Migunthanna et al. [126] reported a similar relationship when preparing geopolymers from WCB and fly ash, which indicated a non-significant improvement of compressive strength beyond the 40% replacement of fly ash.



SFCC catalyst contains nickel in the stable forms of NiSiO3 and NiAl2O4 [99]. This nickel is partially dissolved when the SFCC catalyst is used for preparing a geopolymer concrete binder with tetrahedral aluminum of negative charge in the geopolymers. On the SFCC catalyst, the faujasite absorbs the main form of vanadium in the catalyst. The faujasite zeolite structure during the alkali excitation process dissolves, leading to the dissolution of adsorbed vanadium. During this process, the vanadium oxide reacts and is converted to vanadate with a negative charge and the ability to dissolve in water. Thus, physical encapsulation or charge balance cannot immobilize the vanadium in the catalyst. However, the vanadium can effectively be removed by pretreatment with oxalic acid without impacting the nickel stability in the geopolymers, leading to non-metal leaching geopolymers [99]. Similarly, Zhang et al. [164] found that the replacement of MK with SFCC catalyst in an appropriate amount can improve the compressive strength of geopolymers according to the quadratic model. However, the compressive strength was reduced by the use of a significant amount of SFCC catalyst. A 20% replacement provided the highest compressive strength which was two times that of MK-based geopolymer binder. The highest compressive strength of 41.22 MPa was obtained with the 20% replacement of SFCC catalysts, which was 21.6% higher than that of the geopolymers without SFCC catalyst. The microstructure and crystal structure analysis indicated that the SFCC catalyst partially participated in the geopolymerization.



The use of SSA with GGBS as precursors with various contents of Na2O as an activator was explored by Zhao et al. [100]. The Na2O content or the modulus of the activators initially increased and then decreased the compressive strength of the geopolymers. The highest compressive strength was obtained at a Na2O content of 6% and 1.2 modulus of the activator. The presence of crystals and quartz in the SSA contributes to the geopolymerization process, leading to a more amorphous structure. Heavy metals in the SSA were adequately solidified following geopolymerization with minimal leaching of the metals.



In comparison with cementitious materials, alkali-activated materials show better durability properties, being more resistant to chlorides and sulfates [165,166], acid attack [167], fire and flames [168], and water and freezing actions [169,170]. Alkali-activated materials undergo degradation from the changes in the materials’ composition by exposure to aggressive environments, and the paste dissolves and becomes damaged [171].



Yang et al. [172] studied the durability of FA geopolymer paste by immersing it in 3% NaCl solutions for 72 h. They obtained satisfactory results with the combining of GGBS in the geopolymer since it acts as a filler, reducing the susceptibility to chloride ion intrusion. The use of 50% GGBS provided a denser structure and greater durability than cement-based geopolymers. Similarly, Gunasekara et al. [173] reported that the penetration of the chloride ions depends on the porosity of the matrix while reactivity depends on the content of lime, silica, and alumina as well as the surface area. A larger surface area and greater content of silica and alumina increase the formation of aluminosilicate gel and result in a less porous matrix, thereby reducing the penetration of chlorides.



The authors of some research explored the exposure to salt spray with controlled chloride concentration, humidity, and temperature [174,175], or immersion in 3.5 to 5% of NaCl solution [49,176]. Finally, most authors evaluated the effects of chloride attack through a saturation procedure in a NaCl solution followed by a drying step.



The impact of temperature is explored by Duan et al. [177] who used FA–MK-based geopolymers cured by microwave radiation. They reported a reduction in the compressive strength with the use of 300 and 400 °C due to the decomposition of the paste, leading to the dragging of Arcand water and breaking of the inner walls of the pores. However, in comparison with concrete, the performance of geopolymer was superior due to its lower mass and strength loss. In addition, Marvila et al. [178] investigated the performance of MK-based geopolymer binders at high temperatures. They found stable mechanical properties even after firing the materials to up to 1050 ºC due to the formation of zeolite. Similar results were obtained by Choi and Park [179].



Freeze and thaw resistance was studied by Zhao et al. [170] in FA–GGBS-based geopolymer binders. The study revealed that the use of 10% GGBS resulted in damaged binders after only five freeze–thaw cycles while 30% GGBS caused damage after fifty freeze–thaw cycles. The use of 50% GGBS provided the highest resistance of 225 freeze–thaw cycles, which is comparable to the freeze–thaw strength of Portland cement concrete, as shown in Figure 12. This was attributed to the denser structure by the high content of GGBS and thus more resistance to freeze and thaw. A question arises on the procedure of the durability test as there is no consensus on the experimental procedure used by authors. However, many researchers carry out the test by using a saturation cycle in chloride or distilled water for 24–48 h at ambient temperature, then a freezing period from 12 to 48 h [180,181,182]. The authors concluded more resistance than in cementitious compositions. Thus, although there is a certain amount of work in the literature, the results show considerable fluctuations with a range of possible causes, such as the type and amount of activators and precursors and the way to carry out the tests.




4.2. Soil


The experimental engineering program performed by Noolu et al. [141] showed that the use of GGBS-based geopolymers significantly changed the Atterberg limits and compaction parameters of treated black cotton soil (Figure 13). Compared to untreated soil, 40% GGBS with 8M of NaOH provided the highest strength by more than five times. The wetting and drying of the soil by up to 12 cycles reduced the strength by about 9%.



In a separate study, Canakci et al. [183] used various pozzolanic materials for geopolymer binders including GGBS for deep mixing improvements. The treated clay soils showed improved unconfined compressive strengths with the increase in the binder content and with the increase in the ratio of alkali liquid to GGBS of up to 1.05. Meanwhile, the experimental study by Mozumder and Laskar [184] compared the performance of GGBS and PFA geopolymer binders for the treatment of clay soil. The results showed superior performance of GGBS-based geopolymers compared to PFA-based geopolymers. Similarly, the increase in the content of the binder increased the strength of the clay due to the higher formation of cementitious gel which filled up the void spaces and increased interparticle bonds.



The efficiency of FA-based geopolymer binder to stabilize sandy soil was investigated by Al-Rkaby et al. [134]. The results indicated brittle yielding of stress–strain curves followed by peak stress and then a sudden failure. Such behavior became stiffer with high unconfined compressive strength and low axial strain with the increase in the geopolymer binder content. In addition, the geopolymer-stabilized soil mixtures exhibited higher strengths than soil mixtures treated with normal cement due to combined pozzolanic and geopolymerization reactions. The compressive strength improvement was aligned with tensile strength improvement which was in the range of 0.4–1.2 MPa, significantly higher than that of cement-stabilized soil. The soil structure was progressively improved by the use of geopolymer stabilizers, leading to gel formation and producing an increase in strength. Similarly, Rios et al. [185] evaluated the use of FA-based geopolymers to stabilize silty sandy soil. The findings of stiffness and strength tests revealed significant improvements in the long term after 28 days of curing. However, reasonable improvements were obtained over the short term.



The use of MK-based geopolymer binders in soil in comparison with concrete requires ambient curing for practical applications. In the study by Zhang et al. [186], MK-based geopolymer was used for stabilizing weak clay. In comparison with other studies, the increase in the binder-to-soil ratio increased the compressive strength of the treated soil due to increased bonding from the effects of geopolymerization. However, the use of less than 15% geopolymer binder resulted in lower short-term strength in comparison with 5% cement by the weight of the soil. However, the long-term strength of geopolymer-treated samples was higher than that of cement-treated samples.



Similarly, the impact of curing and MK content is shown in Figure 14 [135]. The increase in the amount of MK and curing ages significantly improved the unconfined compressive strength of soft soil. Curing time and temperature are the main factors impacting the rate of strength improvement with 40 °C considered a high curing temperature compared 30 °C or 20 °C. The clay particles are covered by the hydration products. The highest compressive strength resulted from the use of MK at 10% and 12%, providing 9.9 MPa and 9.18 MPa at 14 and 7 days of curing.



The use of MK-based geopolymers for controlling dust and as a soil stabilizer of loess soil showed minimal emission of dust in comparison with traditional products such as bitumen and brine [138]. The most effective geopolymer constituents consist of 30% MK activated by sodium silicate and sodium hydroxide, providing 23.9 kN soil strength after 28 curing days [138].



Figure 15 indicates the impact of different contents of alkaline activator (AA) and MK in binders on the UCS of treated soil [140]. It shows a maximum strength at 7 days by 5% AA and 10% MK, with about 419 kPa as a mean value, then a decrease in strength afterwards. This could be attributed to the limited amounts of calcium and sodium aluminosilicate gels when the amount of AA is more than the MK polymerization requirements, with Ca(OH)2 harming the interior structure of the binder by cracking or shrinkage which results in unimproved strength over time. However, when the content of MK is significant, the hydration of lime creates weak alkalinity while Na2SiO3 and Ca(OH)2 reactions result in a poor geopolymerization process. Thus, there should be an optimum amount of both AA and MK for maximum performance. From Figure 15, it is noted that the best content of MK and AA should be 1:2, as the geopolymer binders with the same content of MK always reach the maximum with double the AA content compared to MK. The relation between the strength and the content of GB is illustrated in Figure 15. It shows that the strength increases up to a certain level of GB and then slightly decreases. The maximum strength occurred at 15% GB. This could be attributed to the ratio of CaO and Na2CO3 activators of 1:1, which provides higher lime content than required for the reaction of activators in water. The amount of lime proportionately increases with the increase in the GB content, producing a high amount of Ca(OH)2 and leading to cracks and shrinkage of the soil [23]. Thus, the optimum content of GB should be 15%, while economically it would be adequate to select 12% as it shows a minor difference in strength from 15% GB.



The increase in the Na2SiO3:NaOH ratio increased the unconfined compressive strength of soil stabilized with bottom ash geopolymers [136]. This is due to the reaction of silica and alumina from the ash with the silica from Na2SiO3, leading to C-S-H and C-A-H gels. The maximum strength occurred at Na2SiO3:NaOH ratios of 80/20 and MLS/BA ratios of 70/30, providing 2672 kPa UCS at 7 days of curing [136].



The feasibility of using CCR to activate plant ash geopolymers and stabilize clay soil was investigated by Du and Yang [106]. The high content of activator and precursor as well as curing time increased the strength of treated soil, with maximum performance occurring at 13% plant ash, 16% CCR, and 0.8% NaOH. Brittle strength performance resulted in 1.5% to 3.5% failure strains for various contents of CCR and plant ash. The use of geopolymers increased the liquid and plastic limits and reduced the plasticity of treated soil. The development of strength can be attributed to the flocculation and agglomeration of soil particles with the dissolving of silica and alumina species as well as the production of hydration gels, leading to a dense structure.



Studies on the impact of geopolymer binder on the durability of treated soil are limited and only focus on wetting–drying tests. Rios et al. [185] revealed a stable performance and reasonable residual strength by treating sand with FA-based geopolymers in comparison with cement. In terms of clay soils, Sargent et al. [142] similarly found low volumetric changes with low residual strength and attributed the low performance to the low content of clay in the soil required for cation exchange and chemical reactions. Regarding freeze–thaw resistance, only one study was found, by Abdullah et al. [187], who reported high volumetric changes and low residual strength for kaolin clay treated by FA-based geopolymers. The results suggest less unstable perforation of the soil in freeze conditions than in tropical conditions, indicating the retardation of the geopolymerization reaction at very low temperatures. On the other hand, Odeh and Al-Rkaby [188] used coal-fired fly ash geopolymers to study the mechanical and durability performance of treated clayey sandy soil. A high strength of 1–8 MPa was reported in comparison with only 0.3 MPa for untreated soils. The addition of sand to the clay reduced the optimum ratio of alkaline activator from 0.8 for clayey soil with 5% sand to 0.6 for clayey soil with 10, 20, and 30% sand. More resistance to chloride and acidic environments was reported with the use of geopolymers due to the clay fabric modification caused by interparticle contacts and the resulting bonding caused by gel formation and hardening. Swain [137] indicated reduced swelling pressure by more than 95% with the use of 15% bentonite soil and 40% FA-based geopolymers. The dispersion of bentonite was controlled by the use of an FA geopolymer stabilizer. In addition, xanthan gum and guar gum in different contents mixed with pond ash and soil provided a more durable mixture than bottom ash and soil.



It was revealed that density is inversely related to porosity, though high-density mixtures do not always ensure high strength [189]. In geopolymers, the best density which provides maximum strength is about 1.5 g/cm3 [190]. Generally, the performance of K-based geopolymer is substantially lower than that of Na-based geopolymer, as it provides lower shrinkage and higher strength. The increase in the content of the geopolymer binder increases the compressive strength by 90–400% for high-plasticity clay and by 150–350% for low-plasticity clay at 7 and 28 curing days [139]. High-plasticity soil soaks up more water than low-plasticity soil, and with the use of geopolymers, the water intake of high-plasticity soil is substantially reduced compared with low-plasticity soil. Mass change is reduced significantly by 10% and 4% geopolymer binders for high- and low-plasticity soils, respectively [139].




4.3. Pavement


The geopolymer concept has not been widely explored for enhancing the rheological properties of asphalt mixtures. The use of geopolymers in pavement as an alternative to asphalt modification techniques can be a more sustainable and greener approach due to its effective recycling of by-products and waste as well as lower CO2 emission.



The results of Negahban [12] indicate the effectiveness of using FA–GGBS-based geopolymer cured at ambient temperature in in situ castings and pavement applications when compared to normal cement concrete. The use of a 0.6:0.4 ratio of FA: GGBS by weight activated by anhydrous sodium metasilicate is beneficial as it improves the pore structure, creep, shrinkage, and surface cracking. A layer-based distribution and gradation are displayed in the pore structure of geopolymer where the volume of the pores is reduced from the top to the bottom layers of the concrete section. With this, and with a subsequent profile of shrinkage, significant shrinkage reduction resulted in the restriction of the geopolymer concrete. The restrained shrinkage was reduced by 38–57% after one year, with a significant reduction in creep. This shows the lower tendencies of the geopolymer concrete surface to crack compared to normal cement concrete. With the blend of 0.6:0.4 of FA: GGBS by weight, no surface cracking was observed on the casted geopolymer concrete slab.



Experimental work on the impact of geopolymer on the properties of asphalt was carried out by Hamid et al. [144]. Noticeable impacts on the rheological properties of asphalt were reported with improved susceptibility to temperature, shear modulus, and rutting factor by the use of 3, 6, and 9% geopolymer binder. The strength ultimately increased at 7 days of curing. Figure 16 shows the relation between the failure temperature with the content of the geopolymer and the curing time of the geopolymer. Failure temperature increased with 3, 6, and 9% geopolymer, and increased to 14.2 and 15.2% with the increase in curing time to 7 and 14 days, respectively. This indicates the possibility of geopolymer enhancing the high-temperature grading of asphalt binders.



Figure 17, Figure 18 and Figure 19 indicate the effects of the content of slag geopolymer and curing times on the mechanical and durability properties of a geopolymer-stabilized macadam highway [145]. The unconfined compressive strength of the macadam stabilized by GGBS–FA geopolymer increased to 8.76 MPa and 15.4 MPa, after 7 and 28 days of curing, when a ratio of GGBS: FA: macadam of 4:16:80 was used. A linear relationship can be observed through fitting data for compressive and tensile strengths and elastic modulus with the increase in the geopolymer content. The comparison between the cement–FA-based geopolymer and GGBS–FA-based geopolymer in terms of freeze–thaw resistance and dry shrinkage shows a better performance of GGBS–FA geopolymer. The increase in the content of geopolymer from 2 to 5% decreases the loss of strength after freeze and thaw from 14.2 to 2.5%. Additionally, the strain of dry shrinkage on the GGBS–FA geopolymer content of 3% was 231.2 µε in comparison with 261.3 µε of FA–cement geopolymer. The cementitious materials of the geopolymer itself react, producing a stable product with high strength. The use of FA consumes a large amount of the produced Ca(OH)2, improving the polymerization reaction.



The optimum ratio of sodium silicate to sodium hydroxide for activating the FA in pavement applications was reported to be 2.0 with a solid-to-liquid ratio of 2.5 and 12 M of NaOH [148,191]. These values provide the highest compressive strength compared to other ratios of 1.5 and 3. The OH− increases with the increase in the molarity of NaOH to 12, accelerating the hydrolysis and dissolution processes. In addition, the ratio of silica to alumina increases with the increase in the sodium silicate to sodium hydroxide ratio, providing strong bonds. Additionally, the intermolecular contact rate between the activator and precursor increases with the increase in the solid-to-liquid ratio to 2.5, leading to more dissolved aluminosilicates [148]. FA-based geopolymer provides a compressive strength of 47 MPa, exceeding the requirement for rigid pavement applications, with lower loss of strength, permeability, weight loss, and susceptibility to acid attack in comparison with conventional concrete [45,192]. Thus, it is suggested to incorporate FA in geopolymer binder for rigid pavement due to its high mechanical and durability performance, though further research would be beneficial in terms of the impact on the environment, temperature, and long-term durability under harmful conditions.



A comparison was made between FA-based geopolymer concrete and conventional concrete materials for the base layer [149]. The compressive strength ranged from 10.3 to 34.9 MPa for all geopolymer samples cured for 7, 28, and 90 days. The flexural strength also increased with curing age continuously. FA geopolymer concrete was reported to have lower dry shrinkage than traditional base materials, suggesting reflective crack improvements and good performance of the pavement. The percentage increase of indirect tensile strength was about 50% from 7 to 28 days of curing, with 33 MPa resilient modulus. However, additional research on the behavior of geopolymer bases with the use of various raw materials is essential. In another study, Ojha and Lokesh [193] explored the possibility of using recycled aggregates to prepare FA-based geopolymer concrete and tested it against conventional concrete. The results showed acceptable performance of the geopolymer concrete over conventional concrete. The splitting and tensile strengths were lower than those of conventional concrete though within the permissible range.



The use of recycled waste materials in terms of RAP–S geopolymer in pavement base applications was reported by Hoy et al. [107]. The blending of S with RAP increases the maximum dry unit weight. The blending of 10% S with 10% RAP and curing for 7 days were not able to provide resistance to immersion in water for 2 h. The strength increased with the increase in curing time, though only a 1.5:1 ratio of sodium hydroxide to sodium silicate at 20% S provided adequate strength for base materials at 7 days according to the highway standards. SEM and XRD analyses showed the formation of C-S-H or C-A-S-H gels as the main products from RAP + 20% S geopolymer, with an increase in the content of C-A-S-H over time. Highly soluble silica is the main constituent of sodium silicate activator, providing a faster geopolymerization process and more hydration products when used in a suitable amount. The increase in the activator beyond the optimum level increases the silica content, retarding the rate of geopolymerization and reducing strength. Without the use of sodium silicate (i.e., 100% NaOH), a slow rate of geopolymerization occurs at room temperature. Meanwhile, Rahman and Khattak [194] conducted a series of laboratory investigations to investigate the mechanical, durability, and morphological characteristics of RAP geopolymer concrete and compared it with RAP cement concrete. Results indicated the higher performance of RAP geopolymer concrete than RAP cement concrete in terms of tensile and compressive strengths. Satisfactory resistance to wet and dry cycles, as well as water absorption, was obtained from RAP geopolymer concrete. The morphological study discovered the formation of geopolymer compounds in RAP geopolymer concrete.



Additionally, it is possible to use shredded waste plastic, waste brick aggregates, as well as clay brick waste powder (WBP) for producing MK geopolymer pavement bricks [146]. The compressive strength was from 31 to 48 MPa, which is adequate for brick construction even with the reduced strength of conventional bricks with the use of geopolymers, particularly plastic aggregates. The water absorption of the bricks was significantly reduced by the use of the geopolymer, with 15% WBP. Considering the strength, the developed pavement bricks can be categorized as having a medium–light loading capacity with minimal absorption of water from 3.7 to 5.3% with adequate resistance to abrasion and wear.




4.4. Carbon and Ecological Footprints of Geopolymers


The typical embodied carbon for a precast concrete member is shown in Figure 20. In a structural concrete element, the content of cement by mass ranges from 15 to 25%, though it is responsible for more than 75% of the total emissions of CO2 [195]. The substitution of cement by waste materials such as GGBS and FA can significantly reduce the CO2 emission, though cement is still responsible for a significant portion of the CO2 emission.



Neupane [4] estimated the CO2 emission of geopolymer binder in comparison with cement by the use of published data on the carbon footprint and embodied energy of individual constituents. For instance, Turner and Collins [197] and Heath et al. [198] suggested 1.222 kg and 0.445 kg of CO2 emission, respectively, for the production of 1 kg of sodium silicate liquid. The summary of the literature on CO2 emission for the individual materials of geopolymer and concrete as reported by Neupane [4] indicates that the major contributor to CO2 emission are cement, superplasticizers, and alkaline activators, though superplasticizers have an insignificant impact since they are normally used in small amounts compared to binder and aggregates. Table 6 shows the estimation of the carbon footprint and embodied energy of geopolymer constituents as determined by Neupane [4]. The comparison between cement and geopolymer is shown in Figure 21, which indicates the significant efficiency of geopolymer in terms of carbon emission in comparison with cement. For a similar produced mass, the emission of CO2 and the consumption of energy are lower by about five times and three times compared to cement.



An ecological footprint is the estimation of the biologically productive sea and land area needed for the generation or preparation of renewable resources for consumption by the population and for absorbing waste from animals and human activities. It is the total region of grazing and cropland for producing food for animals and humans, construction area for infrastructure and housing, forest land for absorbing the emitted carbon dioxide from energy consumption and for production of timber, etc. An ecological footprint is usually measured in terms of hectares of biologically productive area [199,200].



For producing concrete, the ecological footprint of the environmental impacts was studied by Akhtar et al. [127]. The investigation compares the cost and total required ecological footprints determined by various standards for the production of normal concrete and geopolymer. The results shown in Figure 22 indicate that geopolymer has a significantly lower ecological footprint in comparison with normal concrete according to all used standards. The contributions to the total ecological footprint by the constituents of concrete and the amounts of energy, labor, and machinery required for concrete production in comparison with geopolymer are shown in Figure 23. For normal concrete, about 90% of the contributions are related to the materials while labor and energy account for only 6–8% and 2–3%, respectively. Cement, among the other materials of concrete, accounts for 95% of the total contribution of the materials to the ecological footprint. On the other hand, geopolymer concrete accounts for about 46%, 10%, and 44% of materials, labor, and energy, respectively. Activators in terms of sodium silicates and sodium hydroxide are higher contributors in terms of energy for geopolymer. The difference between normal concrete and geopolymer concrete is mainly related to the cement since other materials such as water and aggregates have nearly the same ecological footprint in both. However, the heat curing required for the production of geopolymer for 24 h at 85 °C makes a noticeable contribution to the ecological footprint, which contributes to the high energy share of the geopolymer. This can be reduced by limiting the high curing temperature by the use of ambient temperature in hot and dry areas without adversely impacting the strength. The use of hot curing chambers with renewable energy sources could be a vital alternative. Further research is required in terms of the sources of silica, activators, and curing methods for the best usage of geopolymer.



Akhtar et al. [127] compare the cost required for the production of normal concrete by various standards with that of FA geopolymer concrete. The production of 1 m3 of concrete by IS, ACI, and DOE standards costs about USD 81.65, USD 77.23, and USD 73.70, respectively. Meanwhile, geopolymer concrete includes the cost of sand when produced by the DOE code, which is much lower if heat curing is limited. However, the use of by-product materials as precursors in geopolymer assists in the management and commercialization of the waste as well as reducing the number of cement requirements.



Neupane [4] estimated the sustainability of geopolymer binder in comparison with cement by the use of various studies in the literature. The comparison was conducted on various precursors types in geopolymer binders, including GGBS-based geopolymer [201], FA-based geopolymer [202], and FA–GGBS-based geopolymer [203,204], with various activator contents and curing regimes. In general, the temperature requirements for FA-based geopolymer are significantly higher than those of GGBS-based geopolymer due to its low rate of reaction at ambient curing temperatures.



Although FA causes a very low emission of carbon, it has some sustainability issues in geopolymer-based binder since it consumes a considerable amount of energy for curing. Diaz-Loya et al. [202] reported significantly higher embodied energy of FA-based geopolymer than geopolymer cured at an ambient temperature. In normal geopolymer concrete, the main sources of carbon emission and embodied energy are the activators and coarse aggregates. At the same strength grade, FA–GGBS-based geopolymer concrete has a substantially larger sustainable footprint than only FA- or GGBS-based geopolymer concrete as it only has 50% FA content, reducing the required curing temperature.





5. Potential of Geopolymer Concrete Applications in Construction


Geopolymer technology has been considered as a promising technique to reduce or replace the use of conventional concrete by solving the emission and disposal problems from inductors such as rice milling, thermal plants, steel industries, etc. However, challenges are present in achieving comparable or better properties than conventional concrete. These include the requirement of high dosages of alkaline activators and curing temperatures [205]. Another significant challenge is the properties of raw materials such as GGBS, FA, RHA, POFA, MK, etc. It has been reported that the sources of these materials impact their properties, thereby requiring different chemical activator dosages, curing regimes, etc. Thus, mixing proportion criteria are yet to be obtained. This review revealed various parameters for various waste- and by-product-based geopolymers to bridge the gap between laboratories and actual industrial applications. Some advanced curing regimes can be developed regarding the emitted gas from industries by adjusting them to the required temperature inside the chamber where the curing is carried out. Some advanced methods such as nuclear magnetic resonance can be used under XRD that can elucidate the amorphous products formed by mixing various source materials. Furthermore, the pH of the reaction products can be studied to check their acidity or usage in conjunction with steel reinforcement or whether it is too basic to cause other deteriorations.




6. Conclusions and Perspectives


Based on the results presented and discussed in the previous sections, it is found that geopolymer has a possible utilization in various engineering fields as a construction material. Several mechanical and physical properties have been studied and evaluated by various researchers and adequate strengths were obtained. Based on ACI guidelines, most of the obtained strength levels apply to various fields. Through carbon and ecological footprint studies, the efficient and green possibility of geopolymer in terms of carbon emission, required energy for production, and the required labor and machinery was evident.



The production of geopolymer can be achieved successfully, though a better understanding of the short- and long-term mechanical characteristics and durability, the relation between the components of the mix design, and the setting reactions involved is needed. Significant improvements in the research on geopolymer have been made, however, further work is still required. These are related to bonds between aggregates and paste, aggregate- or additive-to-binder ratio, liquid-to-solid or -binder ratio, curing temperature, reinforcements and their behavior in geopolymer concrete or structural elements, etc. Traditionally, and in particular, for FA-based geopolymer, a high curing temperature is required, causing handling difficulty in the field. Thus, efforts are required for developing a system of curing at an ambient temperature for the geopolymer constituents by the use of solid activators instead of alkaline solutions. It is felt that the application of geopolymer is limited by several factors, especially the durability. Additionally, there is a lack in terms of the provision of an appropriate code of practice for the use of geopolymer in various engineering fields, which could be formulated by the use of field and research data for users’ adaptation.
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Figure 1. The polysialate formation of geopolymerization process [26]. 
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Figure 2. Stages of geopolymerization process [54]. 
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Figure 3. Reactions during geopolymerization [59]. (1) Dissolution of Si and Al atoms from the source material through the action of hydroxide ions, (2) Transportation or orientation or condensation of precursor ions into monomers followed by Setting or polycondensation/polymerisation of monomers into polymeric structures. 
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Figure 4. (a) XRD and (b) SEM of FA [7,78]. 
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Figure 5. (a) XRD and (b) SEM of GGBS [89]. 
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Figure 6. (a) XRD and (b) SEM of MK [90,92]. 
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Figure 7. Impact of activator on hydration heat rate and cumulative hydration heat [98]. (a) heat hydration flow curves (the acceleration period and deceleration period), (b) cumulative heat curves of geopolymer binders with different NaOH contents. 
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Figure 8. Impact of activator on the microstructure of MT geopolymer concrete [98]. 
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Figure 9. Compressive strength of normal concrete per various design specifications and FA geopolymer concrete [127]. 
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Figure 10. Gain or loss in flexural strength of GGBS-FA geopolymer mortar with the inclusion of nanosilica [125]. 
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Figure 11. Compressive strengths of prepared geopolymer paste at the ages of 7, 28, and 90 days [105]. 
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Figure 12. Residual compressive strength of concrete specimens after freeze–thaw cycles [170]. 
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Figure 13. Variation of Atterberg limits with the addition of % GGBS [141]. 
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Figure 14. Impact of curing and MK content on the UCS of stabilized soil [135]. 
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Figure 15. Impact of different contents AA, MK, and GB binders on the UCS of treated soil [140]. (A,B) display the UCS of GSC specimens with various AA and MK contents. (C) demonstrates the average UCS of GSC samples with various AA and MK concentrations. (D) shows the UCS of GSC specimens with various GB contents. 
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Figure 16. Impact of geopolymer content and curing time on performance grading [144]. (a) geopolymer content, (b) curing time. 






Figure 16. Impact of geopolymer content and curing time on performance grading [144]. (a) geopolymer content, (b) curing time.



[image: Infrastructures 08 00098 g016]







[image: Infrastructures 08 00098 g017 550] 





Figure 17. Effect of the content of geopolymer on the mechanical properties of geopolymer-stabilized macadam highway [145]. 
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Figure 18. Effect of curing times on the mechanical properties of geopolymer-stabilized macadam highway [145]. 
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Figure 19. Effect of curing times on the durability properties of geopolymer-stabilized macadam highway [145]. 
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Figure 20. Embodied carbon in a precast reinforced concrete member [4,196]. 
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Figure 21. The carbon footprint of geopolymer and normal concrete [4]. 
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Figure 22. Ecological footprint and cost of normal concrete per various standards and FA geopolymer concrete [127]. 
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Figure 23. Share of materials, machinery, energy, and labor in total ecological footprint [127]. 
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Table 1. Chemical compositions of alternative precursors.
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Reference

	
Material Type

	
Chemical Composition




	
SiO2

	
Al2O3

	
CaO

	
Fe2O3

	
MgO

	
Na2O

	
SO3

	
TiO2






	
[96]

	
DWTS

	
33.07

	
48.21

	
2.94

	
6.74

	
1.48

	
0.28

	
1.70

	
0.51




	
[97]

	
SF

	
96.9

	
0.15

	
0.53

	
0.06

	
1.10

	
-

	
0.12

	
-




	
[98]

	
MTs

ATs

	
70.29

	
16.12

	
1.79

	
1.31

	
0.38

	
3.35

	
0.16

	
0.17




	
[99]

	
SFCC

	
37.63

	
55.29

	
0.84 (CeO2)

	
0.58

	
-

	
0.15

	
-

	
-




	
[100]

	
SSA

	
44.40

	
15.14

	
18.75

	
7.86

	
3.00

	
1.96

	
3.01

	
0.91




	
[67]

	
NP

	
46.6

	
30.4

	
4.5

	
3.8

	
4.2

	
3.9

	
-

	
0.6




	
[101]

	
CCA

	
62.34

	
9.55

	
12.65

	
10.16

	
1.33

	
0.55

	
1.3

	
0.61




	
[24]

	
WGP

	
70.30

	
2.20

	
10.64

	
0.82

	
0.96

	
11.21

	
0.33

	
-




	
[102]

	
CBA

	
14.65

	
13.96

	
62.24

	
2.94

	
1.95

	
0.75

	
0.93

	
-




	
[67]

	
LKD

	
14.6

	
0.2

	
80.1

	
0.1

	
0.6

	
3.8

	
-

	
0.3




	
[103]

	
FCC

	
49.61

	
46.23

	
0.09

	
0.70

	
0.19

	
0.70

	
-

	
0.70




	
[104]

	
POFA

	
66.91

	
6.44

	
5.56

	
5.72

	
3.13

	
0.19

	
0.33

	
-




	
[105]

	
BP

	
57.67

	
14.91

	
9.81

	
5.02

	
3.47

	
1.45

	
1.86

	
-




	
[106]

	
PA

	
59.06

	
6.05

	
15.02

	
5.22

	
2.04

	
0.24

	
1.72

	
-




	
[107]

	
RAP

	
3.15

	
4.78

	
40.98

	
0.10

	
36.80

	
-

	
0.89

	
-
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Table 2. Raw materials and mix design of geopolymer applications in concrete and mortar.
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	Ref.
	Type
	Binder (Weight Ratio)
	Activator
	L/b, W/s, S/L, or W/b
	Additive (Add/b)
	Aggregate Type (Agg/b)
	Curing Regime





	[124]
	Concrete
	FA (0.97) + MK (0.03)
	NaOH + Na2SiO3 (3.2, 3.3)
	L/b (0.53)
	PVA (1.5) type (12/39) (1600 MPa)
	Silica sand (0.26, 0.3)
	80 °C (2 h) + 20 °C and 70% RH (2 d, 6 d, 27 d)



	[125]
	Mortar
	GGBS (0.1)

FA (0.9)
	NaOH (1) + Na2SiO3 (2.5)
	L/b (0.4:1)
	NS (0, 0.1, 0.2, 0.3, 0.4)
	River sand (1:1.5)
	Ambient curing (28 d)



	[96]
	Mortar
	DWTS (0, 0.2, 0.4, 0.6, 0.8) +

GGBS (1, 0.8, 0.6, 0.4, 0.2)
	NaOH + Na2SiO3
	L/b (0.67, 1, 1.5)
	-
	Sand (2.75)
	60 °C for 24 h and 23 °C for 28 d



	[97]
	Concrete
	FA (0.20, 0.40, 0.55) + GGBS (0.37, 0.60, 0.80) + SF (0, 0.08)
	Na2SiO3 (anhydrous) + water-glass
	W/s (0.2)
	Borax (0.051)

steel (2.0, 3.0, 4.0) type (13/200) (2000 MPa)
	Silica sand (0.65)
	90 °C (3 d) + air curing at 23 °C (1 d)



	[98]
	Paste
	MTs (0.535)

ATs/slag (0.4/0.6)
	NaOH
	W/s (0.4)
	-
	-
	20 ± 1 °C and RH ≥ 90%, then demolded and cured at 1, 3, 7, and 28 d



	[126]
	Mortar
	WCB + GGBS + FA (0.9)
	H2O
	L/b (0.1),

W/b (0.4)
	-
	Sand (2.75)
	25 °C ± 2 °C and RH 50% ± 2% at 7, 28, and 90 d



	[99]
	Paste
	SFCC +

MK (0.1:0, 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4, 0.5:0.5)
	Na2SiO3 + H2O
	S/L (0, 05, 1, 1.5, 2, 2.5, 3)
	-
	-
	60 °C for 6 h, followed by curing at room temperature for 7 d



	[127]
	Concrete
	FA
	NaOH + Na2SiO3
	W/b (0.32)
	-
	Sand,

coarse aggregate
	Ambient temperature for 7 and 28 d



	[100]
	Paste
	GGBS (0.5)

SSA (0.5)
	NaOH + Na2SiO3
	W/b (0.35)
	-
	-
	Ambient temperature for 7 and 28 d



	[128]
	Concrete
	FA
	Na2SiO3

:NaOH (0.4, 0.45, 0.5)
	
	SP (12 kg/m3)

NC (0, 1, 0, 1)

NT (0, 0, 1.25, 1.25)
	Fine (720 kg/m3),

coarse aggregate (1100 kg/m3)
	Ambient temperature for 7 and 28 d



	[129]
	Mortar
	FA (0, 0.5) + GGBS (0.5, 1.0)
	Na2SiO3 (anhydrous)
	W/s (0.4)
	PE (0–2.0) type (13/17) (3000 MPa) + steel (0–2.0) type (13/180) (2850 MPa)
	Silica sand (0, 0.03)
	Water curing (27 d)



	[130]
	Mortar
	FA (0.1) + GGBS (0.9)
	NaOH + Na2SiO3 (3.2)
	L/b (0.54)
	PE (2.0) type (12/24) (3000 MPa)
	Silica sand (0.3)


	80 °C (2 h) + 20 °C and 70% RH (0–119 d)



	[101]
	Concrete

(two grades of strength, C 30 and 40 MPa)
	GGBS

CCA

(0–100 wt% of GGBS by CCA)
	Na2SiO3 + NaOH (2.5:1)
	-
	-
	Fine (720 kg/m3),

coarse aggregate (1045 kg/m3)
	Immersed in a water curing tank for 28 d



	[102]
	Concrete
	GGBS +

CBA (1:0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, 0:1)
	Na2SiO3 + NaOH (2.5:1)
	
	SP
	River sand (681.56 kg/m3) and granite (1034.73 kg/m3)
	Ambient curing for 7, 14, 28, 56, and 90 d



	[4]
	Concrete

(two grades of strength, C 30 and 40 MPa)
	FA (0.5), GGBS (0.32)
	Na2SiO3 (0.09) + Na2CO3 (0.09)
	-
	WR (0, 1.91, 1.74 kg/m3)

HWR(0, 0.9, 0.77 kg/m3)
	Coarse sand

fine sand
	Ambient curing (28 d)



	[131]
	Paste
	GGBS (generated by charcoal and NaOH (0.05))
	Na2SO4 (0.05) and MgSO4 (0.05)
	W/s (0.45)
	-
	-
	7 d (before immersion in either Na2SO4 or mgso4 solution) and 49 and 91 d (after immersion in Na2SO4 or mgso4 solution)



	[67]
	Paste
	MK:LKD (0.5:0.5, 0.75:0.25, 0.25:0.75)

MK:LKD:NP (0.25:0.65:0.1)

MK:LKD:NP (0.4:0.4:0.2)
	LKD, NP
	-
	-
	-
	50 °C for 7 d and then cured in normal water at 20 °C until 28 d



	[132]
	Concrete
	FA (0.8) + GGBS (0.2)
	NaOH (10) + Na2SiO3 (2.0)
	L/b (0.4, 0.45)
	SP (0.01)

PVA (1.0, 1.5, 1.75, 2.0) + RTS (0, 0.25, 0.5)
	Silica sand (0.1, 0.4)
	20 °C and 60% or 95% RH (6 d, 27 d)



	[103]
	Paste
	FCC
	Na2SiO3 + NaOH (7.5 M, 10 M, 12.5 M and 15 M)
	L/b (0.8 to 2.0)
	-
	-
	1 d at 65 °C and 6 d at room temperature



	[133]
	Concrete
	GGBS (0.94, 1.0) + SF (0, 0.06)
	Ca(OH)2 + Na2SO4, Ca(OH)2
	W/s (0.21–0.45)
	SP (0.0039–0.40) + VMA (0, 0.002, 0.01) + defoamer (0, 0.001, 0.1)

PVA (1.0, 1.3) PE (1.5, 1.75, 2.0)
	-
	Air curing at 23 °C (26 d), water curing at 23 °C (1–88 d)



	[114]
	Paste
	GGBS

FA
	NaOH
	L/b FA (0.3)

L/b GGBS (0.4)
	-
	-
	GGBS for 20 h in a climatic chamber (99% RH, 21 °C) and FA for 20 h in an oven at 85 °C, with RH 99%, followed by curing at room temperature for 2 d or 28 d



	[104]
	Concrete
	POFA (1.0)
	NaOH (8) + Na2SiO3 (3.3)
	L/b (0.50–0.65)
	SP (0, 0.05, 0.10)
	Dune sand (1.8)
	65 °C (1 d) + air curing at 25 °C (126 d)







Note: FA = fly ash, GGBS = ground granulated blast furnace slag, MK = metakaolin, NS= nanosilica, DWTS = drinking water treatment sludge, SF = silica fume, MTs = mine tailings, ATs = activated tailings, SFCC = spent fluid catalytic cracking, SSA = sewage sludge ash, NC = nanoclay, NT = nano-TiO2, CCA = corncob ash, CBA = cow bone ash, WR = water reducer, HWR = high-range water reducer, WCB = waste clay brick, LKD = lime kiln dust, NP = nanoparticles, FCC = fluid catalytic cracking, POFA = palm oil fuel ash, SS = steel slag, SP = superplasticizer; VMA = viscosity-modifying admixture, PVA = polyvinyl alcohol, PE = polyethylene, PP = polypropylene, RTS = recycled tire steel, RH = relative humidity, M= molarity, L/b = liquid-to-binder ratio, W/s = water-to-solid ratio, S/L = solid-to-liquid ratio, W/b = water-to-binder ratio, Add/b = additive-to-binder ratio, Agg/b = aggregate-to-binder ratio, h = hours, d = days.
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Table 3. Raw materials and mix design of geopolymer applications in soil stabilization.
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	Ref.
	Soil Type
	Binder (Weight Ratio)
	Activator
	L/b, W/s, S/L, or W/b
	Curing Regime





	[134]
	Poorly graded clean sand (SP)
	FA (partial replacement with dry soil for 5 min of 0.1, 0.15, 0.2)
	NaOH + Na2SiO3
	L/b (0.4, 0.6)
	Kept for 24 h before being soaked in water for 28 d



	[135]
	Clay
	MK (0.08, 0.1, 0.12, 0.14)
	Na2SiO3 + NaOH (0.5:1)
	S/L (0.38)
	23 °C to completion for 1 d, 3 d, 7 d, 14 d, and 28 d



	[136]
	Lateritic soil (MLS)
	MLS:BA (0.7:0.3, 0.5:0.5, 0.3:0.7)
	Na2SiO3:NaOH (0:1, 0.1:0.9, 0.7:0.3, 0.5:0.5, 0.3:0.7, 0.8:0.2)
	S/L (0.05–0.2)
	At room temperature for 7 d



	[137]
	Bentonite soil (CH)

Dispersive soil (CL-ML)
	FA (0.05, 0.1, 0.15)

PA
	Na2SiO3 + NaOH (2:1)
	L/b (0.1:0.4)
	3, 7, and 14 d (wrapped in cling film and left at 32–35 °C and 50–60% RH)



	[138]
	Loess
	1. MK (0, 0.025, 0.05, 0.075, 0.10, 0.2, 0.25, 0.3)

2. MK (0.3)
	1. Na2SiO3 + NaOH

2. Na2SiO3 + CaO (0.01, 0.05, 0.1, 0.15, 0.2)
	-
	Dried for 28 d



	[139]
	High-plasticity clay (CH)

Low-plasticity clay (CL)
	MK (0.04, 0.1, 0.15)
	NaOH (0.2–0.4) + KOH (0.2–0.45)
	W/s (0.1–0.5)
	0 (6 h), 7, and 14 d wet–dry cycle (submerged in water for 5 h, then placed in an oven at 70 °C for 48 h)



	[140]
	Silty clay
	MK (0.06, 0.08, 0.1, 0.12)
	CaO +NaHCO3 (1:1)
	L/b (0.03, 0.05, 0.07, 0.09, 0.11)
	Curing for 1 d, 3 d, and 7 d



	[141]
	Black cotton soil (BC)
	GGBS (0.1, 0.2, 0.3, 0.4, 0.5)
	NaOH (3–12 M)
	
	Wrapped in plastic film for curing of 28 d wet–dry cycle (submerged in water for 5 h, then placed in an oven at 71 ± 3 c for 42 h)



	[106]
	Marine soft clay (CL)
	PA (0, 0.03, 0.06, 0.08, 0.11, 0.14)
	CCR (0.06, 0.08, 0.1, 0.12, 0.14, 0.16)

NaOH (0.1)
	W/s (0.615)
	RH ≥ 97%; 20 ± 0.5 °C for 7, 14, 28 d



	[142]
	Silty sand
	FA and GGBS (0.1)
	NaOH + Na2SiO3
	
	RH ≥ 97%; 20 ± 0.5 °C for 7, 14, 28 d



	[143]
	Sandy clay
	FA (0.2–0.4)
	NaOH + Na2SiO3
	L/b (0.4, 0.5)
	At room temperature for 28 d







Note: FA = fly ash, GGBS = ground granulated blast furnace slag, MK = metakaolin, BA = bottom ash, PA = plant ash, RH = relative humidity, M= molarity, L/b = liquid-to-binder ratio, W/s = water-to-solid ratio, S/L = liquid-to-solid ratio, W/b = water-to-binder ratio, Add/b = additive-to-binder ratio, Agg/b = aggregate-to-binder ratio, h = hours, d = days.
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Table 4. Raw materials and mix design of geopolymer applications in pavement.
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	Ref.
	Binder (Weight Ratio)
	Activator
	L/b, W/s, or W/b
	Additive (Add/b)
	Aggregate Type (Agg/b)
	Curing Regime





	[144]
	FA (0.03, 0.06, 0.09 by mass of the asphalt binder)
	NaOH + Na2SiO3 (1:0.5)
	L/b (0.)
	-
	-
	For 24 h, 6 d, and 13 d at room temperature, then in oven at 40 °C for 24 h



	[145]
	GGBS- FA (0.02:0.08, 0.03:0.12, 0.04:0.16, 0.05:0.2)

cement-FA (0.03:0.12, 0.04:0.14)
	GGBS-based geopolymer composed of slag and alkaline activator

cement
	-
	-
	-
	(20 ± 3) °C and RH > 90% for 7 d



	[12]
	FA:GGBS (0.4:0.6, 0.6:0.4, 0.4:0.5, 0.63:0.35, 0.45:0.45)
	Na2SiO3:NaOH (1.5, 2, 2.5)
	L/b (0.4, 0.45, 0.5)
	SF (0.4)
	River sand (600 kg/m3)

A nonreactive basalt aggregate (360 kg/m3) (1:1.5:3, binder to fine and coarse aggregates)
	23 ± 2 °C and RH of 50 ± 4% for air drying for 7, 56, 112 d



	[146]
	MK:WBP (0.85:0.15)
	Na2SiO3:NaOH (2)
	L/b (0.65)
	SP (0.02, 0.1)
	Natural sand (475 kg/m3)

natural crushed gravel (ca) (1240 kg/m3)

BA:CA (0.1)

PL:CA (0.1)

WBP:BA:CA (0.1:0.15) WBP:PL:CA (0.15:0.1)
	After 24 h, the demolded samples were covered with thick nylon and kept inside an electrical oven at 50 °C for 45 h till test time



	[147]
	FA
	Na2SiO3:NaOH
	L/b (0.4)

W/b (0.2)
	-
	Narmada river sand (547 kg/m3)

Crushed basalt stone (1277 kg/m3)

(1: 1.3: 3.2, binder to fine and coarse aggregates)
	Thermally cured at 60 °C for 24 h, then at ambient temperature for 7, 14, 21, and 28 d



	[148]
	OPC (1)

FA (1)
	NaOH (8, 10, 12 M)

Na2SiO3:NaOH (1.5, 2, 2.5, 3)
	W/c (0.4)

S/L (1.5, 2, 2.5, 3)
	-
	Fine aggregates (1.84)

Coarse aggregates (2.65)
	At room temperature for 28 d



	[149]
	FA (0.2, 0.15)
	Na2SiO3:NaOH (2.5)
	L/s (0.5)

W/s (0.05, 0.35)
	-
	Crushed aggregate

Coarse and fine aggregates/whole mixture by mass (0.8, 0.85)
	At room temperature 7, 28, and 90 d of curing



	[107]
	RAP:GGBS (0.8:0.2, 0.9:0.1)
	NaOH:Na2SiO3 (1:0, 0.7:0.3, 0.6:0.4, 0.5:0.5)
	L/b (0.09–0.16)
	-
	-
	At room temperature for 7 and 28 d







Note: FA = fly ash, GGBS = ground granulated blast furnace slag, MK = metakaolin, WBP = powder of clay brick waste, BA = recycled clay brick waste aggregate, CA = coarse aggregate, PL = plastic waste aggregate, OPC = ordinary Portland cement, RAP = recycled asphalt pavement. SP = superplasticizer, RH = relative humidity, M= molarity, L/b = liquid-to-binder ratio, W/s = water-to-solid ratio, S/L = solid-to-liquid ratio, W/b = water-to-binder ratio, Add/b = additive-to-binder ratio, Agg/b = aggregate-to-binder ratio, h = hours, d = days.
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Table 5. Summary of geopolymers from several low-reactivity precursors with their compressive strengths.
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	Ref.
	Inert Precursors
	Pretreatment Method
	Supplementary Materials
	Alkaline Activator
	Curing Temperature
	Compressive Strength





	[154]
	Red mud
	Alkali fusion at 800 °C for 1 h
	25 wt% of silica fume
	-
	Ambient temperature
	28 d: ~31.5 MPa



	[155]
	Bentonite
	Alkali fusion at 1100 °C for 3 h
	-
	-
	80 °C for 72 h, ambient temperature
	28 d: ~38.3 MPa



	[156]
	Phosphate tailings
	-
	50 wt% of metakaolin
	NaOH
	80 °C for 24 h, ambient temperature
	14 d: ~53.0 MPa



	[157]
	Vanadium tailings
	Mechanical activation
	50 wt% of metakaolin
	Na2SiO3
	Ambient temperature
	14 d: ~25.0 MPa



	[158]
	Copper tailings
	-
	10 wt% of fly ash
	Na2SiO3 +NaOH
	80 °C for 48 h, ambient temperature
	28 d: ~36.9 MPa



	[159]
	Granite waste
	Alkali fusion at 550 °C for 2 h
	40 wt% of metakaolin
	Na2SiO3
	Ambient temperature
	28 d: ~40.5 MPa



	[160]
	Volcanic ash
	Alkali fusion at 550 °C for 1 h
	30 wt% of metakaolin
	Na2SiO3
	Ambient temperature
	28 d: ~41.5 MPa
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Table 6. The carbon footprint of ingredients of one part of geopolymer [4].
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Geopolymer

	

	

	

	

	

	
OPC






	
Ingredients kg (per kg of binder)

	
Fly ash

	
GGBS

	
Sodium silicate

	
Sodium carbonate

	
Total

	




	
0.5

	
0.32

	
0.09

	
0.09

	
1.0

	




	
Carbon emission (kg CO2-e/kg)

	
0.0135

	
0.0457

	
0.0803

	
0.0225

	
0.162

	
0.86




	
Embodied energy (MJ/kg)

	
0.05

	
0.1056

	
1.611

	
0.1215

	
1.888

	
5.6
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