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Abstract

:

Rapid growth in industrial development has raised the concern of proper disposal of the by-products generated in industries. Many of them may cause serious pollution to the air, land, and water if dumped in open landfills. Agricultural and municipal wastes also cause environmental issues if not managed properly. Besides, minimizing the carbon footprint has become a priority in every industry to slow down global warming and climate change effects. The use of supplementary cementitious materials (SCMs) obtained from agricultural, industrial, municipal, and natural sources can decrease a significant amount of fossil fuel burning by reducing cement production and contribute to proper waste management. Also, SCMs can enhance desirable material properties like flowability, strength, and durability. Such materials may play a big role to meet the need of modern time for resilient construction. The effective application of SCMs in cement-based materials requires a clear understanding of their physical and chemical characteristics. Researchers studied how the flowability, strength, and durability properties of structural mortar change with the replacement of cement with different SCMs. Various experiments were conducted to examine the behavior of structural mortar in extreme conditions (e.g., high temperature). Many scholars have attempted to improve its performance with various treatment techniques. This article is an attempt to bring all the major findings of the recent relevant studies together, identify research gaps in the current state of knowledge on the utilization of SCMs in structural mortar, and give several recommendations for further study. The available results from recent studies have been reviewed, analyzed, and summarized in this article. A collection of the updated experimental findings will encourage and ease the use of various by-products and wastes as SCMs in structural mortar for sustainable construction.
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1. Introduction


Every second, a rain forest with the size of 19 tennis courts vanishes, 1600 tons of ice melt in Greenland, a desert area of 78 m2 expands in China, and 720 tons of CO2 are emitted by fossil fuel combustion [1]. This is how industrial development affects Mother Nature. The cement production industry is one of the prominent industries of the world. The history of cement-based materials is as old as human civilization. The development of modern hydraulic cement began at the beginning of the industrial revolution to meet the requirements of stronger and more durable cementitious products, which can survive in wet and salty conditions. The cement production has hiked up at an increasing rate in the last century. In 2015, the global production of cement was 3 billion tons, which had a 6.3% annual growth rate [2,3]. The production of each metric ton of Portland cement requires about 4–5 GJ of energy [4,5]. Around 60–130 kg of fuel oil or its equivalent and about 110 KW-h of electricity are required to produce one metric ton of cement, depending on the cement type and the processes used [6]. Approximately, 800–1000 kg of CO2 emissions occur during the production of each ton of cement [3,7,8]. About 5%–8% of the global man-made emissions of CO2 is caused by cement production [3,5,8,9,10]. To reduce the risk and impact of global warming and climate change, the “Paris Agreement” was signed in 2016. In this agreement, 152 parties (collectively responsible for 84.64% of the global emissions of greenhouse gases) have agreed to pursue limiting the temperature increase to 1.5 °C above the preindustrial levels [11,12]. The utilization of cementitious and/or pozzolanic by-products and wastes as partial cement replacement materials can be helpful in this perspective. Within the context of this paper, if a secondary outcome of a process has some market value, it is referred to as “by-product”. If it does not have any market value and is usually disposed of, it is considered as “waste”.



Many industrial processes generate a huge quantity of by-products. Agricultural and municipal operations also generate a vast quantity of wastes. The proper disposal of these materials is a big concern. As these materials possess cementitious and/or pozzolanic properties, they can be used as a partial replacement of cement in cementitious composites, thus decreasing the high production cost and environmental pollution associated with cement factories. Such supplementary cementitious materials (SCMs) can save a significant amount of cement and give specific properties to cementitious products that help to meet the requirements of modern construction.



Different SCMs have various chemical and physical properties; thus, they produce different impacts on cement-based materials. Moreover, the generation of a specific SCM depends on a specific industrial, agricultural, or municipal process. Therefore, various SCMs are available in different parts of the world. Besides, the desired properties of cement-based materials mostly depend on the socio-economic and environmental conditions. Some societies are focused on new buildings, while some others are focused on retrofitting. In some cases, the performance is the highest priority while controlling cost is the highest priority in some other cases. Coastal, polar, and desert areas need cementitious products of special properties for their structures. For these limiting conditions, it is difficult to find an appropriate SCM for a specific purpose and optimize its quantity for cement-based materials.



In the present study, the research question was, “how can we utilize SCMs obtained from industrial, agricultural, municipal, and natural sources to reduce the carbon footprint of the construction industry?” To find the answer, scholarly articles were searched through Web of Science, Google Scholar, and Science Direct databases. During the search, the following keywords were used: “SCM”, “supplementary cementitious materials”, “cement replacement”, “mortar”, “fly ash”, “silica fume”, “ground granulated blast-furnace slag”, “palm oil fuel ash”, “rice husk ash”, “bottom ash”, “volcanic ash”, “limestone powder”, “metakaolin”, “glass powder”, and their different combinations. From the search outcomes, only the recent experimental results on cement mortar were emphasized. The fiber-reinforced mortar was excluded from this study because of its different working mechanism and characteristics.



The use of more SCMs as a partial replacement of cement will decrease the cost of cementitious products, reduce the environmental pollution, and consume the agricultural and industrial by-products or wastes; thus, it will contribute to significant progress towards sustainable construction. The objective of the present study is to summarize the effects of the major SCMs on the key properties of structural mortar so that the experts can easily decide a suitable amount for their purpose.




2. Structural Mortar


Mortar is defined as “a mixture of finely divided hydraulic cementitious material, fine aggregate, and water” [13]. Papayianni et al. [14] have classified mortar in three basic types:




	
floor covering mortar,



	
rendering mortar, and



	
structural mortar.








In the case of floor covering and rendering mortars, strength is not a major concern. In certain applications, mortar has a load-bearing role. When a mortar is expected to resist some external forces and provide strength, it is referred to as “structural mortar”.



The strength-oriented application of mortar is rising day by day. The structural mortar is being used as:




	
binding material in masonry work,



	
concrete repair material,



	
matrix of thin reinforced cementitious products or composite systems (e.g., ferrocement, fabric-reinforced cementitious matrix (FRCM), textile-reinforced mortar (TRM), etc.),



	
concrete equivalent mortar in scientific studies, and



	
ultra-high performance concrete.








Versatile applications of structural mortar require different fresh and hardened properties. In masonry work, the mortar should be adequately workable to allow proper placement of masonry units above it. Usually, a mortar strength lower than the masonry unit is recommended so that cracks would occur at the joints [15]. Unlike masonry work, concrete repair and thin reinforced cementitious products need higher flowability to ensure proper placement in narrow and/or congested spaces. The mortar strength directly influences the performance of the whole structure in such cases. Usually, a higher strength is desirable.



The strength requirements of structural mortar for different applications are given in Table 1. To achieve the desirable properties and find a suitable mixture design for structural mortar, SCMs can be very effective tools. The use of appropriate SCMs at a proper ratio can enhance both the fresh and hardened properties of structural mortar, resulting in cost-effective construction and better performance.




3. Major SCMs


The major SCMs obtained from different sources are briefly described in the following subsections. The chemical compositions and key physical properties of ordinary Portland cement (OPC) and different SCMs are given in Table 2.



3.1. SCMs from Industrial Processes


3.1.1. Fly Ash


Fly ash (FA), also known as “pulverized fuel ash”, is a secondary product of coal combustion [91]. Coal-based thermal power plants generate the greatest amount of FA. China, India, and the USA collectively generate more than 75% of global production. In 2008, the global production of FA was 777 million tons [92]. China produces about 600 million tons of FA every year, with a utilization rate of less than 70% [38]. The annual production in the USA is 52 million short tons, whereas the utilization rate is only 44.5% [93]. The main ingredients of FA are SiO2, Al2O3, Fe2O3, and CaO (Table 2). It also contains heavy metals. The presence of heavy metals in FA depends on its source [94]. Coal FA exhibits negligible ecotoxicity, though it contains traceable amounts of As, Cr, Cu, Ni, and Zn. That is why coal FA is not considered a hazardous waste according to the Resource Conservation and Recovery Act (RCRA), 42 USC 6901-6991, and the US Environmental Protection Agency (EPA). On the other hand, municipal waste FA is a hazardous waste because of its contents of Pb, Zn, dioxins, and furans that are carcinogenic to humans. The removal or stabilization of these heavy metals is essential prior to the utilization of municipal waste FA [95]. In most of the studies, FA improved the flow properties of mortar because of its spherical particles. The SiO2 content of FA contributes to the pozzolanic reaction in mortar. Having a much lower specific gravity than OPC, FA increases the volume of mortar mixture if replaced by weight-to-weight (w/w) basis. FA also showed its potential as a solid sorbent for CO2 capture [96].




3.1.2. Bottom Ash


Bottom ash (BA) is a by-product generated from the burning of coal, biomass, or solid wastes. Unlike FA, BA (from coal and biomass) consists of heavier particles and more heavy metals that deposit at the bottom of the furnace [34,97]. The leaching behavior of BA has been a concern. Many studies found alarming levels of heavy metals (Cu, Pb, Zn, Ni, Sr, etc.) leaching from BA. Usually, the acidic pH and the presence of liquid increase the extent of leaching [34,98]. The USA and the EU together produced about 18 million tons of coal BA annually in the last decade [37]. Spain produces 43,200 tons of biomass BA in its power plants per year [33]. The global production of coal BA was about 134 million tons in 2011. For municipal waste BA, the global production was 440 million tons in 2016 [95]. The utilization rate of BA is very low compared to other wastes. For coal BA, it is only 33% in the USA, compared to 55% for FA [32]. The remaining part is used in landfilling as a common disposal practice. BA may cause many issues, namely, respiratory diseases when it gets airborne by winds and groundwater contamination by leaching of heavy metals [99]. The main constituent minerals of BA are SiO2, Al2O3, and CaO (Table 2). The influence of BA on mortar properties depends on its origin (coal, biomass, municipal waste, etc.), particle size, and treatment process.




3.1.3. Silica Fume


Silica fume (SF) is a by-product of the production of silicon and ferrosilicon alloys in electric arc furnaces through the carbothermic reduction of quartz. In recent times, the estimated global production of SF is 1.5 Mt per year [100]. SF mostly consists of SiO2 (Table 2). This high silica content ensures very good pozzolanic reaction. Almost every study showed an improved strength for the substitution of OPC by SF. Owing to its small particle size, the mortar flowability is often reduced by SF [101]. Like FA, the mortar volume increases by the w/w replacement of OPC by SF for its low specific gravity (Table 2).




3.1.4. Ground Granulated Blast-Furnace Slag


Ground granulated blast-furnace slag (GGBS) is a by-product of steel and/or iron production process [102]. In 2014, 7.2 million tons of blast-furnace slag was produced only in the USA; the domestic sale of granulated blast furnace slag was about $175 million in the USA in that year [103]. China produces about 220 million tons of blast-furnace slag annually [104]. The global production of GGBS is about 300–360 million tons per year [105]. The most dominant minerals in GGBS are CaO and SiO2, followed by MgO and Al2O3 (Table 2). GGBS allows a relatively high replacement level of cement without compromising the strength of mortar due to its self-cementing properties [53].




3.1.5. Limestone Powder


Limestone is a widely used natural mineral. Most of the concrete aggregates come from the crushing of limestone. This process generates fines called limestone powder (LP) that cannot be used as aggregate to produce concrete. About 20% of the limestone production is such powder, which is considered a by-product from the production of aggregate for concrete [41]. In 2014, 829 million metric tons of limestone aggregate were used only in the USA [106]. Unlike the other SCMs discussed in this article, LP contains only a small amount of SiO2, but it is rich in CaO (Table 2). Usually, its loss on ignition (LOI) is much higher than that of the other SCMs. Lacking SiO2, LP does not react as a pozzolan. It affects mortar property as a filler and dilution material and acts as a nucleation site for cement hydration [41,107]. Some researchers see the potential of LP in reducing the carbon footprint of cementitious products by 15% [107].





3.2. SCMs from Natural Sources


3.2.1. Metakaolin


The raw material for porcelain manufacture is known as china clay or kaolin. It is a type of stone which is rich in kaolinite. Metakaolin (MK) is a dehydroxylated form of the clay mineral kaolinite. Purified kaolin clay is calcined at a temperature of 650–900 °C to break down crystalline structure and drive off water from it [66]. The production of 1 ton of MK requires 2.95 GJ of energy and releases 175 kg of CO2 [65]. These values are 74% and 27% of those of the cement production process, respectively. Having a high specific surface area or surface fineness and irregular structure, MK raises the water demand of cementitious material for a given flowability. The calcination method determines the shape of MK particles. Smooth surface particles are produced through flash calcination [65]. MK mainly contains SiO2 and Al2O3 (Table 2). Owing to these minerals, MK shows an excellent pozzolanic effect on cement hydration in cementitious composites. Almost every study reported a positive impact of MK on the strength of mortar.




3.2.2. Volcanic Ash


During volcanic eruptions, volcanic ash (VA) is formed by shattering of solid rock and separation of magma. The explosion during an eruption tears the magma and solid rock surrounding the volcanic vent into particles from clay to sand size. The particle size of VA decreases exponentially with the distance from the volcano [108]. Ancient Romans were the pioneers in using VA to make durable mortars for salty environments [62,109]. Usually, VA consists of volcanic glass, minerals or crystals, and other rock fragments (lithics) [108]. Italy is the largest producer of VA. The other major VA producing countries are Chile, Canada, Spain, Turkey, and the USA. VA is rich in SiO2 and Al2O3 (Table 2). It satisfies the criteria for Class N pozzolana [68,69].





3.3. SCMs from Agricultural Wastes


3.3.1. Palm Oil Fuel Ash


Palm oil is one of the most important agricultural products in Malaysia, Indonesia, Thailand, and some other countries. Palm oil residues are used as fuel. This waste goes through the burning operation at 800–1000 °C for electricity generation. In 2010, Malaysia, Indonesia, and Thailand together produced approximately 7 million tons of ash in palm oil mills [110]. This ash is known as palm oil fuel ash (POFA). An appreciable content of SiO2 (Table 2) gives the pozzolanic property to POFA. The raw POFA particles are porous and large, containing a considerable amount of unburnt carbon. The use of POFA without prior treatment may cause some undesirable effects on the properties of cement-based materials [76,111]. Treated POFA can save as much as 80% of OPC without compromising the key properties of mortar [74].




3.3.2. Rice Husk Ash


China, India, Indonesia, and Bangladesh are the top rice producers in the world. The global rice production in 2016 was 716 million metric tons [112]. This amount of rice generated about 150 million metric tons of rice husk. Rice husk is used as a fuel in the boiler for power generation. The ash obtained from the burning of rice husks is known as rice husk ash (RHA). Approximately, 30 million metric tons of RHA can be produced from the present global rice production [83,113]. The physical and chemical properties of RHA vary depending on the burning process of rice husks. A burning temperature lower than 500 °C leaves an objectionable amount of unburnt carbon in the resulting ash [78,83]. Again, the silica may form inactive crystals if the temperature is higher than 800 °C. Moreover, the burning duration should be long enough to burn out all cellulose contained in rice husks and leave white or grey ash [113]. A temperature of 550–700 °C for 1 h, followed by grinding is recommended for high-quality RHA [78]. A proper burning and grinding of rice husks can produce RHA with similar chemical and mineralogical compositions as SF. Alike SF, RHA mainly consists of SiO2 (Table 2). With a much lower specific gravity than OPC, RHA increases the volume of cementitious mixture if used as a partial replacement of cement on w/w basis.





3.4. SCMs from Solid Wastes


Glass is one of the world’s most common commodities. About 11.5 million tons of waste glass are generated annually in the USA, with a recycling rate of only 27% [114]. About 3 million tons of glass were produced in 2011 only in Brazil [85]. In 2001, the amount of nonrecyclable waste glass that went into landfills in the UK was about 1.65 million tons [115]. In 2015, Korea alone produced 40,000 tons of waste of Liquid Crystal Display (LCD) glass panels [116]. Although waste glass powder (WGP) can be categorized as a pozzolanic-cementitious material according to ASTM C618, the risk of alkali-silica reaction (ASR) has limited its use in cement-based materials [84,115,117]. WGP is enriched in SiO2 content; CaO quantity is also significant (Table 2). Unlike other common SCMs, a high content of Na2O is present in WGP. This Na2O may form water-absorbing N–H–S gel in the hardened cement-based products, causing expansion leading to cracking and spalling of hydrated cementitious compound. The use of low calcium SCM along with WGP of smaller particles can minimize the chance of ASR [84,118]. If there is not enough SiO2 left after the pozzolanic reaction, ASR cannot occur.





4. Principal Functioning Mechanisms of SCMs


The effects of SCMs are governed by the laws of physics, chemistry, and thermodynamics. Dodson [119] described that SCMs influence the properties of cement-based materials by:




	
dispersing cement particles,



	
modifying the kinetics of the hydration of cement,



	
reacting with the secondary product of cement hydration, and



	
physically filling the pore spaces in cement paste.








Practically cement paste is a yield stress fluid [120]. The viscosity of binder paste generates viscous stress, resisting the mortar flow. Different sizes of particles move at different rates, causing shear stresses by collision, friction, and interlocking. The interaction between binder paste and aggregate particles also generates stress. Lu et al. [121] have identified the following sources of resistance against the mortar flow:




	
the yield stress of binder paste,



	
the viscous stress of binder paste,



	
the interaction between the binder paste and aggregates, and



	
the stress resulting from the movement of aggregates.








Figure 1 illustrates the active forces against the flow of mortar, as illustrated by Lu et al. [121].



Roussel et al. [120] have identified four main forces that determine the rheological nature of the binder paste:




	
surface forces (or colloidal interactions),



	
Brownian forces,



	
hydrodynamic forces, and



	
various contact forces between particles.








The fresh properties of mortar are basically affected by the size, shape, and surface area of its solid ingredients. Smooth and spherical particles usually improve the flow properties of mortar by ball-bearing effect [29]. In contrast, the smaller size and higher surface area of particles usually reduce the flowability of mortar mixture due to the increased water demand for wetness; also, angular and porous particles absorb some mixing water and thus decrease the flowability of mortar mixture [122]. The static stability of a freshly mixed cement-based material depends on the yield stress (fluidity) and the difference between the densities of binder paste and aggregates [123]. On the other hand, the dynamic stability of a cementitious mixture mostly depends on its viscosity [124]. In close distance, van der Waals force is the most dominant force among the particles in binder paste [125]. Electrostatic repulsion also originates from the adsorbed ions at the particle surface [126]. A smaller portion of cement particles may have Brownian motion and diffuse through the liquid. Usually, most SCM particles are far smaller than cement particles. The substitution of a portion of cement by such particles may significantly increase the Brownian motion, resulting in higher diffusion, reduced bleeding, and more stable suspension [120].



Brownian motion causes the diffusion of cement particles through the liquid. In the course, the particles may come close enough to develop the van der Waals force of attraction. Usually, Brownian motion and electrostatic repulsion are not enough alone or even together to overcome van der Waals force. The addition of water-reducing admixture may increase the distance among particles by getting adsorbed on the surface of cement particles and causing electrostatic repulsion and steric hindrance, thus reducing the magnitude of van der Waals force [120]. These interparticle forces are influenced by the hydration process of cementitious ingredients, material properties, mixture proportions, mixing and placement procedures, elapsed time, ambient temperature, relative humidity, etc. [52].



SCM particles decrease the porosity and increase the strength by filling up the gaps between cement particles. This effect is termed as “filler effect” [127]. The surface of SCM particles affects the hydration in two ways. Providing additional nucleation sites, SCM particles help the hydration products to precipitate [128]. In addition, calcium ions get adsorbed on the SCM surface, resulting in a lower Ca/Si ratio, which leads to the stability of the initial C–S–H (calcium-silicate-hydrate) layer in cement-based materials [129].



Effective water-to-cement (w/c) ratio directly affects the porosity and strength of mortar. The lower ratio gives more strength and less porosity. Partial cement replacement by any SCM will raise the effective w/c ratio at a constant water-to-binder (w/b) ratio. This phenomenon is called “dilution effect”. The dilution effect helps the long-term hydration reaction of cement although the degree of hydration of binder may be relatively low. That is why the substitution of cement by SCM above a certain level may harm the mechanical properties of mortar [56,130]. At a constant w/c ratio, the fineness of binder materials controls the porosity and pore size distribution in cement-based materials such as mortar [131].



The “pozzolanic effect” of SCM is to react with the secondary product, Ca(OH)2 (calcium hydroxide, also known as portlandite), of cement hydration to form additional C–S–H gel (secondary C–S–H). During the pozzolanic reaction, the longer silicate chains are formed as the Ca:Si molar ratio of C–S–H drops [132]. This secondary C–S–H reduces the porosity in bulk cement paste and improves the interfacial bond between aggregate particles, and thus increases the strength, density, and ion diffusion resistance of mortar; pozzolanic activity results in a lower Ca(OH)2 concentration, causing a higher Ca2+ dissolution rate from the cement particles [41,129]. It is possible that the smallest basic particles of C–S–H gel (≤ size 4.2 nm) deposit on the walls of large gel pores, which have a diameter of 3–12 nm. Such deposition causes a partial or complete blockage of diffusion path, reducing the porosity in hardened cement compound [129]. Figure 2 shows an illustration of this phenomenon.



Excessive secondary hydration may have a detrimental effect on the corrosion resistance of cement-based materials [41]. Ca(OH)2 provides a buffer for the pore solution, maintaining a minimum pH level of 12.6. Extreme pozzolanic activity may damage the pH buffer, resulting in a drop of pH to a level at which the embedded steel may start acting as an electrode and become corroded [131].




5. Effects of SCMs on the Properties of Structural Mortar


The effects of various SCMs on the flowability, strength, and durability are discussed in the following subsections. The influences of SCMs on these mortar properties are summarized in Table 3 and Table 4. The best results provided by prominent SCMs are given in Table 5.



5.1. Fly Ash (FA)


5.1.1. Effects on Flowability


FA particles are relatively smoother and spherical compared to cement particles. The ball-bearing effect of the smooth spherical particles of FA usually improves the flow properties of mortar [29]. The flowability of mortar increases with the increased FA content up to 30% [25]. The mortar mixture with 30% FA exhibited a similar flowability with 42% less superplasticizer (SP) as compared with the mortar mixture without FA [89]. A similar effect was observed in the studies of Parghi and Alam [20] as well as Silva and de Brito [56]. Along with the drop in SP demand, the optimum dosage of SP also decreases as the FA content rises [30]. Even at 70% replacement of cement, for the mortar prepared with 0.40 w/b ratio, a flow spread of 194 mm was recorded, when examined according to ASTM C1437 [159]; this flow value was 45% higher than that of the control mixture [24]. FA was also successfully used to prepare self-compacting mortar. In one study, the self-compacting mortars including 25%–40% FA exhibited 11.0–14.8 s V-funnel flow time (measured using a mini V-funnel modified for testing mortar instead of concrete) and 241–250 mm flow spread, compared to the 7.1 s flow time and 247 mm flow spread of the control mortar [26].



The fluidity of a mortar mixture is highly influenced by the particle size of FA. Smaller FA particles give a better flow. The mortar mixture including 5% ultra-fine FA (mean size 3.4 µm) as a partial replacement of cement provided a flow spread of 140 mm, which is 4.5% higher than the 135 mm flow spread of the control mixture; a 40% replacement of cement by normal-size FA was required to achieve the same level of flowability; at a 15% replacement of cement by this ultra-fine FA, a flow spread of 160 mm was achieved; all the mortar mixtures had a constant water content of 160 kg/m3 [24]. The mortar mixture with 20% and 40% FA microsphere (mean size 2.6 µm) gave a flow spread (measured using a mini-slump cone) of 225 mm and 247.5 mm, respectively, at a w/b ratio of 0.49; this is 7.14% and 17.8% higher than the flow spread of OPC mortar [133]. As smaller particles experience more Brownian motion, they result in a better flow due to enhanced dispersion of mortar particles. Despite all the above-mentioned positive effects, high cement replacement by FA (more than 30%) at a relatively high w/b ratio may cause segregation and bleeding problems in mortar mixtures [64].




5.1.2. Effects on Strength


Due to the dilution effect and slow pozzolanic reaction, FA has an adverse effect on the early-age strength of mortar. The early-age strength goes down for a cement replacement by FA in the range of 10%–70% [24,26,28,29,30,43,89,160]. The use of 40% FA causes a 34% decrease in the 28-day tensile strength of mortar [26]. The higher the amount of FA, the lower is the early-age strength [26,29]. The strength gap between the mortar with OPC alone and the mortar with binary FA-OPC binder decreases with age. In some studies, it took 90 days to show a similar or better strength compared to the control mortar [28,29]. Other investigations have shown that it took a longer time to gain a similar strength [26,43]. In the study of Mardani-Aghabaglou et al. [43], the mortar with 10% FA took 200 days to reach the strength of the control mortar; at 300 days, it achieved 5% higher strength. In contradiction with the general trend, Antoni et al. [25] have reported 1.5%–4.5% more compressive strength for 10%–30% FA at the w/b ratio of 0.35.



The particle size of FA plays a significant role in the strength gain of mortar. The mortar with 8% ultra-fine FA (mean size 3.4 µm) as a partial replacement of cement provided 23% higher compressive strength than the control mortar; it showed a better strength up to 15% cement replacement [24]. The use of FA microsphere (mean size 2.6 µm) produced 116.2 and 121.9 MPa compressive strength at 20% and 40% cement replacement in mortar mixture, respectively, compared to the 96.2 MPa compressive strength of OPC mortar [133,135]. A w/c ratio lower than 0.27 is required for such high strengths. Figure 3 shows the detailed results. Using FA microsphere causes a drop in the optimum w/c ratio. It results in more strength at the same flowability, or otherwise, more flowability at the same strength [133]. Due to the lack of lime, nano-FA (mean size 0.04 µm) cannot produce a better strength at 7 days. Accompanied by nano-lime, it can show 14.81% more strength at the age of 7 days [134]. Smaller particles have a better filler effect. In addition, with more surface area, smaller particles offer higher reactivity during secondary hydration. As a result, these effects contribute to increase the strength of mortar.




5.1.3. Effects on Durability and Other Properties


FA improves the sulphate resistance of mortar marginally. The mortar samples with 10% FA showed 0.1% expansion in 180 days [43]. Moreover, the mortar samples prepared with moderate C3A (8%–9%) cement, 4%–22% LP, and 15% FA had less than 0.04% expansion after 12 months [148]. It was also reported that Class F FA can improve the sulphate resistance of mortar at a temperature as low as 5 °C [149]. However, it should be mentioned that the pozzolanic activity of FA forms both needle-like and ball ettringites. The needle-like ettringite formation has an expansive nature. This process may create micro-crack in the matrix and thus it could limit the sulphate resistance of mortar [43].



Figure 4 shows the compressive strength values of different mortars, with 20%–60% cement substitutions by FA, after exposure to high temperature. The mortars containing 20%–60% FA retained approximately 80% of their unheated (27 °C) strength up to 400 °C. At 600 °C and 800 °C, the strength loss is up to 45% and 80%, respectively, for 60% FA. The mortar with 20% FA showed a better performance as compared with the mortars including 40% and 60% FA. At all temperatures, the mortar containing 20% FA had a better strength than the control mortar, though the percentage of strength loss was almost the same. Thus, FA mortar is considered suitable for application in the cases with high fire risk [67]. FA also improves the resistance of mortar against ASR. The mortar samples containing 60%–80% coal combustion by-product (95% FA) had an ASR expansion of 0.058%–0.035% after 28 days immersion in 1 N NaOH solution at 80 °C. In the same condition, the OPC mortar samples suffered 0.212% expansion [147].



Densifying the matrix, FA improves the transport properties of mortar. FA decreased the chloride permeability of mortar at all ages for 10% cement replacement and after 90 days for 20% cement replacement [29,43]. Similarly, almost two-fold and more than three-fold electrical resistivity values were recorded at 180 days for 10% and 20% FA, respectively [29]. Freezing and thawing behavior is highly influenced by the degree of saturation. That is why certain transport properties (e.g., water absorption, water permeability) can be considered as an indirect measure of freezing and thawing resistance. Same as the transport properties, the freezing and thawing resistance of mortar improves with the inclusion of FA. After 300 freeze-thaw cycles, 18% of the compressive strength of 10% FA mortar was lost while 26% was lost for the mortar with no FA [43].



FA poses a higher risk of heavy metal leaching, compared to BA and GGBS. Some metals like Ti, Mo, B, and Cu had a higher degree of release from the stabilized cement-FA mixture. The presence of chloride and sulphate in FA may have caused this phenomenon [95]. In addition, metallic Al and Zn of FA may produce H2 during cement hydration. A significant amount of H2 might result in expansion and voids in cement-based materials [161].





5.2. Bottom Ash (BA)


5.2.1. Effects on Flowability


The effect of BA on the mortar flowability depends on its particle size and treatment process. Ground or sieved BA of 425 µm size enhanced the flowability of mortar mixture; 21% of both ground and sieved BA provided a flow spread in the range of 225–232 mm, while the OPC mortar had a flow spread of 158 mm; the advantage of using sieved BA lies in retaining the flowability of mortar mixture for a longer time. The mortar with sieved BA lost a little amount of flow after 1 h following the completion of mixing compared to the mortar containing ground BA as well as the control mortar with 100% OPC; after 1 h, the flow spread of the mortar including sieved BA was above 220 mm; the mortar with ground BA and the control mortar had 199 and 130 mm flow spread, respectively; the presence of a higher level of washable carbon in ground BA may have caused this phenomenon [37]. Besides, the mortar with 41% pulverized BA of mean particle size 4.5 µm yielded 14% higher flowability than the OPC mortar; the same amount of BA of size 6.3 µm provided a flow spread of 112 mm, which was a little higher than that given by 4.5 µm BA [32]. Smaller BA particles are subjected to higher Brownian motion but require more water to cover their surface with the same film thickness. These two opposing conditions significantly influence the overall effect of BA on the flowability of mortar mixture.




5.2.2. Effects on Strength


The particle size, surface fineness, treatment process, and quantity of BA influence the strength of mortar. The particle size distribution of BA also influences the mortar strength. For 0–2 mm particles, 6% biomass BA provided the 28 days compressive strength of 52 MPa, which is 89.4% of the strength of the control mortar; for any further addition, the compressive strength decreased; high porosity, high organic matter content (5.26%), and high abrasion susceptibility (29%) were responsible for this drop in strength [97]. Crushing to a particle size finer than 125 µm, combusting at 800 °C for 18 h and removing lightweight particles by flotation were applied to improve the quality of biomass BA; among these techniques, crushing was the most effective; for a 13% crushed biomass BA, the compressive strength was increased from 25 MPa to 36 MPa; the application of all three processes on the same sample provided 52 MPa strength for the mortar with the same BA content, while the OPC mortar strength was 58 MPa [33]. The positive impact of BA was observed when it was ground to a size finer than OPC; the mortar with 10% such BA provided the 28 days compressive strength of 54 MPa, which was a little higher than that of the corresponding control mortar; in the case of 25% such BA, the mortar samples still passed the minimum strength requirement of 42.5 MPa [34]. The pulverized sub-bituminous BA was milled for 0.5 and 3 h to make it two and three times finer than OPC (mean particle size of 6.3 µm and 4.5 µm; Blaine fineness of 800 m2/kg and 1000 m2/kg), respectively; for 9% cement replacement, the mortar with such BA gained 4.3% and 10.7% higher strength than the control mortar [32]. After ball milling for 2 h and sieving by 300 µm sieve, 5% BA mortar provided 82 MPa compressive strength at 28 days, compared to the 78 MPa compressive strength of the control mortar; 20% BA mortar provided 85% strength of the control mortar at 28 days [35]. The compressive strength dropped for 10%–20% coal BA with the particle size finer than 425 µm (ground or sieved); 67–72 MPa strength was reported at 28 days for the mortars with this replacement range, while the control mortar had a compressive strength of 79 MPa [37]. Surprisingly, the mortar containing BA of particles finer than 300 µm lost about 32%–42% of its 28-day strength at 180 days; 454,000 parts per billion (ppb) of potassium (K+) ions were detected in the solutions (water plus dissolved salts) processed from the water absorption test of 30% BA mortar samples; this value was only 52,700 ppb for the control mortar samples; ASR may have occurred at this high concentration of dissolved K+ ions, resulting in degradation of amorphous, as well as crystalline silica: the progressive dissolution of K+ ions in ASR imparts the loss of mechanical properties at later ages [35].




5.2.3. Effects on Durability and Other Properties


The water sorption and porosity of mortar progressively increase with the biomass BA content [33,97]. Crushing biomass BA down to 125 µm improves the situation, though the water sorption and porosity of BA mortar still remain higher than those of the control mortar; at 28 days, the porosity of the mortars with 0% BA (100% OPC), 13% BA, and 13% crushed BA was recorded as 9.12%, 10.86%, and 10.62%, respectively; a similar trend was observed for water sorption. At the same age, the recorded sorption values were 3.4, 5.12, and 5.04 kg/m2.min1/2, respectively [33]. Another study revealed that the water absorption and porosity of BA mortar increased during the longer curing period in contrast with the OPC mortar; the water absorption rate of 20% BA mortar was 5.3% and 10.1% at 28 and 180 days, respectively [35]. The release of K+ ions from BA may have triggered the disintegration of silica to cause ASR in mortar and therefore increased the water absorption at later age [35].



The presence of BA improves the resistance of mortar against sulphate attack and ASR; a past study showed that the positive effect of BA is more prominent at higher replacement levels (25%–35%); on the other hand, the BA mortar mixtures were less resistant to carbonation and freezing-thawing action [146]. In addition, the change in the length of the mortar samples in shrinkage test increases with the content of BA, although it stays below the maximum permissible value of 0.05% up to 30% replacement [33,35,162]. The treatments with calcination and combustion along with the removal of light particles significantly reduce shrinkage [33]. After 32 days curing, the autogenous shrinkage of the mortar containing 10%–20% BA was lower than that of the control mortar [37]. Furthermore, the use of BA may cause leaching of various chemicals (e.g., Al, Sr, Na, K, Ca, Si, S, P) from the mortar mixture; at ambient temperature, a lower pH causes higher leaching [34]. Similar alkalinities of cement and incinerator BA and cement solidification mitigate the risk of leaching, making BA a favorable material for cement replacement [98].





5.3. Silica Fume (SF)


5.3.1. Effects on Flowability


Because of having much lower particle size and high surface area than OPC, SF reduces the flowability of the fresh mortar mixture at a given water content. Higher surface area requires more water to create the same water film thickness surrounding the particles. Turk [26] has reported inferior flow for the 5%–20% cement replacement with SF. The mortar mixture including 15% SF exhibited 7% less flowability than the mortar mixture with 100% OPC [46]. The inclusion of SF causes a significant rise in flow time due to increased viscosity. The mortar mixture with 20% SF resulted in 90 s flow time, compared to only 2 s flow time for the OPC mortar mixture. However, CaSi type SF (73% SiO2 and 18% CaO, BET fineness from 22 m2/g) had no impact on the viscosity of the freshly mixed mortar, when the cement replacement was less than 10% [39].



Condensed SF (specific surface area, 13.3 × 106 m2/m3, as obtained using the method proposed by Hunger and Brouwers [163]) lowers the minimum w/b ratio required for the mortar mixture to flow and increases the flowability at the same w/b ratio [135]. The incorporation of SF increases the paste volume for a given w/b ratio because of its lower specific gravity than cement (refer to Table 2). Consequently, it can increase the mortar flowability through enhanced dispersion of aggregate particles. Furthermore, the higher Brownian motion of small SF particles causes a positive impact on the mortar flowability. At the w/b ratio of 0.45, 7.3% condensed SF induced a flow spread of 269 mm (369 mm, without subtracting the base diameter) and a flow rate of 535 ml/s, while it was only 210 mm (310 mm, including the base diameter of the cone) and 405 ml/s, respectively, in the case of the control mortar [135,164]. Because of the size gap between cement and condensed SF particles, it is recommended to add another SCM of intermediate size for a better flowability [165]. The use of FA microsphere (specific surface area: 3.95 × 106 m2/m3 found by the Hunger and Brouwers method [163]) combined with condensed SF showed a good synergistic effect [135].




5.3.2. Effects on Strength


SF consumes the Ca(OH)2 crystals released from the cement hydration process, leading to the formation of secondary C–S–H. This C–S–H reduces porosity, improves the interfacial bond between aggregate particles, and thus increases the strength properties of mortar. At the ages of 28 and 90 days, 10% SF produced the greatest mortar strength among 5%–20% cement replacements [26,39,46]; the mortar with 10% SF gained the compressive strength of 81 MPa at 90 days [39]. Having a larger specific surface area or surface fineness than cement, SF can reduce segregation and bleeding tendency even at higher SP dosages [101,166], thus contributing to higher strength. In one study, the mortar with 15% SF required 3.28% SP (by weight of binder) and gained 63.8 MPa strength at 28 days compared to the 54.4 MPa compressive strength of the control mortar without any SF where only 1.56% SP was used; the use of more SP allowed lower w/b ratio and improved compaction [136]. At later ages, higher SF contents may perform slightly better. The mortar with 20% SF achieved 65.2 MPa compressive strength at 91 days, whereas the mortars including 10% SF and 0% SF (100% OPC) provided 62.6 MPa and 60.6 MPa strength, respectively, at the same age [26]. However, an increase in CaSi SF content from 5% to 20% led to a linear decrease in compressive strength; 20% CaSi SF caused a 35% decrease in 28-day strength [39].



Condensed SF has a high specific surface area of 13.3 × 106 m2/m3 (measured by the Hunger and Brouwers method [163]) because of extremely low particle size. Thus, the inclusion of condensed SF decreases the optimum w/c ratio and increases the mortar strength. The mortar with 7.3% condensed SF had an optimum w/c ratio of 0.199 and achieved 117.6 MPa compressive strength at 28 days but it was 0.289 and 96.2 MPa strength was obtained in the case of the control mortar [135]. Not only the particle size and surface area but also the size distribution of SF particles affects the strength properties of mortar. The mortar including SF with an average particle size of 12 µm and a size distribution over 0–150 µm showed lower strength than the control mortar with 100% OPC. On the contrary, the mortar including 25% SF, with a 45-µm sieve residue of 0.98% and a size distribution over 0–600 µm, provided 3.5% more strength at 28 days; therefore, a 0.98%–4.13% residue on the 45-µm sieve is advisable for the use of SF in high performance mortar [137]. In the presence of 5%–35% LP, SF replacement causes an adverse effect on the strength of mortar due to the reduction of hydraulically active clinker fraction of cement [46].




5.3.3. Effects on Durability and Other Properties


As the proportion of SF goes up, the density of mortar goes down due to the lower unit weight of SF compared to that of cement [26]. However, smaller condensed SF particles cause a rise in packing density and a drop in void ratio; a 7.3% cement replacement caused 8.84% rise in packing density and 30.75% drop in void ratio [135]. In the mortar containing SF, ettringite is only formed inside the pores; the expansion values of SF mortar are lower than those of OPC mortar upon 300 days sulphate exposure due to the absence of needle-like ettringite on the outside of the pores [43]. The mortar samples with 8% cement replacement by SF experienced an expansion of less than 0.1% after 12 months immersion in sulphate solution at 23 °C; the improvement in sulphate resistance was more evident at 5 °C [148]. A combination of 10% SF and 90% OPC conforms with the requirements of sulphate resisting cement [152,167]. The chloride resistance of mortar also increases when SF is used. Only 10% SF can lessen the chloride charges passed by 75% and keep them below 1000 coulombs [43], which is categorized as “very low” in accordance with ASTM C1202 [43,168]. In the presence of micro-SF and/or nano-SF, the carbonation depth of mortar also decreases significantly. The inclusion of 10% micro-SF (finer than 0.5 µm) can cut the carbonation depth of the control mortar by 25% after 28 days of carbonation. Similar improvement was achieved by 1% nano-SF (5–20 nm size) [150]. The mortar samples including 5%–10% SF experienced a mass loss of less than 4% after immersion in sulphuric acid (pH = 1) for 390 days. This value was better than that of the control mortar samples, which had 9% mass loss on average. In the case of acetic acid (pH = 3), 390 days sulphate exposure caused about 50% mass loss for the mortar samples containing 0%–10% SF [151]. The formation of secondary C–S–H also improves the resistance against ASR; 10% replacement of OPC by SF decreased the expansion of mortar samples from 0.19% to 0.02% after 14 days of exposure to NaOH. This value was much lower than the allowable maximum limit of 0.10% [152,169]. The water absorption of mortar is also decreased in the presence of SF. The incorporation of 10% SF dropped the water absorption value to 1.8%, which was 60% less than the absorption value of the control mortar [43]. This value is specified as “good” in accordance with CEB-FIP [43,170]. The effect of SF on the thermal conductivity of mortar is also negligible [47]. Moreover, SF shows superior performance against frost-action in the absence of air-entraining agents. The loss in mass and compressive strength of the control mortar was 1.36% and 26%, respectively, after 300 freeze-thaw cycles; with 10% SF, these values fell off to 0.48% and 7%, respectively [43]. The properties like carbonation and sulphate resistances are mostly influenced by the pozzolanic activity of SF. A small amount (1%–2%) of nano-SF can achieve the equivalent resistance of a much higher amount (10%–20%) of micro-SF. On the contrary, the properties like porosity, water absorption, and chloride penetration depend on both the pozzolanic and filler effects of SF. Only SF nanoparticles may not provide a satisfactory level of performance in such cases. A combination of micro-SF and nano-SF is recommended to achieve good durability of mortar [150].





5.4. Ground Granulated Blast-Furnace Slag (GGBS)


5.4.1. Effects on Flowability


GGBS enhances the flowability of mortar mixture due to its conducive surface characteristics. With the addition of GGBS, the flowability can be enhanced for 10%–30% cement replacement. At 30% substitution, the flow spread of mortar was raised by 28 mm (from 204 mm to 232 mm) [49]. The influence of GGBS on the mortar flowability depends largely on the surface morphology of GGBS particles. GGBS consisting of particles with smoother surface enhances the flowability of mortar mixture [153].




5.4.2. Effects on Strength


Although 10% GGBS resulted in lower compressive strength, larger amounts showed a significant improvement in the mortar strength as compared with OPC alone [49]. For 50% GGBS, the compressive strength of mortar was increased by 4.6%–15.1% depending on the binder content and SP dosage [50]. The positive effect of GGBS on the mortar strength is more pronounced at a lower binder content. The highest compressive strength (56.7 MPa) was achieved at 1:2 binder-to-sand ratio and 0.4% SP. The mortar with 60% cement replacement had a similar strength as compared with the control mortar [50]. In another investigation, 30% GGBS showed a better strength than 50% GGBS [60]. At high-temperature curing, the loss in strength is higher in the mortars with GGBS; however, both 30% and 50% GGBS can retain a better strength at least up to 60 °C curing temperature [60].



The strength development is slower in GGBS mortars. The half-strength age of the mortar with 50% GGBS is 13.4 days whereas it is only 3.4 days for the mortar with no GGBS. This gap closes with the rise in curing temperature. At 60 °C, the half-strength age of the above-mentioned mortars is 1.2 days and 1 day, respectively [60]. In binary blending with calcium aluminate cement (CAC), GGBS converts CAH10 (monocalcium aluminate decahydrate) mostly to C2ASH8 (straetlingite) instead of C3AH6 (katoite) up to 210 days; it hinders the strength reduction due to the conversion of CAH10 to C3AH6; thus, the strength progressively increases beyond 28 days [48]. This eliminates the primary drawback of using pure CAC under hot climatic conditions. With the inclusion of 80% GGBS, 20% loss in ultimate strength turns into 50% gain at 20 °C; a GGBS content of more than 40% causes the formation of stable straetlingite (C2ASH8), hindering the formation of C3AH6, resulting in less porosity and more strength; the mortar with 40% GGBS achieves an ultimate compressive strength more than 40 MPa if cured continuously at 50 °C for 210 days; the same mortar reached 75.7 MPa when cured at 20 °C for 28 days and then at 50 °C for 182 days [48].




5.4.3. Effects on Durability and Other Properties


The slow rate of pozzolanic reaction causes high porosity and water absorption for GGBS mortar at an early age. After 28 days, both 20% and 30% GGBS show a better performance. The mortar with 30% GGBS had a water absorption value less than 12% [49]. In addition, GGBS improves the resistance of mortar against sulphate attack. Pozzolanic reaction leaves very little Ca(OH)2 to form ettringite and reduces the permeability of mortar by closing pore openings with secondary C–S–H. Additionally, GGBS does not contribute to increase the quantity of C3A in mortar. These effects help to resist sulphate attack [153]. The mortar samples with only 20% GGBS expanded less than 0.10% after 12 months immersion in a sulphate solution. At 5 °C, 60% GGBS kept the mortar samples intact (<0.1% expansion) even after 45 months immersion in Na2SO4 solution [148]. The chloride diffusion rate drops with the inclusion of GGBS up to 50% replacement of OPC. The mortar samples without GGBS had observable chloride ions after 45 days, while 30% GGBS had a breakthrough time of 73 days with 60% smaller diffusion coefficient. After 270 days, the chloride concentration in the mortar samples with 0%, 30% and 50% GGBS was 1000, 370, and 40 mg/l, respectively [154]. With an increase in GGBS content, the electrical resistivity of mortar increases for SSD (saturated surface-dry) condition and decreases for OD (oven-dry) condition. The mortar with 20% GGBS showed very close values in both conditions as compared with the control mortar [49].





5.5. Limestone Powder (LP)


5.5.1. Effects on Flowability


The grindability of limestone is higher than that of cement clinker. Hence, LP has a wider particle size distribution compared to cement. Fine granulated limestone particles can fill in the wide size-range pores between cement particles and lessen water requirement [46]. For this reason, the mortar flowability rises with the increased quantity of LP [25,46]. In the study of İnan Sezer [46], the mortar including 35% LP gave a flow spread of 147 mm. A similar trend was observed in the presence of pozzolanic materials (e.g., SF, FA). For 15% LP, a flow spread greater than 136 mm was recorded in the presence of SF and FA [25]. The use of 30%–70% LP led to a slightly greater reduction in the requirements of both water and SP than FA to ensure self-compatibility [56]. For self-compacting mortar, the optimum LP content for good flowability is 10%–15%. A flow spread of higher than 300 mm and a V-funnel flow time of less than 4 s were achieved in this LP range [138]. The viscosity becomes consistently higher in a mortar with LP. The highest viscosity was attained at 30% LP [138]. The higher fineness of LP may also enhance the spreading of mortar mixture due to the greater Brownian motion of smaller particles. The use of 10% LP, passing mesh #1500, induced a flow spread greater than 135 mm at the w/c ratio of 0.35 [25]. The cement paste volume (the volume of water plus the solid volume of cement in a mortar) has a significant impact on the effectiveness of LP in enhancing the mortar flowability. At a higher cement paste volume, the use of LP is more effective to increase the flow spread of mortar; the positive impact of LP on the flowability of mortar mixture was only observed if the cement paste volume was at least 58% [139].




5.5.2. Effects on Strength


The chemical reaction of LP with the alumina phases of cement produces carbo-aluminates, which fill in pore spaces in mortar. Thus, the incorporation of LP contributes to the strength of mortar by filler effect. After the consumption of all the available alumina, the excess LP cannot react to add to the strength of cement-based materials [140]. The optimum level of LP was suggested as 2.4% with respect to the maximum compressive strength of non-self-compacting mortar; for this optimum LP content, about 20% more compressive strength was achieved at 28 days [140]. For self-compacting mortar, the optimum LP content for good strength lies in the range of 16%–23%, which provided 50 MPa compressive strength at 28 days [55,138]. An excessive amount of LP is not conducive to the compressive strength of mortar. The use of 50% LP resulted in a 33% drop in 28-day strength, although it had a better early (2 days) strength [59]. Some other studies had contradictory findings about the effect of LP on the strength of mortar. For 5%–35% LP, a drop in compressive strength was observed at all ages [41,46]. The incorporation of 35% LP provided only 59% compressive strength of the control mortar at 28 days [46]. The effect of LP on strength is highly influenced by the cement paste volume of mortar mixture. The strength is impacted positively by LP only for the cement paste volume of 50% or larger; the mortar with 50% cement paste volume reached the highest level of strength; the use of 36% LP provided 60 MPa compressive strength at 28 days that was 6.8% higher than the strength of the control mortar [139].




5.5.3. Effects on Durability and Other Properties


As a filler, LP lowers the water requirement of mortar mixture for a given flowability, and thus decreases its porosity; on the other hand, the reduction in cement content increases the effective w/c ratio, which causes more porosity [171]. The interaction between these two effects determines the end effect of LP, which is highly influenced by the amount and fineness of LP [107]. Practically, the effect of 20%–30% LP on the porosity of cement paste is insignificant; the porosity increases linearly with further addition. Several recent studies reported a higher porosity after the inclusion of LP, whereas many studies reported the opposite trend; few published works showed a lower porosity up to an optimum level of 15%–18%—more LP above this range resulted in a higher porosity [107]. In combination with the other SCMs (e.g., FA, GGBS, SF, MK), LP improves the pore structure related properties (e.g., porosity, absorption, permeability) if used with an appropriate amount [107]. The packing density decreases as the LP content increases at a fixed cement paste volume. The packing density dropped from 0.720 to 0.705 for a rise in LP content from 0% to 34% at 50% cement paste volume [139]. Usually, the sulphate resistance of mortar is not affected by LP content. However, higher cement replacement levels with LP may cause earlier failure due to sulphate attack [148,149]. Torres et al. [155] have expressed their concern for exposure to low-temperature and marine environments. They observed that the mortar samples with 5%–35% LP underwent higher deterioration than the control mortar samples with 100% OPC when stored in 1.8% MgSO4 solution for 5 years. The extent of deterioration increases with the content of LP. The mortar samples with 5% LP took 5 years to have higher deterioration than the samples with 15% LP had after 1 year [155]. Moreover, together with white Portland cement, 31.9% LP caused a hike in carbonation depth; after 7 days of exposure to 1% (v/v) CO2 at 20 °C and 57% relative humidity, there was a measurable degree of carbonation; the carbonation rate was 0.85 mm/d1/2 while it was only 0.17 mm/d1/2 for the samples without LP, up to 280 days of exposure [58].





5.6. Metakaolin (MK)


5.6.1. Effects on Flowability


A significant increase in viscosity and a decrease in flowability are associated with the incorporation of MK [65]. The mean diameter (D50) of MK particles is approximately three times smaller than that of cement. The higher specific surface area or surface fineness and smaller particle size of MK have an adverse effect on the flowability of mortar mixture [64]. The calcination method has a second-order influence on the shape of particles; the smaller particles can have smoother surface through the flash calcination process [65]. In mortar, 42% reduction in fluidity was observed with 25% MK [64]. In addition, MK incorporation reduces segregation in mortar. In a recent study, 15% MK enabled to raise the w/c ratio from 0.35 to 0.41 at a segregation index of 20% [64].




5.6.2. Effects on Strength


The partial replacement of cement with MK improves the strength properties of mortar, showing more prominent influence at a lower w/c ratio [64]. The mortar prepared with a w/b ratio of 0.17 and 10% MK achieved the highest compressive strength; the compressive strength of the plain mortar (unreinforced mortar) with 10% MK was above 80 MPa at 28 days. In the presence of MK, the flexural strength followed the same trend for the reinforced mortar but dropped for the unreinforced mortar. MK promotes homogeneous dispersion and enhances the bonding of steel fibers in cementitious matrix, thus improving the flexural strength of reinforced mortar [66]. The flexural and impact strengths rise with the MK content up to 15%; however, 10% MK maximizes the enhancement, which is about 34% [141,142]. In another study, the mortar made with a w/b ratio of 0.30 and 20% MK gained 120 MPa compressive strength at 28 days, which was 21% higher than the strength of the control mortar [67]. Furthermore, the mortar produced with a w/b ratio of 0.485 and 10% MK provided the same strength as the control mortar at 28 days and 10% more strength at 300 days [43].



When used together, MK virtually eliminates the chemical retardation effect of ZnO, which enables the waste materials containing ZnO (e.g., electric arc furnace dust) to be used in cement-based materials. The MK-ZnO combination containing 1% ZnO calcined at 650 °C had 23% improvement in compressive strength. The strength increased with the calcining temperature in the range of 500–650 °C; at the calcined temperatures of 600 °C and 650 °C, both the mortars with and without ZnO achieved a higher strength than the OPC mortar [144].



MK nanoparticles (Blaine fineness of 48 m2/g and average dimensions of 100 × 50 × 10 nm) have both the filler and pozzolanic effects, which enhance the strength of mortar. On the other hand, at higher contents, they reduce the C3S and β-C2S phases in blended cement and agglomerate around the OPC grains, hindering the hydration of cement. As a result of these opposing effects, the compressive strength increases with the increasing replacement of cement up to 5%, then it decreases with any additional amount of nano-MK; 23% higher compressive strength was attained for 5% nano-MK [145].




5.6.3. Effects on Durability and Other Properties


The incorporation of MK forms a larger fraction of the pores that are connected to the external surface through smaller neck entrances; thus, a drop in resistance against carbonation occurs in the mortar which contains MK [58]. The mortar with 31.9% MK in a dual combination with white Portland cement suffered a measurable level of carbonation at 7 days for exposure to 1% (v/v) CO2 at 20 °C and 57% relative humidity. After 280 days, the carbonation coefficient was 0.61 mm/d1/2, while it was only 0.17 mm/d1/2 for the mortar sample without MK [58]. The use of 10% MK reduced the water absorption value from 4.2% to < 3%, which is the maximum limit specified for “good” quality of cement-based materials according to CEB-FIP [43,170]. MK raises the resistance of mortar against sulphate attack; in the mortar containing MK, ettringite is only formed inside instead of both inside and outside of the pores [43]. The mortar with only 10% MK can survive the sulphate exposure beyond 300 days [43,148]. The mortar samples with 10%–20% MK suffered an expansion rate which was only half of that of the control mortar samples after exposure to 50 and 150 g/l Na2SO4 solution for 180 days. Even in 150 g/l solution, the mortar samples containing 15%–20% MK had less than 0.1% expansion after 180 days [156]. The mortar samples incorporating 18% MK and 4%–10% LP sustained 540 days of exposure in sulphate solution at 5 °C [148]. At normal temperature, MK increases the chloride ion penetration resistance of mortar; 10% MK caused 65% reduction in the charge passed; the chloride ion penetration values of the mortar samples containing 10% MK were 1000–2000 coulombs, specified as “low chloride ion penetrability” in accordance with ASTM C1202 [43,168]. Mlinarik and Kopecskó [151] also have reported similar improvement. However, MK affects adversely the chloride ion penetration resistance if the temperature is above 400 °C because the denser hydration product of MK mortar suffers more due to internal cracking caused by evaporable water; at 600 °C, 20% MK turned “moderate” chloride ion penetrability into “high” [67,168]. The partial replacement of cement by MK results in a drop of alkali that comes from the cement content of mortar mixture and thus reduces the possibility of ASR [156]. In addition, by pozzolanic reaction, MK lowers the permeability of the matrix and causes a drop in the pH of pore solution. For these reasons, MK improves the ASR resistance of mortar. The MK content of 15%–20% kept the mortar expansion below 0.1%, which is considered the maximum safe limit [156]. Although the application of MK was found very effective in the case of sulphuric acid attack, it could not perform well against acetic acid. The mortar with 10% MK had a drop in mass loss from 9% to below 1% after 390 days of exposure to the sulphuric acid of pH value 1. When it was exposed to the acetic acid of pH value 3 for 390 days, the loss in mass was almost 50% for 0%–17% MK [151]. In addition, 10% MK improves the resistance of mortar against freezing and thawing. After 300 cycles, the loss in compressive strength and mass was 11% and 0.7%, respectively, for the mortar with 10% MK, while these losses were 26% and 1.36% for the OPC mortar [43]. The shrinkage reduction at later ages (56 days) was also remarkably improved due to the partial cement replacement by MK [64].



The mortar samples containing MK continuously lose compressive strength with increased temperature; at 200 °C, 400 °C, 600 °C and 800 °C, as much as 9%, 15%, 35%, and 79% strength loss occurred, respectively; the mortar with 20% MK had more strength than the control mortar after exposure to the higher temperature up to 800 °C; the MK mortar samples retained 80% of the unheated strength only up to 400 °C; therefore, MK mortar should be used carefully for the structures with a risk of being exposed to a temperature of 400 °C and above, [67]. The nanoparticles of MK affect the strength of mortar differently. At high temperatures (up to 800 °C), the higher (5%–15%) the nano-MK content, the better is the strength. The exposure to 250 °C and 800 °C for 2 h resulted in a rise of 36.6% and a drop of 46.5% strength, respectively, for the mortar with 15% nano-MK, while the respective values were 28.4% and 57% for the OPC mortar [145].





5.7. Volcanic Ash (VA)


5.7.1. Effects on Flowability


The effects of cement replacement by VA on the flowability of mortar mixture have not been discussed in any of the recently published works. Existing literature on the fresh properties of the mortar with VA only discussed the setting time of mortar. Replacing cement with VA has a retarding effect on the initial and final setting times of mortar at normal temperature (23 ± 3 °C) but an accelerating effect at a higher temperature [60,68,71]. Accelerated initial setting time is expected to cause a significant loss of the flowability of mortar mixture.




5.7.2. Effects on Strength


In most of the studies, the mortar strength decreased with an increase in its VA content; the 28-day compressive strength dropped by 17%–32% for 20%–25% VA, with a particle size in the range of 20.0–21.7 µm [68,69,70,71]. After 90 days curing, the mortar with 20% VA achieved higher strength than the control mortar; the compressive strength of 40–42 MPa was reported for the mortar with VA compared to the control mortar strength of 34–40 MPa [60,69]. Finer particles and higher curing temperature showed significant improvements in the performance of VA mortar. The mortar samples with 20% VA of 320 m2/kg Blaine fineness achieved 10% higher compressive strength than the control mortar samples (100% OPC) at 28 days, when the curing temperature was 20 °C. This effect was further enhanced with increased curing time and temperature. After 90 days curing at 60 °C, the mortars with 10%–30% VA obtained 33.1–33.4 MPa, compared to the 28.8 MPa compressive strength of OPC mortar [60]. For a rise in VA content up to 40%, the total heat of hydration falls from 50.6 kJ/kg to 35.0 kJ/kg, which makes the use of VA more desirable where thermal cracking is a major concern [68].




5.7.3. Effects on Durability and Other Properties


With the increased content of VA, the total pore volume and electrical resistivity of mortar rise and its chloride ingress falls; for 40% VA, the chloride concentration is 0 beyond 25 mm depth after 7 days curing, which is 45 mm for the control mortar; after 120 days curing, the chloride diffusion coefficient is higher in the mortar without any VA than in the mortars containing 20%–40% VA; in corrosion resistance test, the mortar samples with 20%–40% VA remained passive for 6 to 7 weeks compared to only 2 weeks for the mortar samples without VA; in corrosive environment, the mortar samples with 40% VA had only 0.12% mass loss and 5.1% corroded area after 365 days curing, while the respective values were 0.61% and 9.1% for the control mortar samples [70]. In addition, 25% VA kept the expansion due to ASR close to 0.05% after 14 days; this expansion was above 0.40% for the control mortar [69].





5.8. Palm Oil Fuel Ash (POFA)


5.8.1. Effects on Flowability


The use of unground POFA decreases the flowability of mortar mixture; 30% unground POFA needed more than double SP dosage to get a flowability which is close to that of the control mixture [111]. The grinding of POFA can compensate for its negative impact on the mortar flowability. The overall porosity of POFA particles becomes lower if they are ground to smaller sizes [77]. This means the absorption of water by POFA particles will be lower during the mixing process of mortar and thus more water will be available for its better flow. Also, smaller POFA particles will experience greater Brownian motion [120] and therefore they will enhance the mortar flowability. It was observed in an earlier study that the mortar with ground POFA can reach a very close flowability of the control mixture without any extra SP dosage [76]. The incorporation of equal amounts of POFA and pulverized burnt clay in a mortar mixture increases the saturation dosage of water-reducing admixture. In this case, the advantage of using POFA becomes more pronounced at higher w/b ratios. The mortar mixture with 10% POFA and pulverized burnt clay (5% each) together had the best performance for the w/b ratios of 0.30–0.40; the highest flow spread (310 mm) was achieved for 10% cement replacement at 0.35 w/b ratio with 2%–2.25% water-reducing admixture [72].




5.8.2. Effects on Strength


POFA contributes to increase the strength in two ways, as a filler and through the pozzolanic effect. Again, the dilution effect counteracts the former effect. The ultimate effect of POFA on strength highly depends on its particle size, replacement level, and treatment process. Usually, the smaller particles produce higher strength because of greater reactivity and better micro-filling capability [77]. POFA of 82 µm median particle size and 25.5 m2/g BET fineness had an adverse effect on the compressive strength of mortar at all ages and the strength decreased with the higher replacement level; the use of 20% POFA decreased the 28-day compressive strength by 22% [111]. The mortar incorporating POFA of 32 µm median particle size and 0.357 m2/g BET fineness reached the compressive strength of the control mortar (100% OPC) at 28 days for 10% replacement; any further increase in POFA content resulted in a lower strength [76]. The positive influence of POFA was found for the particle size of 12.3 µm and Blaine fineness of 12,285 cm2/g. For the mortars containing such POFA, the relative compressive strength was 100.5%–105.5% of the strength of OPC mortar at all ages for 10%–30% contents. Even the mortar including 40% such POFA provided 3.8% more strength than the control mortar at 90 days [77]. The heat treatment followed by grinding significantly improves the strength performance of POFA [74]. Heating POFA at 500 °C for 1 h and grinding until it reaches the median size less than 1 µm resulted in 146% more fineness than OPC. After this treatment, ultrafine POFA reached the strength activity index of 105% at 28 days [74]. The heat treated POFA (ultrafine POFA) significantly improves the compressive strength of mortar, even at a very high replacement level of cement. The mortar containing 80% ultrafine POFA gained more strength than the control mortar with 100% OPC at all ages, as evident from Figure 5; at 28 days, it reached a compressive strength above 45 MPa for 0.40 w/b ratio, which is far more than the strength of the control mortar [74]. In contrast, ground POFA obtained after drying at 105 °C for 24 h and then grinding to 90% passing through 45-µm sieve is not effective like ultrafine POFA in improving the compressive strength of mortar, particularly at a very high replacement level of cement, as can be seen from Figure 5; the mortar with 80% ground POFA provided lower compressive strength than the control mortar with 100% OPC.




5.8.3. Effects on Durability and Other Properties


The incorporation of POFA may lead to a rise in the water absorption and permeable porosity of mortar at all ages depending on the particle size distribution of binder. Both water absorption and permeable porosity increased by more than 50% at 90 days for 30% POFA [111]. The use of 10% POFA gave a similar permeability as compared with the OPC mortar but higher replacements affected permeability adversely; 30% POFA increased the permeability of mortar by up to 200% at 28 days [76]. Furthermore, POFA mortar showed a better resistance against sulphate attack; the expansion values due to external sulphate attack were 0.046%–0.068% for the POFA mortars whereas the control mortar had an expansion value of 0.075%; the expansion of mortar samples was reduced by 37% for 20% POFA [157].



The porous texture of POFA can entrap the free water (not considered as adsorbed water, which causes the disjoining pressure in capillaries); the removal of this moisture from the cement-based materials containing POFA does not cause shrinkage; besides, the low rate of pozzolanic reaction decreases the tensile strength that exerts on the walls of capillary pores. For these reasons, 30% POFA caused 15% less drying shrinkage in the mortar samples at 28 days [76]. Moreover, the total heat of hydration decreases with an increased amount of POFA [75]. The high volume of POFA can be used in mortar for the circumstances where the prevention of volume change and thermal cracking due to extreme thermal stress is required [74,75].





5.9. Rice Husk Ash (RHA)


5.9.1. Effects on Flowability


The porous nature, lower particle size, and higher surface fineness of RHA tend to increase the water requirement of mortar mixture for its flowability [113]. The flow time of RHA mortar obtained from the mini V-funnel test increased by 12.5%–37.5% when 5%–20% RHA was used with the same SP dosage; however, the flow spread was not significantly different from that of the control mortar including 100% OPC [113] due to the increased paste volume resulting from the lower specific gravity of RHA (refer to Table 2) that enhanced the dispersion of fine aggregate particles. Self-compacting mortar can be produced using 5%–30% RHA with high-range water-reducing and viscosity-modifying admixtures at a relatively low w/b ratio [113,123].




5.9.2. Effects on Strength


Coarse RHA may decrease the compressive strength of mortar owing to larger and porous particles. An increase in coarse RHA content from 5% to 20% caused a decrease in strength of 37% after 90 days, with more influence at early ages [113]. The burning temperature of rice husks and the particle size of RHA influence the strength performance of RHA mortar. In the study by Antiohos et al. [79], the lower burning temperature (by approximately 50 °C) resulted in higher amorphous silica content (by nearly 7%). This extra silica helped to gain more strength at all ages for 10%–30% RHA. Antiohos et al. [79] reported that the RHA particles with a Blaine fineness of 4000 cm2/g could only be considered beneficial for the strength of mortar after 28 days; further grinding to the Blaine fineness of 7000 cm2/g improves the performance of RHA substantially [79]. In this study, the RHA that was burnt at a lower temperature and ground to 7000 cm2/g exhibited an equivalent strength profile of CEM-I 42.5 N, up to a replacement level of 10%. Higher replacements produced a slightly lower strength; at 28 days, 30% RHA provided 48.8 MPa compressive strength, which is 89.4% of the strength of the control mortar [79]. The second time burning improves the quality of RHA, which can provide 20%–25% higher strength than OPC alone; a secondary heat treatment at 650 °C for 1 h (200 °C per hour rate of increase) and a subsequent pulverization to a mean grain size of 3.8 µm produce the RHA, which demonstrates the equivalent compressive strength of OPC at 30% content at all ages; the mortar with 15% such RHA had the best strength which is 46.7 MPa, compared to the 37 MPa compressive strength of the control mortar [78]. In another study, rice husks were burnt at 600 °C for 4 h and then at 700 °C for 3 h. The mortar samples containing this RHA as 10%–30% cement substitutions provided approximately 20% more compressive strength at 28 days [80]. A theoretical model suggests that the optimum content of RHA without any non-reactive silica is nearly 14.3% for a cementitious system (e.g., cement mortar) containing ASTM Type I cement [172].




5.9.3. Effects on Durability and Other Properties


By its pozzolanic and micro-filling effects, RHA increases the nucleation sites and the strength-contributing hydration product, reducing Ca(OH)2 concentration and porosity. As a result, water absorption, water permeability, and chloride ion penetration are reduced, and electrical resistivity is increased with an increase in RHA content. The degree of improvement depends on the replacement ratio, particle size, and treatment procedure of RHA. Only 10% RHA, which has gone through a secondary burning, can reduce the rapid chloride penetration (RCP) level from “moderate” to “very low” [80,168]. The use of 40% RHA resulted in a drop from 7500 Coulombs to only 200 Coulombs of RCP value at 28 days [90]. Even without a secondary burning, depending on the source, the RHA of 4000 cm2/g Blaine fineness maintained an RCP level of “low” or “very low” for the RHA mortar just after 55 days, while the control mortar was in “moderate” range [79]. A similar trend was observed for electrical resistivity, which showed a strong correlation with RCP. The electrical resistivity of mortar increased with the incorporation of RHA; 30% RHA provided 12 times more resistivity than the control mortar [80]. Moreover, the pozzolanic reaction causes a drop in the amount of Ca(OH)2 in mortar and thus creates denser C–S–H gel. Thus, the inclusion of RHA enhances the resistance of mortar against acid attack. The mortar made with 10%–30% RHA had significantly better performance when exposed to nitric and acetic acids, in terms of residual strength, mass loss, and length change. After 90 days of exposure to nitric or acetic acid, the mortar samples prepared with a w/b ratio of 0.55 and 10% RHA retained 30–33 MPa compressive strength, which is 67%–72% of the original strength (46 MPa), while the mortar samples without RHA could retain only 50%–62% of their strength. The mass loss and length change also followed a similar trend [81]. Moreover, an increase in the resistance of mortar against sulphate attack was reported in one study [158].





5.10. Waste Glass Powder (WGP)


5.10.1. Effects on Flowability


Since the glass waste residue has a high specific surface area or surface fineness (Blaine fineness of 477 m2/kg), the partial replacement of cement with WGP increases the water consumption. Thus, an increasing trend of SP requirement was observed as the percentage of cement replacement increased; the mortar with 20% WGP consumed as much as 2.7 times SP for the same consistency of the control mortar with 100% OPC [85]. Because of higher water demand, a mortar including WGP exhibits lower flowability. The flow spread of the mortar containing 25% WGP was 205 mm, whereas the OPC mortar had a flow spread of 220 mm [20].




5.10.2. Effects on Strength


High silica and alumina contents of WGP lead to a good pozzolanic reactivity. Hence, the compressive strength increases when WGP is used in a cementitious mixture. Parghi and Alam [20] reported a gain in the compressive strength of cement composite for up to 25% WGP. The use of 25% WGP provided 30% and 40% more strength at 28 and 90 days, respectively, over the control mortar without any WGP [20]. Calmon et al. [85] found a different trend for the strength properties of mortar containing WGP. In their study, after 270 days, the mortar with only 5% WGP provided a compressive strength which is higher (about 6%) than the strength of the control mortar without any WGP; but higher substitution led to lower compressive strength; however, up to 20% replacement, every mortar reached at least 30 MPa compressive strength at the age of 28 days. They stated that the presence of Al2O3 and Na2O at a content higher than the permissible limit (5% and 1.5%, respectively) may cause the formation of expansive compounds (e.g., delayed ettringite), which may decrease the compressive strength of mortar [85]. Matos and Sousa-Coutinho [84] also reported inferior compressive strength values for 10% and 20% WGP at 28 days although both contents provided a strength value (54 MPa) like that of OPC mortar at 90 days. Conversely, a significant improvement in the tensile bond strength was observed in the presence of WGP; the mortars with 10% and 20% WGP resulted in 280% and 170% higher tensile bond strength, respectively, than the control mortar [85].



The particle size distribution plays a significant role in the performance of WGP as a partial replacement of cement. The lower the particle size, the higher is the reaction rate. WGP possessing particles in the size range of 0–25 µm shows pozzolanic activity just after 7 days, while 25–38 µm and 63–75 µm size ranges show this activity only after 28 days at 50 °C. A reduction in the particle size of WGP results in more and denser secondary C–S–H, thus higher strength. When the WGP with 0–25 µm size distribution was used, Ca(OH)2 content was depleted 1.5 and 2.3 times more than the size ranges of 25–38 µm and 63–75 µm, respectively [173]. According to the activation energy values, WGP could be classified as a moderately temperature-dependent SCM. The growth in reaction rate and the reduction in portlandite content as much as 100% and 30%, respectively, were reported at elevated temperatures compared to low temperatures [115]. The mortar samples containing WGP did not show any significant pozzolanic reaction at 23 °C even at the age of 91 days. Rather it resulted in lower strength due to higher effective w/b ratio. The WGP with 0–25 µm size distribution showed 21% higher reactivity at 50 °C than 10 °C and 23 °C. The mortar including WGP in 63–75 µm size range also had 30% less portlandite content than the control mortar at 28 and 91 days; however, no pozzolanic reactivity was observed for this WGP mortar at 23 °C even at 91 days [173]. At a pH level higher than 12.5, green-colored glass liberates more silica and alumina ions than clear glass; therefore, the mortar containing green WGP achieves higher strength than the control mortar and the mortar including clear WGP just after 7 days at 50 °C; at this temperature, the mortar including green WGP gained more than 40 MPa compressive strength, which was 30% higher than the strength of the other two mortars [86].




5.10.3. Effects on Durability and Other Properties


The mortar with 10% WGP showed a much better resistance against sulphate attack compared with the mortar including an equal amount of SF and the control mortar (100% OPC), showing almost zero expansion even after 26 weeks; the pozzolanic activity of WGP binds portlandite, which is released during the hydration of calcium silicates (C2S and C3S), making it unavailable for reaction with sulphates [84,152]. The chloride penetration is also minimized in the presence of WGP. The mortar with 20% WGP had only 7.8 × 10−12 m2/s chloride diffusion coefficient whereas the OPC mortar gave a chloride diffusion coefficient of 16.2 × 10−12 m2/s [84]. In contrast, WGP is not effective in reducing the permeation of CO2 into mortar; the mortar containing WGP had a larger carbonation depth than the control mortar; however, it was significantly lower than that of SF mortar for 10% replacement of cement after 2 months water curing at 20 °C followed by 4 months exposure to 5 ± 0.1% CO2 in an accelerated carbonation chamber [84].



WGP is better able to fill in the pores by denser hydration products at later ages at elevated temperatures because of its slower reactivity than cement; hence, the mortar samples with WGP possessed less porosity than the control samples at later ages at 50 °C and therefore they exhibited lower water absorptivity [115]. With higher pozzolanic reactivity, green WGP decreased water absorption more than clear WGP [86]. The water absorption depth of the mortar incorporating green WGP in the size range of 0–25 µm was less than 1 mm at 91 days and 50 °C, whereas it was above 1.5 mm for the control mortar [86]. In another study, the capillary water absorption of the mortar with 15% WGP was 33% lower than that of OPC mortar, where 98% of the WGP particles was under 75 µm in size [85]. Moreover, the reactive silica from WGP dissolves during the pozzolanic reaction and forms the mineral phases of cementitious compounds. Therefore, the reactive silica of WGP will be unavailable for ASR at later ages [118]. Thus, an increased WGP content decreases ASR expansion, despite its considerable alkali content; the mortar samples with 10% WGP showed ASR expansion less than that of the OPC mortar samples but still failed to reach the recommended safe level [84,152]; however, 20% WGP dropped the expansion to 0.041% [84], which is much lower than the critical level of 0.1% given in ASTM C1567 [169]. These findings suggest that, to avoid ASR, the quantity of WGP should be optimized to use up all reactive silica and moisture during the pozzolanic reaction with Ca(OH)2. Nevertheless, it should be kept in mind that the increased amount of WGP may increase the drying shrinkage of mortar; the greater the substitution level of OPC by WGP, the higher is the drying shrinkage value of mortar; at 63 days, the drying shrinkage value of the mortar including 20% WGP was 16% higher than that of the control mortar [85].






6. Contributions of SCMs and Structural Mortar to Sustainable Construction


The goal of sustainable development in the built environment is to minimize the consumption of natural resources and to minimize waste generation. SCMs provide construction practitioners the liberty to prepare structural mortar with less cement, which can be used as concrete repair material, rendering material in retrofitting works, and equivalent concrete mortar for designing high performance concrete. An effective repair or retrofitting system can elevate the structural condition consuming fewer natural resources and generating almost zero waste compared to demolition and reconstruction. Besides, the utilization of by-products or wastes in cementitious mixture prevents their disposal in nature and decreases the depletion of natural clinker and fossil fuel to produce cement, resulting in a substantial reduction in greenhouse gas emissions to the atmosphere, thus contributing to environmental sustainability. Most of the SCMs have much lower carbon footprint compared to OPC. For instance, OPC, FA, GGBS, and LP release greenhouse gases equivalent to 860, 0.1, 79.6, and 8 kg CO2 per ton, respectively [174]. The carbon footprints of the cement blends using these SCMs at a proportion recommended in BS 8500-1 are given in Table 6. This table shows that, although FA has the lowest carbon footprint, GGBS makes the cement blend with the lowest greenhouse gas emissions, as it is allowed for use up to 80% [175]. Reducing resource consumption and waste generation as well as preventing hazardous chemical disposal in nature, structural mortar made with SCM can take one step forward to sustainable construction.




7. Research Gaps and Recommendations


The research gaps that have been identified based on the comprehensive review conducted by the authors of the present study are given below. Along with the research gaps, several specific recommendations are also given for further research.



	
Some treatments (e.g., controlled burning and/or grinding) substantially improve SCM properties. The effects of such treatment processes on most SCMs were not studied thoroughly. The optimum treatment process needs to be determined for each SCM, especially for those obtained from agricultural sources.



	
Different researchers experimented in different conditions for very specific purposes. Comparing SCMs for use in construction is difficult based on these situation-dependent data. The detailed characterization of each widely available SCM should be accomplished.



	
Studies on how the behavior of SCM changes with its source and application conditions are still inadequate. The behavior of SCM incorporated mortars in every real-life situation (e.g., frost, high temperature, impact loading, exposure to seawater, etc.) should be determined.



	
The effects of VA on the flowability of mortar mixture and its resistance against carbonation, acid attack, sulphate attack, and freezing and thawing are unknown. Therefore, broad research should be carried out to study these properties of VA mortar.



	
The durability performance of BA mortar needs to be investigated thoroughly. Especially, the ASR resistance of BA mortar is very important, as some studies reported the signs of ASR due to the high concentration of K+ ions released from BA.



	
RHA mortar should be investigated for its resistance against carbonation, ASR, sulphate attack, and freezing and thawing.



	
The applications of POFA and GGBS as an SCM in mortar should be explored by examining their resistance against carbonation, acid attack, ASR, and freezing and thawing. Especially, the high content of K2O in POFA raises a concern about ASR.



	
The behavior in acidic and freeze-thaw environments are still unexplored for the mortars containing LP and WGP. In addition, the influence of LP on ASR and chloride penetration needs broad investigation.



	
The resistance of FA mortar against carbonation and acid attack needs to be examined systematically.



	
Studies on the use of SCMs in structural mortar at different multilevel combinations, such as binary and ternary levels, were not performed meticulously.



	
Dependable analytical models for predicting the effects of SCM on the mortar-performance are absent. Such models should be established considering all influencing parameters to predict the consequences of SCM inclusion.



	
The carbon footprints of the mortars made with blended cement types, including various SCMs need to be determined.



	
To ensure sustainable development, the total impact of the SCM incorporated structural mortar on the environment and economy should be quantified in a holistic manner, considering the treatment process, replacement level, and durability.



	
To avoid contamination, the leaching of heavy metals from the cementitious products containing SCM should be quantified before any industrial application.







8. Concluding Remarks


Like all other industries, the construction industry is also looking for eco-friendly strategies. Cement is one of the main ingredients of construction. The production of cement is an energy- and carbon-intensive process. Many industrial by-products, several materials obtained from agricultural and municipal wastes, and some materials found from natural sources have shown promising performance as SCMs, when used as a partial replacement of cement in structural mortar. In many cases, the use of such by-products or wastes supersedes the sole performance of cement. Furthermore, such utilization can reduce the consumption of natural resources and the production cost in cement factories, as well as ensure the proper management of by-products or wastes. However, effective utilization of SCMs demands more intensive studies. A holistic study of SCM properties and their effects on the end products under different conditions is required for efficient environmental management, as well as to further optimize the desired engineering performance of structural mortar for sustainable construction.
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Figure 1. Forces against the mortar flow as portrayed by Lu et al. [121]. 
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Figure 2. Deposition mechanism of C–S–H particles [129]. 
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Figure 3. Effects of FA microsphere (FAM) and condensed SF (CSF) on the mortar strength at different w/cm or w/b ratios [135]. [W/CM ratio = water-to-cementitious material ratio]. 
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Figure 4. Effect of FA and MK on the mortar strength at different temperatures [67]. [PC = Portland cement]. 
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Figure 5. Effect of 80% POFA (before and after treatment) on the strength development of mortar [74]. [GPOFA = Ground POFA; UPOFA = Ultrafine POFA]. 
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Table 1. Strength requirements of structural mortar.






Table 1. Strength requirements of structural mortar.





	Purpose
	Minimum Strength at 28 days (MPa)
	Reference





	Masonry work (ASTM Type M)
	17.2
	[15]



	Structural repair (EN Class R3)
	25.0
	[16]



	Concrete repair
	27.6
	[17]



	Thin reinforced cementitious products
	35.0
	[18]



	Structural repair (EN Class R4)
	45.0
	[16]
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Table 2. Chemical compositions of common SCMs and OPC.






Table 2. Chemical compositions of common SCMs and OPC.





	Chemical Composition

(wt.%)
	FA 1
	BA 1
	SF 1
	GGBS 1
	LP 1
	MK 1
	VA 1
	POFA 1
	RHA 1
	WGP 1
	OPC 2





	SiO2
	36–65
	44–59
	85–99
	28–41
	0–8
	49–69
	45–65
	47–69
	17–94
	56–81
	16–23



	CaO
	1–19
	1–17
	0–4
	37–50
	45–55
	0–2
	3–11
	4–12
	0–2
	5–11
	49–69



	Al2O3
	17–29
	5–32
	0–6
	5–14
	0–3
	25–44
	11–18
	1–9
	0–3
	0–6
	4–7



	Fe2O3
	4–31
	2–9
	0–3
	0–1
	0–2
	0–3
	1–13
	1–10
	0–2
	0–1
	2–7



	MgO
	0–7
	1–3
	0–5
	4–10
	0–7
	0–3
	1–9
	2–6
	0–1
	0–4
	0–5



	SO3
	0–3
	0–2
	0–2
	0–3
	0–1
	0–1
	0–1
	0–3
	0–1
	0–1
	0–1



	Na2O
	0–2
	0–1
	0–2
	0–3
	0–1
	0–1
	3–4
	0–1
	0–1
	7–16
	0–1



	K2O
	0–3
	1–8
	0–2
	0–2
	0–1
	0–2
	1–6
	5–11
	0–5
	0–1
	0–1



	P2O5
	0–2
	0–1
	0–1
	–
	–
	0–1
	0–1
	3–5
	–
	–
	–



	TiO2
	0–2
	0–3
	–
	0–1
	–
	0–1
	0–3
	–
	–
	–
	–



	LOI
	0–5
	1–13
	0–6
	1–2
	36–45
	0–4
	1–6
	1–21
	0–6
	0–12
	–



	Sp. gravity
	2.26
	2.64
	2.24
	2.88
	2.72
	2.51
	2.66
	2.42
	2.16
	2.50
	3.15



	Ref.
	[19,20,21,22,23,24,25,26,27,28,29,30]
	[31,32,33,34,35,36,37,38]
	[20,23,39,40,41,42,43,44,45,46,47]
	[7,48,49,50,51,52,53,54]
	[41,46,55,56,57,58,59,60,61,62]
	[43,58,63,64,65,66,67]
	[60,62,68,69,70,71]
	[38,72,73,74,75,76,77]
	[78,79,80,81,82,83]
	[84,85,86,87,88]
	[20,40,50,51,55,72,89,90]







1 FA = Fly Ash; SF = Silica Fume; GGBS = Ground Granulated Blast-Furnace Slag; WGP = Waste Glass Powder; LP = Limestone Powder; MK = Metakaolin; POFA = Palm Oil Fuel Ash; RHA = Rice Husk Ash; BA = Bottom Ash; VA = Volcanic Ash. 2 Ordinary Portland cement complying with EN 197-1 (Cement Type I-42.5 R).













[image: Table] 





Table 3. Effects of major SCMs on the flow and strength properties of mortar.
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Flowability

	
Strength




	
SCM

	
Effect

	
Replacement Ratio

[% w/w]

	
Ref.

	
Effect

	
Replacement Ratio

[% w/w]

	
Ref.






	
FA

	
▲

	
5–30

	
[20,24,25,29,56,89]

	
▲

	
0–40

	
[22,24,25,43,133,134]




	
▼

	
25–30

	
[26]

	
▼

	
10–70

	
[22,24,26,28,29,30,43,89]




	
SF

	
▲

	
7.3

	
[135]

	
▲

	
5–25

	
[26,39,46,135,136,137]




	
▼

	
5–20

	
[26,46,101]

	
▼

	
5–20

	
[39]




	
GGBS

	
▲

	
10–30

	
[49]

	
▲

	
20–60

	
[49,50]




	
▼

	
10–70

	
[49,53]




	
WGP

	
▼

	
5–25

	
[20]

	
▲

	
5–25

	
[20,87]




	
▼

	
5–40

	
[84,85,87,88]




	
LP

	
▲

	
5–70

	
[25,46,56,138,139]

	
▲

	
2.4–15

	
[55,138,139,140]




	
▼

	
20–30

	
[138]

	
▼

	
5–50

	
[41,46,59,62]




	
MK

	
▼

	
12.5–25

	
[64,65]

	
▲

	
5–20

	
[43,64,67,141,142,143,144]




	
▼

	
5–15

	
[145]




	
POFA

	
▲

	
5–50

	
[72]

	
▲

	
10–80

	
[74,77]




	
▼

	
10–30

	
[76,111]

	
▼

	
10–30

	
[38,76,111]




	
RHA

	
▼

	
5–20

	
[113]

	
▲

	
5–25

	
[78,83]




	
▼

	
5–30

	
[79,80,83,113]




	
BA

	
▲

	
9–41

	
[32,37]

	
▲

	
5–33

	
[32,34,35,146]




	
▼

	
6–41

	
[32,33,34,35,37,38,97,146]




	
VA

	
–

	
–

	
–

	
▲

	
20–30

	
[60]




	
▼

	
20–50

	
[60,62,68,69,70,71]








Note: “▲” indicates an increase and “▼” indicates a decrease in the behavior.













[image: Table] 





Table 4. Effects of major SCMs on the durability properties of mortar.
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Carbonation Resistance

	
Acid Resistance

	
ASR Resistance

	
Sulphate Resistance

	
Chloride Resistance

	
Freezing and Thawing Resistance




	
SCM

	
Effect

	
Ref.

	
Effect

	
Ref.

	
Effect

	
Ref.

	
Effect

	
Ref.

	
Effect

	
Ref.

	
Effect

	
Ref.






	
FA

	
–

	
–

	
–

	
–

	
▲

	
[147]

	
▲

	
[43,148,149]

	
▲

	
[29]

	
▲

	
[43]




	
SF

	
▲

	
[150]

	
▲

	
[151]

	
▲

	
[152]

	
▲

	
[43,84,148,152]

	
▲

	
[43,84]

	
▲

	
[43]




	
▼

	
[84]




	
GGBS

	
–

	
–

	
–

	
–

	
–

	
–

	
▲

	
[148,153]

	
▲

	
[154]

	
–

	
–




	
WGP

	
▼

	
[84]

	
–

	
–

	
▲

	
[84,152]

	
▲

	
[84,152]

	
▲

	
[84]

	
–

	
–




	
LP

	
▼

	
[58]

	
–

	
–

	
–

	
–

	
No effect

	
[148,149]

	
–

	
–

	
–

	
–




	
▼

	
[155]




	
MK

	
▼

	
[58]

	
▲

	
[151]

	
▲

	
[156]

	
▲

	
[43,148,156]

	
▲

	
[43,151]

	
▲

	
[64]




	
▼

	
[67]




	
POFA

	
–

	
–

	
–

	
–

	
–

	
–

	
▲

	
[157]

	
–

	
–

	
–

	
–




	
RHA

	
–

	
–

	
▲

	
[81]

	
–

	
–

	
▲

	
[158]

	
▲

	
[79,80,90]

	
–

	
–




	
BA

	
▼

	
[146]

	
–

	
–

	
▲

	
[146]

	
▲

	
[146]

	
–

	
–

	
▼

	
[146]




	
▼

	
[35]




	
VA

	
–

	
–

	
–

	
–

	
▲

	
[69]

	
–

	
–

	
▲

	
[70]

	
–

	
–








Note: “▲” indicates an increase and “▼” indicates a decrease in the behavior.
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Table 5. Best performance of prominent SCMs.
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Flow Spread

	
Compressive Strength (28 days)




	
SCM

	
Value [mm]

	
Replacement Ratio

[% w/w]

	
w/b Ratio

(% w/w)

	
Ref.

	
Value [MPa]

	
Replacement Ratio

[% w/w]

	
w/b Ratio (% w/w)

	
Ref.






	
FA

	
241

	
25.0

	
0.43

	
[26]

	
122

	
35.0

	
0.21

	
[133]




	
SF

	
369

	
7.3

	
0.46

	
[135]

	
118

	
7.3

	
0.20

	
[135]




	
GGBS

	
232

	
30.0

	
0.70

	
[49]

	
57

	
50.0

	
–

	
[50]




	
WGP

	
216

	
5.0

	
0.40

	
[20]

	
56

	
20.0

	
0.35

	
[87]




	
LP

	
445

	
30.0

	
0.34

	
[139]

	
69

	
15.0

	
0.35

	
[25]




	
MK

	
–

	
–

	
–

	
–

	
120

	
20.0

	
0.30

	
[67]




	
POFA

	
310

	
5.0

	
0.35

	
[72]

	
75

	
10.0

	
0.35

	
[111]




	
RHA

	
255

	
20.0

	
0.84

	
[113]

	
70

	
20.0

	
0.40

	
[83]




	
BA

	
230

	
21.0

	
0.38

	
[37]

	
82

	
5.0

	
0.52

	
[35]




	
VA

	
–

	
–

	
–

	
–

	
45

	
10.0

	
0.40

	
[68]
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Table 6. Greenhouse gas generation (as equivalent CO2) by the factory-made cement types [174].
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	Cement Designation [175]
	SCM Content
	Equivalent CO2 (kg/ton)





	CEM I
	0%
	860



	CEM II/A-LL or L
	6%–20% LP
	842–721



	CEM II/A-V
	6%–20% FA
	825–686



	CEM II/B-V
	21%–35% FA
	694–555



	CEM II/B-S
	21%–35% GGBS
	712–585



	CEM III/A
	36%–65% GGBS
	594–350



	CEM III/B
	66%–80% GGBS
	359–232



	CEM IV/B-V
	36%–55% FA
	564–381











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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