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Abstract: Alternative to traditional concrete, sustainable concrete reduces cement content, waste
management issues, and CO2 emissions. To achieve sustainable concrete, waste materials can be
used as supplementary cementitious materials (SCMs) to partially replace cement. Fly ash, ground-
granulated blast furnace slag, and silica fume have been heavily studied as SCMs. However, due to
the retirement of coal-fired power plants and switching to renewable energy, existing SCMs are losing
their dominance. With SCMs becoming more widely accepted as partial cement substitutes, there is
fear that the current supply will not meet future demand. As a result, researchers have been looking
for alternative SCMs. The circular economy can be achieved by reusing non-hazardous construction
and demolition materials, timber, and metal/steel production waste as SCMs. This article discusses
emerging SCMs, reactivity evaluation methods, their limitations, and treatment methods that may
improve reactivity. Emerging SCMs can replace existing SCMs in quantity, but their supply to cement
factories and low reactivity due to stable crystallinity hinders their use. Among treatment methods,
particle size reduction effectively enhances reactivity; however, very fine SCM may increase the
overall water demand due to the large surface area. Decades-old reactivity evaluation methods have
relatively weak correlations and thus misreport the reactivity of SCMs. Newer R3 models, such
as calorimetry and bound water, give the best correlations (R ≥ 0.85) for 28-day relative strength
and better performance. Additionally, more concrete testing with emerging SCMs under different
durability and environmental protection conditions is required and life cycle assessments are needed
to determine their regional environmental impact.

Keywords: sustainable concrete recycling; supplementary cementitious materials (SCMs);
environmental hazards; natural resources conservation; reactivity testing; treatment methods

1. Introduction

As a result of the availability of raw materials (cement, fine and coarse aggregates,
water, and admixtures), flexibility in shape and size, and durability when subjected to
varying environmental conditions, concrete has become the most popular building and
construction material in the world. However, the widespread use of concrete harms the
environment and human health because of the significant amount of greenhouse gases
released during manufacturing. The cement industry, the product of which is the sole
binder material for concrete, is one of the most energy-intensive industries [1]. According to
CEMBUREAU [2], 667 kg CO2eq per metric tonne of cement was the European average in
2017. High CO2 emissions are generated during mining and transportation of raw materials
to the cement factory, during cement manufacture, in the batching plant, and distribution.

Between 1930 and 2013, it has been estimated that approximately 76.2 billion tonnes of
cement were produced, which resulted in the release of 38.2 billion tonnes of CO2 [3]. The
contribution of the cement industry to total global CO2 gas emissions varies, ranging from
5% to 10%; however, the cement industry’s CO2 emissions have had a substantial effect on
the surrounding ecosystem. CO2 is a powerful greenhouse gas that contributes to global
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warming by absorbing and radiating heat, keeping the planet warm more than any other
greenhouse gas. The increase in greenhouse gases has disrupted the Earth’s energy budget,
resulting in a higher average temperature worldwide. The rise in global construction activ-
ity drives up demand for cement, and as that demand grows, so does the amount of CO2
produced by cement manufacture. The rising energy costs for ordinary Portland cement
(OPC) production are linked to CO2 emissions. Though cement production and demand
have increased exponentially over the years, the industry is starting to face challenges such
as depleting natural resources, rising energy costs, and needing to reduce CO2 emissions
to meet sustainability goals; thus, finding solutions is unavoidable. Increasing energy effi-
ciency or using alternative materials can reduce the environmental impact of concrete [4].
The United Nations Environmental Program’s Sustainable Building and Climate Initiative
recommended clinker replacement [5]. According to Yang et al. [6], the carbon footprint
can be reduced by using biofuels or low-carbon fuels during clinker milling, improving
the CO2 capture mechanisms, migrating from wet to dry clinker production, and using
supplementary cementitious materials (SCMs) to partially substitute clinker content. Of
the four mitigating methods, using SCMs is probably the most cost-effective and practical
remedial measure [7] being utilized worldwide.

1.1. Supplementary Cementitious Materials (SCMs)

SCMs are inorganic materials that contribute to concrete’s properties. SCMs can be
either inert, latent hydraulic, or pozzolanic [1]. Inert SCMs act as filler materials, functioning
as a nucleation site that helps speed up cement’s hydration and hardening process while
also filling pores and favoring microstructural densification in cement-based products.
Latent hydraulic SCMs (rich calcium or reactive silicates) will react with water to form
calcium-silicate hydrate (C-S-H) gels with or without OPC [8]. During the reaction, the
dissolution of silica in water forms silicic acid (H4SiO4) [9], which then consumes Ca(OH)2
to form C-S-H gels [10,11]. The pozzolanic reaction occurs when pozzolans (siliceous [12], or
siliceous aluminous [13] materials that do not possess cementitious properties themselves)
come into contact with cement and consume Ca(OH)2 produced during hydration, thus
forming C-S-H gels and densifying the microstructure.

According to Habert et al. [14], cement represents only roughly 10% of concrete’s mass
but it accounts for 74–80% of the total CO2 emissions of concrete [15]. By substituting
portions of the cement used in concrete with SCMs, it is possible to reduce the CO2
emissions per unit of concrete. Studies have shown that if large parts of the construction
industry adopted the use of SCMs, the CO2 emissions from using cement could be reduced
by up to 20% [15]. As SCMs are often by-products or waste products of various industrial
processes, the CO2 emissions attributed to them are much lower than those of cement. Most
of the emissions from SCMs are due to preparation and are commonly so low that they
are overlooked. SCMs produced from waste materials also have the added environmental
benefit of reducing the amount of waste going into landfills.

1.2. Standardized SCMs

Using SCMs has been one of the most effective methods to reduce negative environ-
mental impacts during cement production. Additionally, the concrete industry can improve
the efficiency of concrete mixture designs (e.g., increasing strength-to-mass ratios) and the
longevity of concrete structures, thus reducing associated emissions with the SCMs [16].
As mentioned earlier, SCMs can be classified as either inert (such as limestone powder,
quartz, and marble powder), latent hydraulic (ground granulated blast furnace slags and
basic oxygen furnace slags), and pozzolanic. Pozzolanic SCMs are further divided into
(1) artificial pozzolans and (2) natural pozzolans. Artificial pozzolans, such as fly ash
and silica fume, are industrial by-products. Natural pozzolans are usually abundant in
silica, aluminum, and iron. They can be further classified into two types: natural rocks
such as volcanic glass and pumicite, which may require to be mechanically treated before
being utilized, and soils such as calcined clays and metakaolin, which may require thermal
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treatment for activation. Natural pozzolans have been used in construction for thousands
of years, with the most famous example being the use of volcanic tuffs and pumice by
the Romans in their constructions. Natural pozzolans have large accessible reserves and
are easy to treat; however, they have high water demand. In this section, we describe the
materials that are well-established and utilized as SCMs: coal fly ash, ground granulated
blast furnace slag, silica fume, and limestone powder.

1.2.1. Fly Ash

Fly ash (FA), the most-used SCM, was coined in the 1930s but Carlson et al. [17] first
used it in 1937. The Hungry Horse Dam in the United States of America, built in 1948,
was the first structure to use FA in the concrete mix [17]. In 1980, global ash production
surpassed 200 million tons, with 14% used in concrete [17]. In 1989, 561 tonnes were
produced, with 16% used in concrete [17]. Since 1977, the use of FA in concrete has tripled.
According to recent reports, approximately 12.6 million tonnes of FA were used in 2018 [18].

FA is a powdery by-product of pulverized coal combustion [19,20]. FA (which accounts
for 80%), bottom ash, slags, and flue gas desulfurization products are coal combustion
by-products [21]. Coal-fired power plants produce around 750 million tonnes annually [22].
FA’s vast applications include extracting metals and making zeolites, adsorbents, geopoly-
mers, and ceramics [23]. FA can be siliceous or calcareous depending upon the coal type,
and it primarily contains solid spheres and hollow cenospheres containing crystalline ma-
terials and unburnt carbon [24]. FA is used in cement and concrete because of its fineness,
chemical and phase composition, and pozzolanic activity. FA consists of SiO2, Al2O3, Fe2O3,
and CaO, with smaller amounts of MgO, Na2O, K2O, SO3, MnO, TiO2, and unburnt carbon.
Loss on ignition (LOI) depends on the type of power plant and working regime and can
range from 1% to 10%. ASTM C618 [25] and European EN 450-1 [26] classify and regulate
FA’s chemical and physical properties. ASTM C618 classifies FA by LOI and SiO2, Al2O3,
and Fe2O3 content. Pozzolan is the sum of SiO2, Al2O3, and Fe2O3. Meanwhile, EN 450-1
classifies FA by LOI and reactive silica content. Figure 1 illustrates the influence of FA
content on the compressive strength and carbonation depth, compared to other SCMs.

Buildings 2023, 13, x FOR PEER REVIEW 3 of 36 
 

abundant in silica, aluminum, and iron. They can be further classified into two types: nat-
ural rocks such as volcanic glass and pumicite, which may require to be mechanically 
treated before being utilized, and soils such as calcined clays and metakaolin, which may 
require thermal treatment for activation. Natural pozzolans have been used in construc-
tion for thousands of years, with the most famous example being the use of volcanic tuffs 
and pumice by the Romans in their constructions. Natural pozzolans have large accessible 
reserves and are easy to treat; however, they have high water demand. In this section, we 
describe the materials that are well-established and utilized as SCMs: coal fly ash, ground 
granulated blast furnace slag, silica fume, and limestone powder. 

1.2.1. Fly Ash 
Fly ash (FA), the most-used SCM, was coined in the 1930s but Carlson et al. [17] first 

used it in 1937. The Hungry Horse Dam in the United States of America, built in 1948, was 
the first structure to use FA in the concrete mix [17]. In 1980, global ash production sur-
passed 200 million tons, with 14% used in concrete [17]. In 1989, 561 tonnes were pro-
duced, with 16% used in concrete [17]. Since 1977, the use of FA in concrete has tripled. 
According to recent reports, approximately 12.6 million tonnes of FA were used in 2018 
[18]. 

FA is a powdery by-product of pulverized coal combustion [19,20]. FA (which ac-
counts for 80%), bottom ash, slags, and flue gas desulfurization products are coal combus-
tion by-products [21]. Coal-fired power plants produce around 750 million tonnes annu-
ally [22]. FA’s vast applications include extracting metals and making zeolites, adsorbents, 
geopolymers, and ceramics [23]. FA can be siliceous or calcareous depending upon the 
coal type, and it primarily contains solid spheres and hollow cenospheres containing crys-
talline materials and unburnt carbon [24]. FA is used in cement and concrete because of 
its fineness, chemical and phase composition, and pozzolanic activity. FA consists of SiO2, 
Al2O3, Fe2O3, and CaO, with smaller amounts of MgO, Na2O, K2O, SO3, MnO, TiO2, and 
unburnt carbon. Loss on ignition (LOI) depends on the type of power plant and working 
regime and can range from 1% to 10%. ASTM C618 [25] and European EN 450-1 [26] clas-
sify and regulate FA’s chemical and physical properties. ASTM C618 classifies FA by LOI 
and SiO2, Al2O3, and Fe2O3 content. Pozzolan is the sum of SiO2, Al2O3, and Fe2O3. Mean-
while, EN 450-1 classifies FA by LOI and reactive silica content. Figure 1 illustrates the 
influence of FA content on the compressive strength and carbonation depth, compared to 
other SCMs. 

  
(a) (b) 

Figure 1. Influence of SCM replacement level on (a) compressive strength (b) carbonation depth of 
concrete [27]. 
Figure 1. Influence of SCM replacement level on (a) compressive strength (b) carbonation depth of
concrete [27].

Johri et al. [28] found that FA increases concrete workability while reducing water
demand. FA-replaced concrete had low early strength due to dilution and slow pozzolanic
reactions. Concrete with 10–30% FA content (cement replacement) showed 1–5% lower
strength at 28 days compared to the control sample. At 180 and 365 days, concrete with
10–30% FA had higher compressive strength than the control sample, with concrete containing
30% FA showing an 11.54% increase. Behl et al. [29] also found that 5–20% FA increased the
compressive strength of concrete. As shown in Figure 1, the compressive strength decreases
with the increase in FA content; however, the effect of FA on the carbonation depth is lower
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compared to other SCMs. At the same time, 30% and 40% FA in high-strength concrete
reduced sorptivity, chloride ion permeation, and drying shrinkage, according to Nath and
Sarker [30]. Similar findings were also observed by Saha [31] when FA class F was used. The
reduction in sorptivity was attributed to the high specific surface area of FA, which limited the
interfacial transition zone (ITZ). The decrease in chloride permeability was attributed to alkali
binding and low interconnecting voids. Islam [32] also noted that concrete containing FA
exhibited better freeze-thaw resistance due to the formation of secondary C-S-H gels during
the pozzolanic reaction of FA, which filled voids and reduced the corrosion of embedded
steel reinforcements.

1.2.2. Ground Granular Blast Furnace Slag

Ground granulated blast furnace slag (GGBS) is a by-product of steel and iron pro-
duction. By-products such as slags are unavoidably produced during iron and steel
production [33]. Langen discovered GGBS’s latent hydraulic reactivity in the early 1860s
in Germany, and Germany began commercially producing slag-lime cement in 1865 [34].
“Eisenportlandzement” was first manufactured in 1901 and consisted of 30% GGBS, while
“Hochofenzement” was produced in 1907 and increased the GGBS content to 85% [34].
The World Steel Association [35] estimated the steel production of 2020 at 1878 million
tonnes. Approximately 300 kg GGBS is generated per ton of pig iron, while 100–150 kg
GGBS is generated per ton of molten steel [36]. The global GGBS production is estimated
to be 300–360 million tonnes [37]. GGBS mainly contains 28–41% SiO2, 37–50% CaO, and
5–14% Al2O3 [38]. GGBS is a latent hydraulic material with cementitious properties, despite
containing pozzolanic oxides. Over the years, like FA, GGBS has been widely used in the
construction industry.

Increasing GGBS content increases workability. According to Johari et al. [28], 20%
GGBS achieved 9.19% higher compressive strength than control concrete; however, a further
increase in GGBS content significantly reduced the strength gain. Boukendakdji et al. [39]
found that 20% GGBS improved the workability of self-compacting concrete but reduced
its strength. Kuo et al. [40] found that when GGBS replacement was 0–30%, the compres-
sive strength ranged from 11.6 to 5.3 MPa on Day 1, 24.4 to 21.4 MPa on Day 7, and 31.7
to 29.1 MPa on Day 28. Adding 30% GGBS increased the mix’s flow value by 28 mm
compared to the control sample. Onn et al. [41] used up to 70% GGBS as SCM in mortar
and found a reduction in compressive strength. Zhou et al. [42] reported a slight decrease
in the 28-day compressive strength of 30% GGBS concrete [24]. Similarly, Gholampour
and Ozbakkaloglu [43] found 50% GGBS reduced concrete strength by 9% after 7 days
and 6% after 28 days. A similar trend can be seen in Figure 1. Though GGBS has self-
cementing properties, the reduction in strength has been attributed to the slow rate of
hydration and lower amount of hydration products [41]. Bheel et al. [44] used GGBS along
with metakaolin in a binary blend and found that even with metakaolin, the workability
decreased compared to the reference concrete; however, 5% GGBS and 5% metakaolin exhib-
ited enhancements in compressive, tensile, and flexural strengths after curing for 28 days
and carbonation and chloride penetration decreased. Aghaeipour and Madhkhan [45]
found that adding GGBS increased the moisture content of roller-compacted concrete,
allowing for maximum compaction. Concrete with 40% GGBS had reduced porosity, water
absorption, and permeability. However, freeze-thaw cycles caused significant deterioration
due to specimen saturation.

1.2.3. Limestone Powder

Limestone powder (LP), the powdery by-product of a limestone quarry, is made by
crushing and grinding natural limestone and consists of calcite, aragonite, vaterite, and
amorphous calcium carbonate [46]. OPC contains fine limestone. Early literature called
limestone “inert filler” [47]. It is the main component in most masonry cement, where high
Portland cement replacement is needed to replicate traditional lime mortar [47]. When
co-ground with clinker, limestone can significantly contribute to hydration reactions in con-
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crete [47]. It may be used as an SCM along with GGBS and FA. Several European countries
used LP in Portland cement during WWII to cut costs and boost output. France led the
1973 oil crisis despite low FA and GGBS production [47]. Portland cement manufacturers in
the US have changed the formulation of their most important product to reduce embodied
carbon by approx. 10% by adding LP [48,49].

Table 1 shows the chemical composition of LP, also known as calcium carbonate
(CaCO3) [46]. The chemical composition of LP depends on the source of the raw material,
since limestone formation, minerals, processing, and refinement affect the composition.
The availability and cost-effectiveness of LP compared to other SCMs, such as FA and
GGBS, have allowed it to be used as an SCM [50]. Table 1 shows that LP does not contain
significant pozzolanic oxides, so no pozzolanic reactions occur and no C-S-H gels are
developed [51]. Recent studies have shown that LP is not an inert filler, as there is little
interaction between tricalcium silicate (C3S) and CaCO3 [52]. The C3A·CaCO3·11H2O and
C3A·3CaCO3·32H2O hydration phases are only obtained with 400–600 ◦C steam-cured
concrete [53]. Adding LP as an SCM in concrete can trigger filler, nucleation, dilution, and
chemical effects, thus accelerating hydration, precipitating C-S-H, and changing the particle
surface morphology [46].

Table 1. Chemical composition of LP (Note: Sum * is the sum of pozzolanic oxides).

Sample SiO2 Al2O3 Fe2O3 Sum * CaO K2O MgO SO3 Na2O TiO2 LOI Ref

1 0.20 - 0.15 0.35 55.11 0.02 1.12 0.09 - - 43.31 [50]

2 0.86 0.08 0.31 1.25 56.3 0.05 0.58 - 0.08 - 42.0 [54]

3 0.84 0.24 0.32 1.4 53.96 0.34 1.01 - - - 43.01 [55]

4 8.97 1.02 0.37 10.36 46.77 0.13 2.38 0.33 0.02 - 39.54 [56]

Nepomuceno et al. [57] found that 20–60% LP in cement improved cohesion and
restricted segregation. Wang et al. [58] observed that LP reacted with cement at a low
rate even after 5 years. Lin et al. [59] investigated the influence of 10%, 20%, and 30% LP
on mortar’s mechanical properties and durability. It was noticed that the inclusion of LP
decreased the permeability and durability while increasing the mechanical strength. The
compressive and splitting tensile strengths increased with the addition of LP. However, the
magnitude of strength gain decreased with increased LP content. With 10% LP, mortar or
concrete was stronger than with the reference mix [58,59]. In addition, it was observed that
the addition of LP decreased the permeability of concrete, which may negatively influence
its durability. However, Wang et al. [58] found that the compressive strength of concrete
containing 10% LP remained almost constant with a small fluctuation from 1 to 5 years,
whereas that with the reference mix gradually increased. This could be attributed to the
concrete’s hydration, which reached its maximum extent after one year. It could also be
due to the limited hydration products generated from the reaction between LP and cement,
thus have very little impact on the overall long-term strength.

Increased LP content hinders the formation of hydration products needed to fill
capillary and gel pores, resulting in lower density [59]. When the LP content increased,
the total charge passed increased during chloride penetration due to an increase in fine
pores [59]. Wang et al. [58] observed that the reference concrete’s chloride permeability was
higher than that of the concrete with LP at 28 days; however, all concrete with and without
LP showed a significant drop in charge passed. At 5 years, the reference concrete and
10% LP concrete had low permeability, while the 20% and 30% LP concretes had moderate
permeability. Wang et al. [58] reported that an LP content above 10% reduced concrete’s
carbonation resistance and dry shrinkage. Kim et al. [51] found that 10% LP concrete had a
similar drying shrinkage curve, while increasing the LP content reduced dry shrinkage,
agreeing with the results of Wang et al. [58]. The pore structure deteriorated with more
than 25% LP.
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1.2.4. Silica Fume

Silica fume (SF) is a by-product of smelting silicon and ferrosilicon in an electric arc
furnace [27]. Smelting reduces high-purity quartz to silicon, producing SiO2 vapors that
oxidize and condense into micro non-crystalline silica particles. Table 2 shows that non-
crystalline silica particles contain 85% silica. The composition of silica fume can vary due to
differences in the source material, manufacturing process, and impurities present. Variation
in silica content is associated with alloy type; for example, SF generated during ferrosilicon
alloy production has lower silica content and reduced pozzolanic activity. SF, as an SCM, is
newer than FA and GGBS. First used as an additive in Norway in the 1950s, SF gave good
concrete strength, durability, and sulfate resistance [60]. SF could not be used until the late
1960s or early 1970s after the Norwegian government announced environmental legislation
involving huge improvements in filtering technology [60].

Table 2. Chemical composition of SF (Note: Sum * is the sum of pozzolanic oxides).

Sample SiO2 Al2O3 Fe2O3 Sum * CaO K2O MgO SO3 Na2O TiO2 LOI Ref

1 92.50 0.70 1.56 94.76 0.60 1.17 0.80 0.24 0.36 - 2.07 [61]

2 90.2 0.24 2.4 92.84 0.65 1.26 0.41 0.4 0.16 0.02 3.33 [62]

3 96.57 0.06 0.06 96.69 0.51 0.73 0.25 0.17 0.16 0.01 1.41 [63]

4 95.3 0.65 0.28 96.23 0.27 - 0.41 0.25 0.76 - - [64]

SF nanoparticles (0.1 to 0.3 µm) are 100 times smaller than cement particles [65]. SF
particles are spherical, while the color varies from greyish-black powder to premium
white. The fineness and silica content allow SF to have effective pozzolanic activity. SF is
known in the construction industry worldwide for its ability to improve concrete’s pore
refinement, abrasion resistance, bond strength, permeability, and early strength. Table 3
summarizes findings for SF-containing concrete/mortar. Mechanical strength also increased
with the addition of SF, suggesting no dilution effect or that its substitution changed the
performance [66]. SF improves the ITZ, thus increasing compressive strength [67] and
freeze-thaw durability [68]. Likewise, Lu et al. [69] found that strength increased by 38%
when 16% SF was used.

Table 3. Effect of SF on flow and strength properties of cement composites.

SF Content (by wt. of Cement)
Difference Compared to Control Mix (%)

Workability Compressive Splitting Tensile Flexural

5% ↓ 14.67% [70]
↓ 20.25% [71]

↑ 21.5% [66],
↑ 15.29% [70],
↑ 7.81% [72],
↑ 1.59% [73],
↑ 23.04% [74]

↑ 6.45% [70],
↑ 47.75% [72]
↑ 5.04% [73]

↑ 21.06% [72],
↑ 2.06% [75],
↑ 4.49% [74]

10% ↓ 26.67% [70]
↓ 29.11% [71]

↑ 36.9% [66],
↑ 27.45% [70],
↑ 22.09% [72],
↑ 5.34% [73]
↑ 20.99% [74]

↑ 11.29% [70],
↑ 54.82% [72],
↑ 27.95% [73]

↑ 54.11% [72],
↑ 5.91% [75],
↑ 12.36% [74]

15% ↓ 33.33% [70]
↓ 49.37% [71]

↑ 7.84% [70],
↑ 23.50% [72],
↓ 16.01% [73]

↑ 3.23% [70],
↑ 65.95% [72],
↓ 2.76% [73]

↑ 60.62% [72]
↑ 3.08% [75],

20% ↓ 54.43% [71] ↓15.59% [72],
↓ 24.08% [73]

↓29.34% [72],
↓12.36% [73]

↑ 21.40% [72],
↑ 5.41% [76]
↑ 0.51% [75]
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Apart from the increased workability of the mix, the combination of SF with other
SCMs, such as FA [77,78], GGBS [74], copper slag [79], nano-silica [80] and metakaolin [64,77]
increased the strength and durability of concrete due to accelerated hydration, differential
reactions, and the dilution effect caused by the different SCMs. In some rare cases, the addition
of SF increased the workability of the mix; for example, Mohyidden and Maya [81] observed
that concrete containing copper slag had reduced workability but the workability increased
with the addition of SF along with copper slag. Padavala et al. [82] observed a similar trend
when SF was used in combination with FA.

1.3. Industrial Application of Standardized SCMs

Binary (one cement, one SCM) or ternary (one cement, two SCMs) blends of SCMs with
cement are increasingly used in industry due to their improved concrete properties and
lower cement content. Existing SCMs, such as FA, SF, LP, and GGBS, have been extensively
evaluated over the past few decades. Table 4 illustrates the volumes of existing SCMs
being used. Their benefits have been recognized and adopted by the cement and concrete
industries [83].

Table 4. Estimated yield and utilization volume (million tonnes per year) of standardized SCMs [16].

SCM Chemistry Estimated Volume Utilized Remarks

Coal Fly Ash (FA) Si-Al 700–1100 330–400 Lower pozzolanic reactivity, carbon content

Ground Granulated
Blast Furnace Slag
(GGBS)

Ca-Si-Al 300–360 330 Latent hydraulic reactivity, fully used

Silica fume (SF) Si 1–2.5 0.5–1 Preferred in high performance concrete

Limestone (LP) CaCO3
Large accessible
reserves

300 Cementitious contribution in combination
with reactive aluminates

Calcined Clays Si-Al 3 Metakaolin being used, high water demand

Natural Pozzolans Si-Al 75 High water demand, large variability

Currently, the availability of existing SCMs can only satisfy 15% of the demand of
the concrete industry [84], with FA being the dominant SCM [38]; however, the decom-
missioning of coal-fired power plants and switch to renewable energy sources has eroded
its dominance. Eliminating coal as an energy source is crucial to meeting the Paris Agree-
ment’s 1.5 ◦C target [85]. Many countries plan to phase out coal-fired power plants by
2030, which will affect the FA supply [85]. The GGBS supply is dwindling due to increased
steel recycling and direct iron reduction [86]. SF is expensive, so using it instead of cement
may increase production costs. Existing SCMs are not produced or available everywhere,
so some regions must transport them long distances, thereby increasing CO2 emissions
and cost. New alternatives, such as calcinated clay or natural pozzolans, are soon to be or
already standardized (LC3 and Heidelberg cement/Norcem Newcem—basaltic glass from
Iceland). Cement demand could reach 6 billion tonnes by 2050 [87]. The industry is rapidly
evolving with increased international trade of SCMs; thus, the exploration of new SCM
resources is crucial.

2. Emerging SCMs

A vast pool of by-products and wastes from industrial, agricultural, and municipal
processes can become new SCMs. Presently these by-products and wastes cause waste
management issues, and their further reuse might be slightly more challenging thanks to
their varying chemical or physical character. Nevertheless, these materials can partially
replace cement in cementitious composites, thus reducing cost and pollution. This article
reviews selected waste materials and evaluates their potential of becoming new SCMs. As
most materials suitable for SCM have undergone different processes and operations, they
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may lack the required reactivity; therefore, different methods to evaluate and enhance the
potential SCM’s reactivity are revisited.

2.1. Mine Tailings

Mine tailings are the residual solid waste generated during mining and mineral
processing operations from the different mechanical and chemical processes involved.
Mine tailings can be fine-grained slurries made of milled minerals, gravel, or process
water [88]. Globally, 3240 million tonnes of metallic mineral ores were mined, and iron
ore mining contributed 93.5% [89]. As the quantity of mined minerals is large, so is the
quantity of tailings [90]. One tonne of iron, copper ore, and bauxite generates 1.5, 1, and
1.5 tonnes of tailings, respectively. The chemical composition of tailings depends on the
mined metal and source rock, as shown in Table 5. The low pozzolanic reactivity of mine
tailings depends on the minerals’ reactivity or the stable crystalline structure [91]. Low
pozzolanicity prevents the use of mine tailings as an SCM.

Table 5. Chemical composition of various mine tailings.

Tailings
Type CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 P2O5 Na2O LOI Ref

Bauxite 3.15 32.24 37.39 8.67 0.85 - - - - 13.74 [92]

Copper 0.16–
2.90

60.90–
79.52

7.66–
17.03

3.60–
4.22

0.49–
1.53

1.85–
2.63

1.11–
4.50 0.34 0.11–

4.30
2.10–
4.26 [93,94]

Gold 1.06–
13.60

35.50–
72.86

6.80–
13.68

1.11–
9.70

0.08–
5.90

0.50–
5.32

0.16–
0.70 - <0.70–

3.04
1.40–
12.90 [95–97]

Iron 0.09–
13.68

33.26–
56.00

7.92–
10.96

8.30–
50.96

0.43–
6.50

0.18–
2.31

0.01–
10.59

0.18–
0.31 1.72 3.30–

9.60 [98–100]

Phosphate 36.80 2.10 0.10 0.80 18.90 - 1.00 - 0.10 35.80 [101]

Quartz-
based 0.51 79.53 9.52 3.22 0.64 3.24 - - 0.72 2.46 [102]

Zn-Pb 13.60–
20.01

35.50–
43.26

6.80–
11.11

6.40–
15.57

4.00–
4.31

1.00–
4.10

0.32–
2.00 - <0.70–

0.92
5.10–
5.61 [96,103]

Table 5 shows that most tailings, except phosphate tailings, exhibit potential pozzolanic
properties. The mine tailings’ physical properties, as shown in Table 6, are less erratic than
the chemical oxides. The particle sizes can be classified into three categories: sand, silt,
and clay. Mine tailings have a rougher and more irregular surface [104] owing to varying
mineral grinding. Grinding and mineral phases affect the density and water absorption of
mine tailings. Due to advances in grinding, mine tailings contain more silt and clay, and
even if used as an aggregate, their maximum size is less than 1 mm [105].

Table 6. Physical properties of various mine tailings (Note: + indicates the skeletal density through
helium pycnometer while * indicates the relative density).

Tailing Specific Gravity Blaine Specific
Surface Area (cm2/g) Density (g/cm3)

Water Absorption
(%) Ref

Gold 3.46 368 - 7.15 [106]

Iron 2.60–3.53 553.8–735 1.27 *–3.67 + 7.00 [98,99,107]

Copper 2.75–4.29 537–5776 - 13.82 [108,109]

Tailings have a rough, irregular surface, high crystallinity, and particle size that is in-
compatible with the hydration of cement [110], and even though they are rich in silicon,
they cannot be utilized as an SCM for concrete because of their low reactivity. Previous
studies [94,111] have reported the reduced performance of concrete containing tailings as an
SCM. To enhance their reactivity, mine tailings can be treated using mechanochemical and
thermal methods [112]. The mine tailings are first air-dried to remove any moisture content
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and then passed through a 600 µm sieve in order to remove any impurities [112]. Meanwhile,
other researchers [113] suggested that the tailings should only pass through a 45 µm sieve.
Wang et al. [97] produced OPC clinker using gold mine tailings (GT) as a substitute for natural
sandstone. The burnability analysis indicated that the GT had high reactivity. The clinker
phases C3S, C2S, C3A, and C4AF and feldspar and mica were detected, suggesting that adding
GT to cement clinker raw materials could reduce the bauxite content. GT did not affect the
consistency or the setting times of the cement. Its compressive and flexural strengths were
59.1 and 9.8 MPa on 28-day testing, respectively, which were slightly higher than those of the
control specimens, while flaky Ca(OH)2, rod-shaped ettringite, and granular C-S-H gel hydra-
tion products were observed. Similar clinker phases were observed by Wang et al. [114] when
GT was added to cement clinker. X-ray diffraction (XRD) analysis indicated that the hydration
products of cement with GT were identical to those observed for cement without GT. The
lack of detection of any diffraction peaks for C-S-H was attributed to the poor crystallization
and amorphous properties of the C-S-H gels [97,114]. Based on Table 7, it was observed that
the addition of 5% GT achieved the highest strength while further addition of GT caused a
significant decrease in strength.

Table 7. Influence of mine tailings on Portland cement clinker.

Mine
Tailing

Raw Material
Proportions of

Clinker (%)

Consistency
(%)

Setting Time
(min) Compressive Strength (MPa) Flexural Strength (MPa)

Ref
Initial Final 3 Days 7 Days 28 Days 3 Days 7 Days 28 Days

GT

85.79% LS, 6.28%
B, 2.53% ICM,

5.41% SS
24.5 140 212 28.3 43.8 57.7 5.8 7.2 9.5

[97]
85.36% LS, 3.79%

B, 3.29% ICM,
7.56% GT

24.8 138 215 30.4 44.7 59.1 6.1 7.6 9.8

IOT

77.08% LS,
17.65% C, 1.38%

QS, 3.89% IO
23.0 165 225 20.7 - 46.2 4.9 - 8.5

[115]
75.07% LS, 6.31%

QS, 1.31% IO,
17.31% IOT

23.8 160 235 20.8 - 48.6 4.9 - 8.5

IOT

0% Clay
substitution - 136 190 21.2 - 50.6 - - -

[116]IOT as 10% clay
substitution - 132 185 24.1 - 52.3 - - -

IOT as 20% clay
substitution - 105 142 16.6 - 38.4 - - -

Note: For this table, LS = limestone, SS = sandstone, C = clay, B = bauxite, ICM = iron corrective material,
QS = quartz sand, IO = iron ore, GT = gold tailing, IOT = iron ore tailings.

De Magalhães et al. [117] prepared mortar specimens incorporating 10%, 20%, and 30%
IOT. Compressive strengths of 41.65, 36.26, and 31.64 MPa were determined for the 10%, 20%,
and 30% IOT-based mortars, respectively, which were significantly lower than that of the control
sample. The loss in strength was attributed to the low pozzolanic activity of IOT caused by
the low specific surface area and percentage of amorphous phase in the IOT. In another study,
in which De Magalhães et al. [118] utilized heat-treated IOT at 500 and 750 ◦C as cement
replacement, it was observed that the particle grain size of IOT was smaller than that of cement.
The heat treatment eliminated the presence of kaolinite minerals that may have transformed into
an amorphous phase, thus transforming IOT into pozzolan and changing its color. Zinc mine
tailings (ZMT) consist of quartz, dolomite, and aluminum element phases. Agrawal et al. [119]
utilized treated (mechanically) and untreated zinc mine tailings (ZMT) to substitute 5%, 10%,
15%, and 20% cement content. Although the chemical composition of ZMT indicated that it was
a class C pozzolan, only the concrete with 5% treated and untreated ZMT achieved mechanical
properties comparable to the control sample. It was observed that the sample with untreated
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zinc consisted of larger-sized particles with a less rough surface than control cement particles.
The addition of ZMT did not affect the concrete’s quality. Nevertheless, it was reported that
the water absorption rate and carbonation depth of the ZMT-based concrete samples increased
with the increase in substitution level. The rise in carbonation depth and water absorption was
attributed to less dense structures and increased pore volume and size observed in concrete
when ZMT was utilized. This assertion was also confirmed by the findings of Wang et al. [114]
using IOT. Earlier studies on different mine tailings indicated that the workability decreased with
the increase in the substitution level due to the increased specific area of the tailings. Though
most mine tailings are pozzolanic, they have low pozzolanic reactivity, and thus negatively
affect the mechanical properties of concrete. Some mechanically treated tailings do not increase
pozzolanic reactivity as much as calcination due to the high kaolinite content.

2.2. Slags from Metal Production

There are number of different slags generated during metal production. GGBS has been
the frontline slag thanks to being volumetrically stable and can be straightforwardly used
in the construction industry. In contrast, other slags have high pH due to free (unhydrated)
CaO causing volumetric instability (expansion) [120,121]. Each specific slag must undergo
proper slag aging, testing, and quality control, and thoroughly evaluated for the intended
purpose to ensure that the slag can potentially be of use in construction. Therefore, research
has been ongoing and focused on slags for construction applications.

2.2.1. Aluminum Dross

Aluminum dross (AD) is a by-product of aluminum smelting [122]. A salt cake is produced
from this procedure that is currently dumped in landfills [122]. The composition of recycled
AD varies depending on the factory that produces it [123]. AD comprises aluminum, alumina,
aluminum nitride, salts, and other oxides [124]. This complicated composition makes it chal-
lenging to reutilize. AD can be categorized into two types, namely (1) primary aluminum dross,
which is a solid form with high aluminum content (more than 50% of the total weight of dross),
and (2) secondary aluminum dross, which is granular in shape and has low aluminum content
(5 to 20%) [125]. Regenerated AD contains harmful elements and its disposal is not eco-friendly.
The Environmental Protection Agency [126] says dross is a highly flammable, non-corrosive
material that can cause skin inflammation, leaching, and health and environmental issues. Four
million tonnes of primary aluminum dross and one million tonnes of secondary aluminum
dross are produced annually [127]. Almost all AD is landfilled near factories, but rain can lead
to toxic metal ions penetrating surface and ground water, causing ecological issues [125]. Table 8
lists AD’s chemical and mineral composition, which can vary by raw material or metallurgical
process [125]. Rapid chemical screening indicates that AD is pozzolanic, according to ASTM
C618 [25], and the sum of SiO2 + Al2O3 + Fe2O3 is significantly higher than 70%. AD has been
used to make cement mortar, bricks, lightweight expanded clay aggregates, calcined alumina,
and refractory clay. Additionally, AD has also been used as a cementitious material and limited
data showed that 20% AD improved the strength and permeability of concrete [122,128,129].

Table 8. Chemical composition of AD.

Al2O3 SiO2 Fe2O3 AlCl3 FeSO3 CaO SO3 Ca(FeO3) Al(OH)3 MgO AlN LOI Ref

79.68 4.14 - 0.52 0.68 4.25 - 6.95 2.18 - 0.1 0.05 [130]

63.29 6.36 0.32 - - 20.2 6.36 - - 0.45 - 5.3 [122]

77.15 1.34 1.02 - - 0.56 - - - 1.86 8.06 - [127]

63.84 7.15 0.03 - - 0.07 0.03 - - 0.04 - - [131]

Reddy et al. [131] replaced cement with 5–30% secondary AD, and it was observed that
increasing the AD content increased the normal consistency to 40%. The initial and final setting
times increased, which was attributed to the presence of silicates. The AD reduced the concrete
compressive strength by 5.53% to 29.62%, with tensile and flexural strengths following a similar
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trend. The reduction in strength was attributed to the dilution effect caused by the decrease
in clinker content and increased AD content, resulting in less Ca(OH)2 consumed by the AD
during pozzolanic reactivity and fewer hydration products. However, the mechanical properties
and durability significantly improved when up to 15% AD was utilized, along with up to 15%
SF and 30% FA. Panditharadhya et al. [132] evaluated using 5–20% secondary AD in concrete.
The initial and final setting followed a similar trend reported by Reddy et al. [131], as shown in
Table 9. Figure 2 illustrates the variations in the mechanical strength of concrete when different
AD contents are utilized. It was observed that the mechanical strength decreased with the
increase in AD content. However, 5% AD showed a minor strength loss compared to the control
concrete, and 15% AD was considered optimum as it achieved the minimum target strength
required for M40 grade concrete according to IS-10262-2009 for India (equivalent to C40/50
according to EN 206-1). Javali et al. [130] also observed that 5% AD concrete achieved almost
identical strengths as the control concrete. Concrete with 5% AD along with 10%, 20%, 30%,
and 40% iron slag as a fine aggregate replacement demonstrated improved concrete properties,
with 5% AD plus 20% iron slag achieving almost similar strength as the control concrete. The
pozzolanic and filler effect of AD and iron slag, respectively, were attributed to the enhancement
in the properties [130]. However, according to the findings of Mailar et al. [122], it can be
observed that the addition of AD in concrete gives significantly better compressive and tensile
strengths but reduced flexural strength, which has been attributed to the inhomogeneity in the
distribution of hydration products in hot weather conditions. Furthermore, Mailar et al. [122]
observed that AD concrete exhibited 20–30% more resistance to acid attack, while the water
absorption was reported to be significantly lower than that of control concrete, thus indicating
that AD improves the durability of concrete.
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Table 9. Influence of AD on the properties of concrete.

% Of AD 0 5 10 15 20 30 0 5 10 15 20

Consistency (%) 34 34 34 34 38 40 30 31 32 34 38

Setting
Time (min)

Initial 40 45 55 65 80 90 50 55 65 80 95

Final 380 270 240 220 200 180 390 360 310 290 220

Ref [131] [132]

In short, AD has significant potential to be used as an SCM after different treatments
or blending with other SCMs [130].

2.2.2. Iron and Steelmaking Slags

The worldwide iron and steel output has rapidly increased in recent years [133]. A
considerable amount of slag is always formed during the steel production process. The
sector predicts an upward tendency in future output and slag quantity [133]. Usually, iron
and steelmaking slags can be categorized as GGBS, basic oxygen furnace (BOF) slag, electric
arc furnace (EAF) slag, or ladle furnace (LF) slag, according to the considered production
process [134].

For every ton of crude steel produced in a BOF, approximately 100–150 kg of slag is
generated as waste [135]. From 2000 to 2018, pig iron production climbed from 575.78 to
1252.87 million tonnes, steel from BOF increased from 522.68 to 1282.54 million tonnes, and
steel from EAF rose from 287.26 to 523.92 million tonnes [133]. In terms of utilization in
concrete, GGBS has been widely used and, according to some research, can substitute 80%
of cement [136]. However, other slags could be used as different ingredients in concrete pro-
duction based on their physical properties (Table 10) and chemical composition (Table 11).
Rapid screening indicated that the sum of SiO2 + Al2O3 + Fe2O3 was slightly below 50%
for GGBS, BOF, and LF slags, thus they could not be considered as a pozzolanic materials
but were latent hydraulic materials. EAF slag could be considered a pozzolanic material
since the sum of pozzolanic oxides is 57.62% and amorphous phases are present [137,138].
However, different treatment methods, such as particle size reduction, thermal treatment,
and additives (as explained in Section 3), enhance the quality and fineness of slags, thus
increasing their pozzolanic activity. Based on their properties, metal slags can be used as
cementitious material. Table 12 illustrates the results using different slags.

Table 10. Physical properties of different metal slags.

Slag Dimensions (mm) Density (kg/m3)
Surface Area

(cm2/g)
Water Absorption

(%) Ref

GGBS ≤0.063 2810–2910 4250–4620 2.1 [139–141]

BOF 0.018 2690–3480 4515 0.4 [142,143]

EAF 0.013–0.063 2840–3337 4990 4.32 [139,142,144]

LF 0.063 1540 - 2 [139,145]

Table 11. Chemical composition of different metal slags (Note: Sum * is the sum of pozzolanic oxides)
(adopted from ref. [133]).

Slag SiO2 Fe2O3 Al2O3 Sum * CaO MgO MnO SO3 TiO2 P2O5 Na2O K2O Cr2O3 ZnO

GGBS 34.03 0.74 11.39 46.16 38.26 8.65 0.92 0.62 3.58 - - - - -

BOF 13.59 25.73 3.59 42.91 42.59 7.91 2.77 0.4 1.71 1.32 - - 0.02 -

EAF 16.23 33.05 8.34 57.62 27.71 5.21 4.57 0.13 0.7 1.76 0.13 0.1 2.57 0.44

LF 20.86 1.75 10.95 33.56 53.29 7.18 2.76 1.25 0.29 0.1 1.16 0.22 0.45 -
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Table 12. Influence of slags on the compressive strength (MPa).

Slag
% of Cement Replaced

Ref
Control 1% 3% 5% 10% 15% 20% 25% 30% 35%

BOF

31.5 ±
0.4

32.1 ±
0.3

38.5 ±
0.2

42.2 ±
0.2

40.6 ±
0.1

36.1 ±
0.5 - - - - [146]

EAF

39.57 - - - - 37.93 - - - - [141]

53.6 - - - 48.1 ±
3.7

44.75 ±
1.75 - 44.95 ±

0.95 - [147]

66.5 - - - - 64.6 - - 51.4 - [148]

LF 59.34 43.06 ±
5.36 - - [139]

As shown in Table 12, 15% EAF slag had a slight reduction of 2.86% compared to the
control mix [137]. In other studies conducted by Roslan et al. [148] and Roslan et al. [149],
in which 5%, 10%, 15%, and 20% EAF slag was used, it was observed that 10% EAF slag
achieved higher 28-day compressive strength than the control mix. It was further observed
that all mixes with EAF slag achieved slightly higher compressive strength after curing
for 90 days, suggesting that EAF slag was a pozzolanic material since the concrete gained
further strength as it cured. Jexembayeva et al. [146] obtained the highest compressive
strength with 5% BOF slag compared to the control mix, which was also reported by
Shi et al. [150], who used superfine steel slag in cement mortar. Fine microparticles of BOF
slag accelerated hydraulic reactivity, boosting early and late strengths. A higher BOF slag
content decreased the compressive strength compared to the control mix. It has been found
that the slag source affects the concrete’s properties. EAF slag reduces concrete strength,
but it can achieve similar strengths as the control mix if ground into superfine particles.
Parron-Rubio et al. [139] found an 11 MPa difference in strength between the two types of
LF slags, but the strength was significantly lower when 25% LF slag was used from both
sources. LF slag’s reactivity as an SCM can be enhanced so that the concrete gains more
strength using the treatment methods mentioned in Section 3; however, the most effective
method to improve the reactivity of LF slag is mechanical reduction of particle size since
this increases surface area contact, developing more nucleation sites for chemical reactions.

2.3. Wood Waste Ash

Increased timber production and interest in renewable energy will increase the use
of wood waste as fuel in thermal power plants, resulting in vast amounts of wood ash.
The combustion of wood waste generates a lot of ash and residue compounds, which can
cause health and ecological problems [151]. This residue ash is commonly known as wood
waste ash (WWA) or biomass ash. WWA can be divided into bottom ash and fly ash based
on the combustion technology or how the ashes are contained [152]. Wood bottom ash is
coarser than wood fly ash. One ton of wood waste as fuel produces 5 MWh of energy and
50 kg of ash [153]. The typical disposal of WWA is in landfills, which accounts for 70%
of WWA, while 20% of WWA is utilized as a soil fertilizer, and the remainder is used for
other purposes. Different power plants use different combustion technologies, methods,
and fuels, which affect WWA’s physical properties and heavy metal concentration. The
presence of heavy metals in WWA may cause groundwater contamination due to rainwater
leaching or seepage. When ash reacts with water, the pH rises, reducing the solubility of
heavy metals and other trace elements. The alkalinity of ash changes when it dissolves in
an acidic environment like forest soil, thus exposing the metals to a pH far lower than that
of ash and increasing their solubility.

WWA’s potential use depends on its chemical and physical properties, which vary by
location, tree species, incineration method, and temperature. WWA particles are irregular,
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spherical, and highly porous [154,155]. Some WWA has crystal-like spikes, which increase
the surface area and porosity [152]. The chemical composition, to some extent, reflects the
reactivity of WWA and the incineration conditions. Uncontrolled incineration may lead to
high alkalinity and pH, which could range from 9 to 13.5 [156].

As observed from Table 13, the chemical composition vastly varies for WWA depend-
ing on the source, and WWA can either have pozzolanic or latent hydraulic potential.

Table 13. Chemical composition of various wood ash from various timber sources (Note: Sum * is the
sum of pozzolanic oxides) [151,157].

Wood Waste Ash CaO SiO2 Al2O3 Fe2O3 Sum * K2O MgO P2O5 SO3 Na2O TiO2

Forest Residue 47.55 20.65 2.99 1.42 25.06 10.23 7.2 5.05 2.91 1.6 0.4

Pine Dark 56.83 9.2 7.2 2.79 19.19 7.78 6.19 5.02 2.83 1.97 0.19

Poplar Bark 77.31 1.86 0.62 0.74 3.22 8.93 2.36 2.48 0.74 4.84 0.12

Sawdust 44.11 26.17 4.53 1.82 32.52 10.83 5.34 2.27 2.05 2.48 0.4

Spruce Bark 72.39 6.13 0.68 1.9 8.71 7.22 4.97 2.69 1.88 2.02 0.12

Wood Residue 11.66 53.15 12.64 6.24 72.03 4.85 3.06 1.37 1.99 4.47 0.57

Awolusi et al. [158] used 2.5% and 5% sawdust-based WWA (obtained by uncontrolled
burning) in concrete, observing that the water absorption decreased up to 4.62% compared
to 4.93% exhibited by the control sample. Furthermore, higher silica and ash contents
increased the water demand and reduced the workability. Raza et al. [159] investigated
the influence of 5% to 20% WWA at increments of 5% on the properties of concrete. It was
found that WWA reduced the workability of fresh concrete (reductions of 9.59% to 97.26%),
water absorption (reductions of 10.80% to 45.15%), and density (reductions of 1.43% to
4.96%). It was further observed that 20% WWA in concrete achieved a 45% decrease in
water absorption compared to the control concrete. With the utilization of 5% and 10%
WWA, the concrete achieved strengths of 32.61 and 32.6 MPa (14.58% and 14.55% increases)
respectively, compared to 28.46 MPa achieved by the control mix. The pozzolanic reactivity
of WWA allowed the concrete to gain strength; however, beyond 10% WWA, the concrete
strength significantly declined, such that approximately 22.79% strength was lost with
20% WWA. This was attributed to the excess silica content that could not be fully reacted,
thus WWA acted as a filler material instead of a binder material. Bhat [160] varied the
water-cement ratio (0.42, 0.45, and 0.50) while using 10–20% WWA in self-compacting
concrete. The author observed that WWA concrete required more superplasticizer to be
as workable as the control concrete, while the compressive and splitting tensile strengths
were also reduced irrespective of the water-cement ratio.

2.4. Waste from Concrete Production Activities
2.4.1. Concrete Sludge

Concrete sludge waste (CSW) is waste from ready-mix or precast concrete plants [161].
Figure 3 shows how wastewater from ready-mix trucks and batching plants is transferred
to sedimentation tanks where fine materials settle, known as CSW. The amount of CSW
generated globally is difficult to quantify; however, based on the total global production
of 4 billion tonnes of cement [162], it can be estimated that CSW production is around
260 million tonnes [161]. In Europe, fresh concrete waste generated during manufacture or
truck cleaning/washing is estimated to be 1–4% of the total concrete produced [163]. This
CSW is challenging to handle and has a high pH, making it hazardous to the environment
and human health. Due to its high alkalinity (pH > 11.5), CSW is considered corrosive
in the UK, Spain, and the USA [164], and improperly dumped CSW may damage the
environment and ecosystem.



Buildings 2023, 13, 526 15 of 34

Buildings 2023, 13, x FOR PEER REVIEW 15 of 36 
 

1.43% to 4.96%). It was further observed that 20% WWA in concrete achieved a 45% de-
crease in water absorption compared to the control concrete. With the utilization of 5% 
and 10% WWA, the concrete achieved strengths of 32.61 and 32.6 MPa (14.58% and 14.55% 
increases) respectively, compared to 28.46 MPa achieved by the control mix. The poz-
zolanic reactivity of WWA allowed the concrete to gain strength; however, beyond 10% 
WWA, the concrete strength significantly declined, such that approximately 22.79% 
strength was lost with 20% WWA. This was attributed to the excess silica content that 
could not be fully reacted, thus WWA acted as a filler material instead of a binder material. 
Bhat [160] varied the water-cement ratio (0.42, 0.45, and 0.50) while using 10–20% WWA 
in self-compacting concrete. The author observed that WWA concrete required more su-
perplasticizer to be as workable as the control concrete, while the compressive and split-
ting tensile strengths were also reduced irrespective of the water-cement ratio. 

2.4. Waste from Concrete Production Activities 
2.4.1. Concrete Sludge 

Concrete sludge waste (CSW) is waste from ready-mix or precast concrete plants 
[161]. Figure 3 shows how wastewater from ready-mix trucks and batching plants is trans-
ferred to sedimentation tanks where fine materials settle, known as CSW. The amount of 
CSW generated globally is difficult to quantify; however, based on the total global pro-
duction of 4 billion tonnes of cement [162], it can be estimated that CSW production is 
around 260 million tonnes [161]. In Europe, fresh concrete waste generated during manu-
facture or truck cleaning/washing is estimated to be 1–4% of the total concrete produced 
[163]. This CSW is challenging to handle and has a high pH, making it hazardous to the 
environment and human health. Due to its high alkalinity (pH > 11.5), CSW is considered 
corrosive in the UK, Spain, and the USA [164], and improperly dumped CSW may dam-
age the environment and ecosystem. 

 
Figure 3. Illustration of CSW and reclaimed concrete aggregates [165]. 

CSW is composed of cement’s hydrated/carbonated residuals and the finest portion 
of aggregates. Due to its high water content, CSW is considered workable only for a few 
days. Once it dries, the color becomes dull grey and can quickly be ground into fine pow-
der. The specific gravity can range between 2.3 to 2.5, the specific surface area can be 4300 
to 18,000 cm2/g, while the Blaine fineness ranges from 7540 to 9940 cm2/g [166]. CSW con-
tains hydration products (up to 70%), while fine aggregates have a significant presence 
(30%). CSW particles have an angular shape. The CaCO3 and Ca(OH)2 contents can total 
up to 49% [150], while the pH can be up to 13. From Table 14, it can be observed that SiO2 

Figure 3. Illustration of CSW and reclaimed concrete aggregates [165].

CSW is composed of cement’s hydrated/carbonated residuals and the finest portion of
aggregates. Due to its high water content, CSW is considered workable only for a few days.
Once it dries, the color becomes dull grey and can quickly be ground into fine powder.
The specific gravity can range between 2.3 to 2.5, the specific surface area can be 4300
to 18,000 cm2/g, while the Blaine fineness ranges from 7540 to 9940 cm2/g [166]. CSW
contains hydration products (up to 70%), while fine aggregates have a significant presence
(30%). CSW particles have an angular shape. The CaCO3 and Ca(OH)2 contents can total
up to 49% [150], while the pH can be up to 13. From Table 14, it can be observed that SiO2
and CaO are the two main components of CSW. At the same time, the LOI is high due to
the decomposition of CaCO3 and C-S-H [163] and may also be attributed to the natural
carbonation of fine particles when exposed to the atmosphere.

Table 14. Comparison of chemical compositions of CSW with OPC. (Note: Sum * is the sum of
pozzolanic oxides).

Material SiO2 CaO Al2O3 Fe2O3 Sum * K2O Na2O TiO2 MgO P2O5 SO3 LOI Ref

OPC 19.57 64.51 3.81 3.12 26.5 0.69 - 0.27 1.48 - 5.43 1.08 [167]

CSW 32.84 36.92 8.21 6.72 47.77 1.6 - 0.54 1.88 - 2.81 8.58 [167]

CSW 28 36 9.4 7 44.4 1.5 1 - 1.6 0.3 3.7 10.7 [161]

CSW 17.7 44.4 5.1 3.1 25.9 0.3 - 0.5 1.5 - 2.2 14.2 [168]

CSW 36.49 20.58 14.35 4.34 55.18 1.73 0.35 - 2.67 - 1.22 17.13 [169]

Based on the literature [167], four methods have been identified for the management
of CSW, namely (1) landfilling, (2) producing SCM by grinding and sieving processes,
(3) producing recycled fine/coarse aggregates, and (4) using fresh CSW as a cementitious
paste. Currently, the most common strategy is landfill disposal [170], which involves
dewatering of CSW such that the grey wash water is removed and dry solid CSW is
transported to landfills [167]. Although it may be the most used, the strategy is not an
environmentally sustainable approach as the process involves energy and fuel consumption
and emissions.

In a previous study [171] using 0.5 to 400 µm grain-sized calcareous CSW to replace
10–30% cement, it was found that CSW had a low salt content, while the XRD analysis
revealed calcite and traces of dicalcium silicate (C2S) peaks, indicating that it was fully
hydrated. With the increase in CSW content, an increase in superplasticizer was required
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to achieve the same workability as the control specimen. Concrete with 10% CSW achieved
similar compressive strength development, while that with 20% CSW exhibited 5.5% lower
compressive strength compared to the control mix. It has been observed that the filler
effect caused by CSW incorporation affects the binder’s pH. The pH significantly affects the
hydration; however, the adverse effect on the compressive strength was mitigated using
CSW with high alkalinity (pH of 12.1). Loss in flexural strength was also observed with the
increase in CSW content, which was attributed to the deterioration of the ITZ. According
to the findings of Ferriz-Papi [172], dried but unground CSW cannot be used for cement
substitution because the reduction in compressive strength was significant compared to the
reference mortar. Further, it was observed that the increase in CSW content decreased the
compressive strength, such that approximately 30% strength loss was obtained with 25%
CSW compared to the control mix.

Keppert et al. [161] utilized fresh, dewatered, and reclaimed CSW, observing that
10% of the CSW was unhydrated clinker residuals (alite, belite, brownmillerite), aluminate
phases, and small traces of hydrotalcite, suggesting the concrete was slag-based cement. It
was observed that 10% CSW did not adversely influence the strength of the concrete owing
to its high fineness (2 to 200 µm, with an average particle size of 7 µm), which imposed
a higher water content, but an increase in CSW content resulted in a loss in strength.
Similar findings were also observed by Xi et al. [171]. However, the high water demand
could be mitigated with water-reducing admixtures. It was also determined that concrete
incorporating CSW had a high chloride binding capacity, which could be potentially
beneficial where steel reinforcements need to be protected from degrading environmental
mechanisms. The study demonstrated that fresh CSW could be utilized on-site.

2.4.2. Recycled Concrete Powder (RCP)

Although RCP consists of portions of hydrated and unhydrated cement and accounts
for up to 30% of the total C&DW, the application of RCP as a replacement material in
concrete production has been scarce. RCP is a powdery material with particles below
150 µm and is obtained by mechanical pre-treatment of C&DW through crushing, grinding,
and sieving. The physical properties and chemical composition of RCP are shown in
Tables 15 and 16. As can be observed from Table 16, the silica content is different in each
source of RCP. The RCP from the source in ref. [173] originated from the concrete waste of a
beam used in a railway traffic project. In contrast, the RCP from the source in ref. [174] was
acclaimed from demolishing a 40-year-old building, which was built with grade C25 and
no pozzolanic materials, whereas the RCP used in the research in ref. [175] was obtained
by crushing the concrete waste obtained from demolishing a 20-year-old building.

Table 15. Physical properties of RCP [173].

Property OPC RCP

Bulk Density (kg/m3) 1056 856

Apparent Density (kg/m3) 2978 2355

Specific Surface Area (cm2/g) 4930 4670

Table 16. Comparison of chemical compositions of RCP and FRCA with OPC (Note: Sum * is the
sum of pozzolanic oxides).

Oxides (%) SiO2 Al2O3 Fe2O3 Sum * CaO MgO Na2O K2O SO3 LOI Ref

OPC 19.57 3.81 3.12 26.5 64.51 1.48 - 0.69 5.43 1.08 [167]

FRCA 57.37 9.64 3.27 70.28 17.9 0.59 - 3.41 1.53 5.61 [167]

RCP

27.8 6.7 2.73 37.23 29.1 4.49 0.56 1.09 1.11 - [173]

55.19 2.18 4.85 62.22 35.02 0.29 0.22 0.7 0.51 1.42 [174]

64.81 7.77 1.59 74.17 19.14 1.54 1.76 2.94 - - [175]
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Rakhimova and Rakhimov [176] observed that RCP has a mixed mineral composition
of quartz, calcite, ettringite, unhydrated OPC, calcium silicates, and aluminate hydrates.
The presence of unhydrated OPC makes RCP a promising SCM [175]. Kim and Choi [177]
utilized two types of RCP with different Blaine fineness values (928 and 1360 cm2/g). The
microstructural analysis revealed that the shape of RCP particles was angular and identical
to that of cement particles; however, RCP particles were larger than cement particles and
the surface of the particles contained hydrated products. As observed from Figure 4, the
compressive strength decreases with the increase in RCP proportion, irrespective of fineness.
With 15% RCP, the strength loss at 28 days compared to the reference was 25–28%, while it
was 64–73% for 45% RCP. The significant loss in compressive strength was attributed to
RCP consisting of non-reactive powders. Zhu et al. [178] studied the impact of 30% RCP
(produced by crushing and grinding brick and concrete waste) on the concrete’s properties.
Concrete with RCP developed strength faster than concrete with FA at a younger age,
which was attributed to the unhydrated cement particles in RCP. Sun et al. [179] evaluated
the effect of RCP on mortar properties with and without spontaneous combustion gangue
powder (SCGP). Mortars with 30% and 50% RCP had compressive strengths of 17.87 and
14.57 MPa, respectively, compared to 26.13 MPa for the control mix. Meanwhile samples
with 15% and 25% RCP combined with SCGP had compressive strengths of 22.85 and
14.99 MPa, respectively, after 28 days. As shown in Figure 5, RCP-containing mixes contain
inert particles, which reduce the total binder activity and hydration products, causing
micro-cracks and strength loss. RCP’s lower pozzolanic reactivity and fineness increase
the chloride penetration, thus it can be observed that a higher pozzolanic activity material
such as SCGP may be utilized along with RCP to achieve better strength.
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Based on the present literature, it can be concluded that RCP has the potential to be
used as an SCM as it provides additional nucleation sites which in turn accelerates the
hydration of cement [180] and thus enhances the strength [181,182].

2.5. Insight on the Emerging SCMs

The purpose of utilizing SCMs in concrete is to reduce the overall project (materi-
als) costs and environmental burdens. The existing SCMs have thus far achieved both
objectives. Although various SCMs have been evaluated, their use in construction has not
been optimized. The industry has been more comfortable with established SCMs, such
as FA, GGBS, SF, and LP. With the imminent closure of coal plants, causing FA supply
(700–1100 million tonnes per annum) restriction, the construction industry is looking for a
global alternative.

Emerging SCMs are so diverse that determining their concrete performance is difficult.
Emerging SCMs face challenges with current SCM test methods. Existing SCMs have dedi-
cated standards and quality requirements, such as ASTM C618 [25] and EN 450-1 [26] for FA,
standard ASTM C989-06 [183] and EN 15167-1 [184] for GGBS, standard IS 15388 [185], EN
13263-1 [186], and ASTM C1240-20 [187] for SF, and standard ASTM C1797-17 [188] for LP.
Existing standards and methods are unsuitable for evaluating new SCMs since their chemical
and mineralogical composition and poorly crystalline phase structure must be understood.

With 3.25 billion tonnes of metallic ore mined annually, mine tailing waste is consider-
able. According to their chemical composition, most mine tailings are pozzolanic. However,
their low pozzolanic reactivity negatively affects concrete properties when used without
pre-treatment. The EPA classifies AD as a highly flammable, non-corrosive hazardous
material. Recycled AD contains toxic materials, thus landfilling them is not ecologically
fair. However, this refers to their disposal in raw form; these hazards could be mitigated if
they are utilized as SCMs.

Unbound applications such as road construction are the main use of BOF slags. They
can partially replace concrete binders. Before reusing slag, free CaO and MgO must be
removed to prevent volumetric instability. EAF slag can be used as a partial binder to create
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concrete with similar or higher mechanical properties than conventional concrete. However,
short- and long-term studies are still needed before industrial application. LF slag has not
worked well as an SCM due to its volumetric instability, tendency to self-pulverize during
cooling, and low hydraulic properties. According to some studies, using alkaline activators
and cooling LF slags may help achieve comparable mechanical strength in concrete. More
lab and industrial research are needed [133].

CSW in concrete requires a technological breakthrough, as the utilization as SCM
has been limited and results indicate that preconditioning is required before mixing to
achieve better results. It is not a ready-to-use material that can be taken from landfills and
immediately used in concrete. This may limit the use of CSW as an SCM. Variations in
physical and chemical properties cause RCP concrete to have different mechanical and
durability properties. RCP as an SCM requires quality control to achieve the desired results,
but a lack of well-developed guidelines hinders its industrial adoption [189].

Regarding the quantity of emerging SCMs, the volume of CSW generation can vary
between 165–330 million tonnes depending on the total global concrete production. In
comparison, 4 million tonnes of primary AD and 1 million tonnes of secondary AD are
produced annually. It is estimated that 160–240 million tonnes of BOF slags and 104 million
tonnes of EAF slag are generated annually. The mining sector produces 5–7 billion tonnes
of mine tailings annually. Despite the emerging SCMs having more than enough yield
volume to replace the existing SCMs, which are waste materials, the main hindrance to
their utilization is their supply to cement factories and concrete producers. This is because
China accounts for more than half of all steel and aluminum production in the world and
is also a leading producer in other metal production. The waste materials are primarily
available free of charge; however, the supply of waste materials such as mine tailings, ADs,
and slags to cement factories and concrete producers has associated costs and embodied
carbon within it. The distance between the source of SCMs and the cement factories and
concrete producers is closely related to transportation costs and embodied carbon, and can
thus impact the objective.

Each emerging SCM has different physical properties and chemical composition while
some have low reactivity; therefore, their use will be limited to small-scale applications and
pilot projects. Literature on emerging SCMs suggests they could be the next FA or GGBS;
however, more extensive testing is needed under different durability and environmental
protection conditions and life cycle assessments are required to evaluate the environmental
impact of emerging SCMs depending on the region.

3. Methods for Enhancing the Reactivity of SCMs

Most materials utilized as potential SCMs are waste materials; therefore, they are of
sub-optimal quality [190]. If untreated, these waste materials can negatively affect the
properties of concrete (especially its strength). Past research has described solutions to
this problem by employing various pre-treatment techniques and methods to enhance the
reactivity of SCMs.

3.1. Reduction in Particle Size of SCMs

Tangchirapat et al. [191] asserted that the quality of the binding material used in
concrete production influences its strength. To increase the pozzolanic activity, the material
must be ground into fine particles. The ground particles have higher surface areas, thus
creating additional nucleation sites during hydration, which results in the development
of C-S-H layer formation. Initially, nano-silica was used, and research has continued
to date [192–194] but is being expanded to include other nano-sized particles, such as
natural pozzolans [195], clays, and other potential materials used as SCMs or nucleation en-
hancers [196]. An ultrafine powder can be made using standard laboratory equipment such
as ball mills and vibratory disc mills. Grinding reduces the particle size and increases the
specific surface area, affecting the internal structure and physical and chemical properties.
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As mentioned earlier, mine tailings have low reactivity but the reactivity of different
components, such as Al, Si, Fe, Mg, and Ca, can be improved and the particle shape and
homogeneity can be changed by mechanically grinding mine tailings [197]. The grinding
of phyllite mine tailings for three hours caused Al and Si to become 93% and 23% soluble,
while the XRD analysis revealed a less intense albite peak but no new phases [198]. A
vertical planetary ball mill was used to grind iron ore tailings in another study [199], which
caused the specific surface area to increase from 103 m2/kg (raw iron ore tailings) to
463 m2/kg (20-min grinding) and 581 m2/kg (ground for 40 min).

CSW contains calcium-silicate, which is a potential cementitious material, and the
exposure of CSW to CO2 and water during storage causes the calcium phases to react
and form calcium carbonate and incompact C-S-H, which reduces its potential reactivity.
As observed in Figure 6, it was found that wet milling has the potential to increase the
reactivity of CSW. CSW, water, and zirconia balls were placed in a vertical stirring mill
and milled for 20, 40, and 60 min [169]. The wet-milled CSW curves became narrower
than those of unground CSW over time. Wet milling achieved minimum and maximum
particle of 300 nm and 10 µm, respectively. No sand or gravel remained after wet milling,
indicating that all large particles were ground fine, while the pH dropped from 11.53 to
10.55 in 60 min. There was an increase in the carbonation reaction of C-S-H during wet
milling, resulting in a decline in alkalinity [169]. A similar fineness to cement is required
if WWA [152] is to be used as a cementitious material. Therefore, WWA also needs to be
ground [152]. However, the grinding time may vary depending on the type of WWA and
ash quality.
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While finer SCMs, especially those with nanoparticles, have higher reactivity, they
are difficult to disperse in concrete and therefore do not always work well as cementitious
materials in concrete. Various researchers have tried to solve the lack of particle dispersion.
Rodriguez et al. [200] used high-frequency ultrasonication to disperse SF particles in water.
Consumption of portlandite increased, as did the formation of C–S–H with a longer chain
length and lower Ca:Si ratio than with densified SF. Kawashima et al. [201] used sonication
and chemical admixtures to improve the dispersion of nano-calcium carbonate.

3.2. Thermal Treatment

Thermal treatment can also improve the reactivity of potential SCMs. The optimiza-
tion of the calcination process has recently gained attention, particularly in optimizing
temperature and time for calcination. The reactive amorphous silica phase can be activated
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or achieved by calcining or incinerating various clays, which influences the particle size
distribution (PSD) [202]. However, incinerating beyond a certain temperature may convert
the amorphous silica into crystalline silica [203], consisting of cristobalite and tridymite,
which reduces the pozzolanic reactivity. Calcination and aeration increase the reactivity of
mine tailings [204,205]. During calcination, the crystalline structure is ruptured, minerals
are decomposed, and amorphous phases with high pozzolanic activity are formed [206,207].
Perumal et al. [205] studied the thermal treatment of phosphate, kaolinite, and lithium
tailings. According to XRD, phosphate mine tailings contain phlogopite, calcite, tremolite,
and dolomite. The calcite decomposed to form CaO at 750 ◦C. First-stage calcination
boosted reactivity by forming CaO and reducing crystallinity. Quartz and silicates formed
during the second calcination stage, reducing reactivity. Perumal et al. [205] found that
kaolinite decomposed at 750 ◦C, forming metakaolin. Metakaolin’s amorphous structure
was undetectable by XRD [205]. At 900 ◦C, the albite peak’s intensity decreased, indicating
partial decomposition in lithium tailings. The phase changes suggested that phosphate
mine tailings are more reactive after calcination than kaolinite and lithium tailings.

3.3. Additives

Inorganic additives have been found to increase the pozzolanic reactivity of SCMs.
Ghorbel and Samet [208] added iron content (10, 25, 50, and 150 mL of 0.4 M Fe(NO3)3·9H2O
solution) to kaolinitic sheets. The XRD analysis exhibited the formation of hematite (Fe2O3)
and goethite (FeO(OH)) in the metakaolin, while the compressive strength revealed that
up to 2.7% Fe2O3 increased the pozzolanic activity of the metakaolin. Soro [209] also
studied the influence of iron additives on kaolin’s thermal changes and found that when
iron was added to kaolin, it precipitated as ferrihydrite and did not participate in the
dihydroxylation (addition of hydrogen to a hydroxyl (alcohol) group creating water and an
alkyl group) of kaolinite. Nevertheless, iron ions diffused into metakaolin at temperatures
higher than 900 ◦C during the heating process. The ferrihydrite particles that formed
at 300 ◦C became hematite. Taylor-Lange et al. [210] added zinc oxides to clays such as
kaolinite, montmorillonite, and illite before and after calcination, reporting similar results.
Using metakaolin with addition of zinc oxide increased the 28-day compressive strength
but not when calcined montmorillonite and illite were used instead. It was found that the
combination of zinc oxide and calcined clays reduced the cement hydration retardation
that is typically observed with zinc oxide additions, which was unexpected, since the zinc
oxide behaved quite like sucrose, acting as a retarder in the absence of metakaolin.

3.4. Combined Treatments

Recent research has shown that chemical treatment before combustion improves the
properties of SCMs. Vaughan et al. [211] used hydrochloric acid to leach metals and alkalis
from rice husks before calcination. A total of 6 kg of rice husks were boiled in 60 L of
0.01 N hydrochloric acid (HCl) solution for an hour. The material was then washed with
tap water to neutralize the pH and dried for three days at room temperature. This was
performed to determine the effects of acidic pre-treatment on the SCM. The acid-treated
and non-acid-treated rice husks were then control-burned at constant temperature. The
ground ash was added to saturated Ca(OH)2 solutions and the solutions’ time-dependent
electrical conductivity was measured; pH determined the ash’s pozzolanic reactivity. Addi-
tionally, the compressive strength activity was calculated. Acid-treated ash had higher SiO2
content, lower alkalinity and unburned carbon content, better grindability, and smaller
particle size than non-acid-treated rice husks. This made the lime more reactive and less
sensitive to prolonged combustion times. Vaughan et al. [211] concluded that rice husk
treatment using 0.01 N HCl was sufficient. Ataie and Riding [212] used hydrothermal and
thermochemical pre-treatments on rice and wheat straw ashes for utilization in concrete.
Samples were exposed to hydrothermal pre-treatment using distilled water, thermochem-
ical pre-treatment with 0.1 N HCl, and further thermal treatment in an electric muffle
furnace at various temperatures and times. Finally, a ball mill was used for an hour at 85
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rpm. The pre-treatments reduced the Ca, K, and Mg contents and increased the amorphous
silica content and surface area. Moreover, higher temperatures increased the effectiveness
of Ca, K, and Mg, thereby improving the pozzolanic activity.

To our knowledge, combined treatment has not been employed for emerging SCMs;
however, the above mentioned effectiveness of the combined treatment on existing SCMs
indicates that a similar effect could be achieved when employed to treat the emerging SCMs
discussed in this article.

4. Reactivity Assessment Methods

SCMs are by-products or waste of other industrial processes, and, as such, their quality
has traditionally been subservient to the overall industrial productivity. This has led to the
production of low-quality SCMs and considerable variability between sources, which has
made it challenging to keep source quality consistent over time [190]. Therefore, the first
step in evaluating emerging materials as potential SCMs is determining their characteristics.
Various methods are used to determine SCM characteristics, such as: (1) a laser diffraction
analyzer is used to determine the PSD, indicating the range of particle sizes. (2) X-ray
fluorescence spectroscopy is used to determine the chemical/oxide composition of potential
SCMs in order to define whether they are latent hydraulic or pozzolanic. Pozzolanic SCMs
are classified according to ASTM C618 [25] or Rankin classification based on the CaO/SiO2
ratio with: <0.5 is pozzolanic, 1–1.5 is latent hydraulic, and >2 is hydraulic [213]. (3) X-ray
diffraction analysis is used for qualitative and quantitative analysis of mineral composition.

To evaluate the reactivity of SCMs, a wide range of standardized and non-standardized
methods have been utilized. In general, these methods can be divided into two categories,
i.e., direct methods measuring physical properties or indirect methods measuring chemical
properties. The widely used reactivity evaluation methods of SCMs as shown in Table 17.
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BOFS = basic oxygen furnace slag; MSWIFA = municipal solid waste incineration fly ash; P = ground
pumice; GG = ground glass; BF = basalt fines).
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Table 17. Different reactivity test methods for SCMs.

Test Ref Procedure Remarks

Frattini Test
EN 196-1 Part 5 [214]

- Samples are prepared or mixed, stored for 7
and 28 days at a temperature of 40 ◦C, after
which the samples are allowed to cool down to
room temperature (27 ◦C), and the solution is
filtered in a vacuum before testing.
- The filtrate is then titrated with 0.1 M
hydrochloride acid, EDTA, and murexide
indicators are applied to detect OH− and Ca+

ion concentrations.

- If an SCM is reactive, the calcium ion
concentration will be below saturation at the
specified OH− ion concentration.

Chapelle Test and
Modified Chapelle
Test
(NF P18-513)

[215]

- 1 g of the SCM is mixed with 1 g of Ca(OH)2 in
200 mL water heated at 90–100 ◦C for 16 h, after
which the unreacted lime is examined, and the
results are expressed in milligrams of Ca(OH)2
per unit of SCM, respectively. The Ca(OH)2
consumed in mg/g of SCM is calculated using
Equation (1):
SCMreactivity = a−b+c

d × 74000 (1)
- In the modified Chapelle test, 1 g of SCM is
mixed with 2 g of Ca(OH)2.
- This method produces two blank solutions
using the same setup: (1) distilled water and
Ca(OH)2 and (2) distilled water and SCM [216].
- The first blank solution is used to correct for
carbonation while the second blank solution
corrects for the release of alkali from the SCM.

- The variability of the Chapelle test and
modified Chapelle test is reduced due to the
use of CH instead of OPC.
- An increase in the reactivity and
modification of kinetics of the specimens has
been observed to be due to the SCMs being
subjected to high temperature (90–100 ◦C) for
a significant duration (16 h).
- Neither test takes into consideration the
calcium already present in slag specimens.

R3 Calorimetry [217]

- The powder and water are pre-conditioned
separately overnight at 40 ◦C in the calorimeter,
after which they are mixed in a mechanical mixer
for 2 min. Afterwards, a glass ampoule is
weighed together with 15 g of sample, which is
then sealed and inserted in the calorimeter at a
constant temperature of 40 ◦C for 7 days to
record the heat.

- The SCM is mixed with Ca(OH)2, sulphates,
and alkalis in the quantities [218] initially
used to evaluate calcined clays and limestone
mixes, but its popularity has grown such that
it is used for all SCMs.
- The measured heat of hydration correlates
well with mortar strength development,
tested on calcined clay and limestone mixes
[215].

R3 Bound Water [217]

- Sliced specimens extracted from 7 days
hydrated samples are dried at 105 ◦C to remove
any surface and pore water, afterwards
furnace-heated at 400 ◦C for 2 h, the weight loss
is measured and recorded.

- The weight loss is proportional to the
amount of water present in hydration
products such as C-S-H and C-A-S-H, and
this water helps define how the SCM reacts.
- Additional step was added in ASTM C1897
[219]: once the weight loss is recorded at 400
◦C, the sample is put in an oven at 500 ◦C
and weight loss is recorded again.
- By prolonging the temperature between 400
and 500 ◦C, CH content may be estimated.

R3 Chemical
Shrinkage

[217,
220]

- Freshly prepared paste samples are poured into
a vial up to 3 cm, afterwards the vial is
completely filled with 40 ◦C temperature
de-aerated water.
- The sealed samples are then placed in water
bath of constant temperature of 40 ◦C. The
change in volume is noted, and based on the
volumetric change, the chemical shrinkage is
calculated.

- This R3 model test has the advantage of
being repeatable for more extended periods
than most other R3 test methods and has
been employed in evaluating blends of SCMs
with lime in a 1:1 ratio at a constant room
temperature of 27 ◦C.
- The volumetric change can be recorded in
small intervals during the early stage, and
the testing duration can last for up to 14 days.
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Table 17. Cont.

Test Ref Procedure Remarks

R3 Portlandite
Consumption

[217]

- Pastes are prepared and dried at 40 ◦C for
7 days and weighed.
- 50 mg of powder is heated from 30 to 950 ◦C at
10 ◦C/min in a TGA, and the weight loss over
temperature is recorded.

- Portlandite consumption is computed using
the tangent approach given by Scrivener et al.
[221], and portlandite consumption is
calculated by difference to the initial content
[217].

Suraneni
(Modified R3

Isothermal
Calorimetry) Test

[222]

- Paste samples, prepared by mixing Ca(OH)2
and SCM in a 3:1 mass ratio with 0.5 M KOH to
maintain 0.9 liquid-solid ratio of 0.9, are placed
in a 50 ◦C preconditioned calorimeter, and the
heat release is recorded for 240 h.
- 50 mg of SCM is heated from 23 to 500 ◦C at
10 ◦C/min in a TGA

- Classified SCMs based on Ca(OH)2
consumption and heat release (Figure 7).
- The boundaries suggested in Figure 7 for
heat release are not fundamental, as a slight
change in the system model (Ca(OH)2 value
and temperature) can cause different values.

Lime ReactivityIS
1727-1967 [223]

- Mortar samples consisting of SCM, Ca(OH)2
and sand at a ratio of 1:2M:9, where M is the
SCM/CH specific gravity ratio are prepared and
kept at 27 ◦C for 48 h. After 8 days at 50 ◦C
temperature and 90% relative humidity, the
specimens’ compressive strengths are evaluated
and dubbed the SCM’s lime reactivity.

- The fluctuating water to powder ratio and
SCM concentration makes it impossible to
compare similar SCMs with varying physical
properties, let alone different SCMs. Thus,
modified lime reactivity test in which lime to
SCM ratio is set at one based on the lime
reactivity test quantities 0.67 w/b ratio to
eliminate mix fluctuation.

Heat of Hydration
(1:1) Test [224]

- The paste specimen (SCM and lime at 1:1 with
0.65 w/b ratio) is placed in an isothermal
calorimeter at 27 ◦C for 7 days, during which
time its heat of hydration is measured.

- In contrast to R3 calorimetry, heat of
hydration does not restrict the system to
pozzolanic reactions and by conducting the
tests at an ambient temperature, the effects of
a higher temperature and kinetics can be
reduced, leading to more reliable results.

Strength Activity
Index (SAI)
ASTM C311

[225]

- The compressive strength of concrete/mortar
containing SCM is compared with the
compressive strength of reference
concrete/mortar sample at different curing ages.
The influence of SCM can be expressed in
Equation (2).
SAI = CSSCM

CSre f
(2)

- To comply with ASTM C618 [25] and EN
450-1 [26], SAI of at least 75% of the control
mixture after 7 or 28 days is required.
- It fails to distinguish between reactive and
inert materials due to higher SCM level; the
filler effects may outweigh other reaction
effects [226], thus testing at early age may be
impractical since pozzolanic activity is low at
early age, often indistinguishable from inert
fillers [227]. Additionally, the 75% cap is too
low, as when cement is diluted, the strength
of the test sample can be 80% of the control at
the same w/c ratio [228].

Note: SCMreactivity = activity of SCM in mg of Ca(OH)2 per g of SCM; a = moles of Ca(OH)2 for reaction products
and carbonation; b = moles of Ca(OH)2 for carbonation; c = moles of Ca(OH)2 from SCM itself; d = weight of
SCM; KOH = potassium hydroxide; SAI = strength activity index; CSSCM = compressive strength of specimen
incorporating SCM; CSref = compressive strength of referent specimen.

Insight on the Evaluation Methods

SCMs are primarily inorganic materials that, when combined with Portland cement,
contribute to the properties of the hardened concrete through a chemical reaction, such
as hydraulic or pozzolanic activity. The application of existing SCMs, such as FA, slags,
and other such materials, is growing at an exponential rate. However, the supply of such
SCMs is becoming restricted, thus newer materials are emerging as potential SCMs. The
utilization of SCMs has been linked to an improvement in the workability, mechanical,
and durability performance of concrete. On the other hand, it is common knowledge that
the reactivity of SCMs plays a significant role in ensuring that there is an improvement
in the performance of the concrete. Because there is a growing demand for cementitious
products that are more environmentally friendly, it is becoming increasingly important to
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evaluate the pozzolanic activity of cement replacement materials. The reactivity of SCMs
has been determined using conventional reactivity methods, such as Chapelle’s test and
the modified Chapelle’s test. However, these experiments have certain drawbacks that
are caused by the very accelerated settings, as well as the high degree of divergence from
actual conditions (i.e., high water content and the solution solely comprises Ca(OH)2).

To avoid such problems, newer methods, known as R3, have been introduced. Recently,
comparative analysis [217] has been conducted on some of the different reactivity methods
mentioned in Table 17. Different SCMs were evaluated, and it was observed that the
decades-old, standardized methods exhibited weak correlations for relative compressive
strength. A correlation R2 ≥ 0.85 is acceptable, which was only found for R3 calorimetry
and R3 bound water, as shown in Figure 8. It was also observed that when slag SCMs were
omitted, the correlations for the Frattini and modified Chapelle tests increased such that the
R2 values became more acceptable. Furthermore, the lime reactivity test gave a reasonable
correlation for strength gains after 90 days due to pozzolanic activity. The R3 model tests
had the highest reproducibility of the methods studied, and their reproducibility could
likely be increased by providing more specific details about the execution of the tests.
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Figure 8. Summary of different reactivity methods [217].

Although these reactivity evaluation methods have been used on existing SCMs, they
may also be employed to evaluate the reactivity of new SCMs. Compared to existing SCMs,
some of the newer SCMs may lack reactivity, resources, and have increased requirements
for quality control. These factors make it more difficult for new SCMs to be adopted, even
though their technical potential is enormous. Therefore, it is imperative that new SCMs be
evaluated before being incorporated into either existing or newly developed standards to
facilitate their widespread application in the years to come.

5. Conclusions

The objective of this study was to present emerging and new SCMs as an alternative
to the existing SCMs, the supply of which is expected to be reduced soon due to the closure
of coal plants and recycling initiatives in the steel and iron industries. In this regard,
waste materials from concrete and timber production are increasing in quantity and can
be utilized as SCMs. Furthermore, wastes such as mine tailings and steel slags have had
limited application, although they have presented themselves as emerging SCMs. Based on
the review, the following conclusions are drawn:
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1. When unprocessed, certain materials such as CSW and AD are considered as haz-
ardous; however, when used as an SCM in limited content, their hazardous nature is
restricted and they can be beneficial for the construction industry.

2. The only environmental impact and cost associated with emerging SCMs is the
transportation of SCMs from the source to cement industries.

3. The huge volume of emerging SCMs could potentially surpass the utilization of
existing SCMs in concrete.

4. Pre-treatment to mechanically reduce particle size, calcining, and adding gypsum and
iron increase reactivity. For decades, mechanically reducing SCM particle size has
been the most effective treatment method for improving reactivity, but it increases
specific surface area and water demand. The CO2 emissions from these treatment
methods may be acceptable when the reactivity of SCMs is enhanced.

5. Several methods can be used to determine the material’s reactivity. As a rapid screen-
ing method, physical properties and chemical composition are used to classify a
material as a potential SCM. However, some materials, such as mine tailings, may
have pozzolanic oxides that have low pozzolanic reactivity because they are crystalline.
This lowers the mechanical and durability properties of the concrete. Therefore, the
reactivity of SCMs must be studied.

6. Existing SCM reactivity methods have significant limitations. Due to these limitations,
the actual reactivity of emerging SCMs is unknown or underreported, which prevents
emerging SCMs from reaching the market.

The lack of studies on the short-term and long-term effects of incorporating emerging
SCMs in concrete has also been one of the reasons for SCMs not being used on an industrial
scale. Therefore, further research on the mechanical and durability properties is needed
to propose the implementation of such emerging SCMs for industrial applications. Based
on those results, a comprehensive standard may be prepared. Additionally, the supply
of emerging SCMs to cement factories may adversely influence their sustainability, thus
regional economic and environmental assessments throughout the materials’ life cycles
should be conducted.
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