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ARTICLE INFO ABSTRACT

Keywords: This article assesses the state-of-the-art for research on one-part alkali-activated materials, with
One-part alkali-activated materials particular emphasis on recent work dealing with the constituent materials, preparation methods,
One-part geopolymers fresh properties, mechanical properties, and durability characteristics. The review, which covers
Aluminosilicate precursors over 170 studies, first discusses the different precursors, solid activators, admixtures, and ag-

Solid activators

Fresh properties
Mechanical properties
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gregates used within such materials. Preparation techniques of one-part alkali-activated materials
are then addressed, including pre-mixing treatment, mixing and curing, and 3D-printing. Reac-
tion mechanisms and resulting binding phases are also outlined, followed by a detailed discussion
on the fresh, mechanical and durability characteristics. The sensitivity of the compressive
strength to different precursors and solid activators with varying chemical compositions, is
examined, and predictive strength equations are proposed for common mixes. A brief comparison
between the fresh, mechanical and durability characteristics of one-part and two-part AAMs is
outlined, followed by a discussion on design standards as well as health and environmental as-
pects. The review concludes with suggestions for future research for key applications, with due
consideration to the projected availability of precursors and the sustainability of solid activators.
It is shown that despite the significant recent developments on one-part alkali-activated materials,
further progress necessitates future research with a focus on optimising mixes made from pre-
cursors other than fly ash and blast furnace slag, as well as detailed investigations on structural
members and components.
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1. Introduction

The motivation for much of the current research on alkali-activated materials (AAMs) is to tackle the environmental impact of
ordinary Portland cement (OPC) production. The latter, a main constituent material in concrete, is responsible for nearly 5-7% of all
carbon dioxide (CO5) emissions worldwide [1]. Conventional AAMs typically consist of an aluminosilicate precursor, also known as a
starting material or source material, mixed with an alkaline solution [2]. The precursors can be obtained from natural sources, such as
metakaolin (MK); or from waste streams such as fly ash (FA), ground granulated blast furnace slag (GGBS), and red mud (RM). These
starting materials have chemical compositions that are attractive from a cementitious point of view, comprising silicon dioxide (SiO3),
aluminum oxide (Aly03) and often calcium oxide (CaO). Alkaline solutions employed in AAMs include alkali-hydroxides (i.e.,
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sodium/potassium hydroxides), non-silicic salts (sodium/potassium carbonates) or silicic salts (sodium/potassium silicates) [3]. AAMs
are attractive as they not only avoid OPC usage, but also provide a valorisation path for industrial and agricultural waste. However, the
caustic nature of the alkaline solutions has hampered their wide acceptance [4,5].

As an alternative, researchers considered one-part ‘just-add-water” AAMs, where a solid aluminosilicate precursor is mixed with a
solid alkaline activator as a first step, and then water is added to initiate the reaction. Real interest in one-part AAMs, as indicated by
research articles published on the topic, has increased substantially in recent years. The research community tinkered with different
precursors, solid activators, and admixtures to synthesize one-part AAMs with real practical potential. Much of the research on one-
part AAMs after 2010 was mainly focused on the microstructural level, highlighting binding phases, microscopic characteristics, and
compressive strength of different combinations of constituent materials. In the past four years, research on one-part AAMs has grown
rapidly with different motivations, including valorising more waste materials as aluminosilicate precursors, or finding more sus-
tainable solid activators. Also, the rise in research studies on one-part AAMs has brought with it more understanding of the fresh,
mechanical and durability properties.

This review is undertaken to assess the advancement in knowledge on one-part AAMs, particularly in the past four years. The
review initially highlights the variety of precursors, solid activators, aggregates, water type and admixtures used to form one-part
AAM:s. Different pre-treatment methods used in one-part AAMs are also reviewed, followed by a discussion on the mixing method,
curing regimes and 3D-printing. The reaction mechanisms and resulting binding phases of one-part alkali-activation are highlighted
briefly, followed by an in-depth discussion on the fresh, mechanical and durability characteristics. Given the wide scope of precursors
and activators used in one-part AAMs, as well as the varying water and aggregate contents adopted, predictive equations are proposed
as a general guide for common one-part AAMs. A comparison between the fresh, mechanical and durability characteristics of one-part
and two-part AAMs is given as well, followed by a discussion on design standards for AAMs and health and environmental aspects
associated with their use. The review finally identifies gaps in the literature requiring further investigation, by covering potential niche
applications, availability of precursors in the future, sustainability of solid activators, the need for structural level testing, and the
importance of developing performance-based design standards.

2. Constituent materials

2.1. Aluminosilicate precursors

Precursors in AAMs are generally derived from waste streams or natural sources. Their selection has broadened in recent years,
mainly to find alternative sources to well-established but limited precursors or to provide a valorisation path for a range of waste
products. Fig. 1 depicts scanning electron microscopy (SEM) images of common precursors in one-part AAMs, while Fig. 2 and Fig. 3
present a summary of the chemical composition of common precursors and their annual generation rates, respectively, as compiled
from the studies reviewed in this article.

2.1.1. Industrial by-products and waste material

One of the most common industrial by-products used as a precursor in one-part AAMs is FA. Around 750-800 million tons are
generated annually from thermal power plants worldwide [6]. Low-calcium FA, also known as Class F FA, is a by-product of burning
bituminous coal in power plants [7], while high-calcium FA (Class C FA) is the result of burning lignite and sub-bituminous coal [8].

Kaolin MK GMT LZMT OPC

Fig. 1. SEM images of aluminosilicate precursors: Class F FA [42], Class C FA [90], GGBS [124], NS [31], LS [23], SF [164], SR [39], GS [209], WG [164], phyllite dust
[139], RHA [34], pumice [70], Volcanic tuff [67], Volcanic ash [72], VT [49], Kaolin [210], MK [210], GMT [45], LZMT [48], OPC [117].
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Fig. 2. Chemical composition of common aluminosilicate precursors and OPC.
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Fig. 3. Annual availability of aluminosilicate precursors.

Low-calcium FA is generally richer in SiO,, Al;03 and iron oxide (FexO3) when compared to high-calcium FA, and its CaO content is
less than 15 wt%, while high-calcium FA has a CaO content in the range of 15-30 wt% (Fig. 2) [9]. FA particles are spherical in shape
and consist mainly of a vitreous/glassy phase with minor crystalline peaks, including quartz, mullite and magnetite [10]. Recent
studies on one-part AAMs have used fly ash sinking beads (FASB) as precursors [11-13]. Conventional FA contains spherical
micro-beads which, depending on their density, can be classified as floating or sinking beads [13]. FASB particles are spherical, finer in
size than conventional FA and have a more amorphous structure, making them more reactive in alkaline environments [11,12].
Despite the wide use of FA as a precursor in one-part AAMs, its production in the future is expected to reduce significantly as coal-fired
power plants shut down in most developed economies and electricity production turns to greener methods [14]. Also, the wide use of
FA as a supplementary cementitious material (SCM) in conventional concrete will inevitably create competitive demand pressure for
its use [15]. This might indeed limit the ability of FA to act as a viable precursor for wide-scale use in one-part AAMs. Another
by-product of coal-fired power plants that was recently used as a precursor to form one-part alkali-activated (AA) foamed concrete is
cenospheres [16]. This by-product is characteristically lightweight with spherical and hollow particles [17,18]. The chemical
composition of cenospheres is rich in SiO2 and Al;03 and their mineral phase structure is generally amorphous with distinct crystalline
peaks of quartz and mullite [16].

GGBS is another industrial by-product that was used intensively in one-part AAMs and has an annual generation rate of 270-390
million tons [14]. A by-product of iron manufacturing, GGBS is formed by collecting the molten material resulting from heating iron at
temperatures as high as 1600 °C in a blast furnace. This molten product is then quenched rapidly to produce GGBS with a glassy phase
[19]. The chemical composition of GGBS mainly includes CaO, magnesium oxide (MgO), Al,03 and SiO» [19]. GGBS has on average
90-95% vitreous/glassy phase with minor crystalline phases including gehlenite and akermanite [20]. The shape of GGBS particles is
angular and uneven as shown in Fig. 1 [21]. Slow cooling of the molten material from which GGBS is derived results in a crystalline
stone-like substance known as air-cooled slag (ACS). ACS was used in one-part AAMs as it retains similar chemical and mineralogical
structures to that of GGBS; however, it is less reactive and requires thermal activation in the presence of a fluxing material, rapid
quenching and crushing before use [22]. Similar to FA, GGBS is used heavily as an SCM in OPC-based conventional concrete material
(CCM) and its future supply is expected to dwindle as steel production becomes cleaner [15]. This forecasted lower supply of GGBS is a
key issue when considering its future use in wide-scale applications of AAMs.

Lithium slag (LS) was utilized as a precursor in recent one-part AAM studies [23,24]. It is a waste residue from lithium carbonate
(LioCOg3) production, and estimates suggest that about 10 tons of LS are generated for each ton of Li;CO3 produced [25]. The chemical
composition of LS mainly consists of SiO5, Al;03 and sodium oxide (NagO) [26]. Fayalite slag (FS) is another industrial waste slag used
in one-part AAMs [27,28]. FS is a waste material from copper manufacturing and has an annual production rate of about 24.6 million
tons [29]. FS mainly consists of iron silicates, zinc silicates, Al;03 and CaO [30], and X-ray diffraction (XRD) patterns of FS show
mainly an amorphous phase with few fayalite and magnetite crystalline features [27]. Nickel slag (NS), a waste material from
nickel-alloy production, was recently used in one-part AAMs [31,32]. The chemical composition of NS mainly consists of CaO, SiOa,
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and Al;O3 [31]. The particle shape of NS, much like that of GGBS, is non-uniform and angular as can be seen in Fig. 1. XRD patterns
show that NS is amorphous with a broad hump in the 10-40° 26 range.

Silica fume (SF) — also known as microsilica or silica dust — is a by-product of the smelting process in silicon and ferrosilicon alloy
production [33,34]. The SiO5 content of SF is usually more than 90% (Fig. 2), and it has an amorphous phase structure with very fine
and highly spherical particles (Fig. 1) [35]. Besides SF, geothermal silica (GS) was used as a supplementary SiO, source in one-part
AAMs [36,37]. A waste material from electricity production through stream extraction from geothermal fields, GS is made up of
amorphous SiO,, has high alkali content, with angular particle shapes as shown in Fig. 1. Silica residue (SR), a waste residue from
chlorosilane production, was also utilized as a source of additional SiO2 [38,39], and its SiO, content is in the range of 84-89%.

Red mud (RM), a common precursor in one-part AAMs, is an industrial waste material from alumina extraction through the Bayer
process. The annual global production of RM is about 120 million tons [40,41], and its high alkalinity (pH in the range of 10-12.5),
together with its chemical composition (>80% of SiOy + Fe;03 + Al,O3 + NayO + CaO), makes it suitable as both precursor and
activator. The mineral phase structure of RM shows crystalline peaks of mainly hematite and boehmite, as well as gibbsite, calcite,
katoite, and cancrinite [41,42]. Cement kiln dust (CKD), used as well in one-part AAMs, is an industrial waste from the cement industry
[43]. CKD is recovered from the exhaust gases of calcining limestone and other clay minerals to make cement in rotary kilns [44]. The
chemical composition and mineral phase structure of CKD depends largely on the calcined material and fuel type, but mainly consists
of quartz, lime, portlandite and calcite crystalline peaks [44].

2.1.2. Mine tailings

Mine tailings are a waste material from the mining industry generated during the separation of valuable minerals from invaluable
waste [45]. Recent investigations on one-part AAMs used gold mine tailings (GMT), iron ore mine tailings (IMT), lead-zinc mine
tailings (LZMT), and vanadium tailings (VT) as precursors [46-50]. GMTs — a waste material from mining gold — mainly consist of SiO;
and Al;03, and their mineral phase structure is highly crystalline with peaks including quartz, albite, microcline, and muscovite [51].
GMT particles are irregular in shape with pointed edges as shown in Fig. 1 [52]. IMTs, meanwhile, show chemical compositions that
are rich in SiO; and Fey03, and have a crystalline phase structure with peaks including quartz, muscovite, and hematite [47]. LZMT
were mainly used as supplementary precursors in one-part AAMs and their mineral phase structure consists of quartz, as well as calcite,
pyrite and dolomite [48]. The chemical composition of LZMT is mainly rich in SiOs, sulphur trioxide (SO3), CaO and Fey03. VT, a
predominant waste from extracting vanadium, was used mainly in combination with MK [49,50,53]. VT shares a similar chemical
composition to the tailings above, making it ideal as a precursor with its high SiO, and Al,O3 contents.

2.1.3. Agricultural and other waste products

Considering agricultural waste products utilized as precursors, rice husk ash (RHA) is perhaps the most common. This high SiO,
(>85%-weight) waste product is the result of burning rice husk generated from rice paddies at a temperature of around 600-800 °C
[54-56]. Nearly 70-80 million tons of RHA are generated annually worldwide [57]. RHA particles are lightweight, have a porous
microstructure and large surface areas, as shown in Fig. 1. Although adequate strengths were achieved using RHA as a lone precursor in
one-part AAMs (7-day strengths ~30 MPa [54]), additional alumina sources are usually provided to ensure viable Si/Al ratios for
long-term stability [58].

Waste glass (WG) powder was used as a supplementary precursor in one-part AAMs [59]. This waste material has a high generation
rate estimated at around 2000 million tons [14]. WG is generally rich in SiO5 and Al;O3, and has an irregular particle shape (Fig. 1). It
requires heat treatment to achieve the dissolution of silica and alumina in alkaline environments. Concrete waste (CoW) was also
employed as a precursor after pre-treatment, either separately or in combination with other precursors [60,61]. Pre-treated CoW
shows a reactive glassy phase with several crystalline peaks of dolomite and quartz. Its chemical composition is mainly made of SiO,
Al,03, CaO, and NayO [60] and its particle shape is non-uniform with fine pores. Ceramic waste (CW), originally made of clay and
other earth materials, has also found application as a precursor due to its high SiO, and Al,03 contents [62,63]. CW represents a huge
proportion of construction and demolition wastes, and their use in AAMs is usually as a supplementary source of SiOy. Due to their
highly crystalline phase structure, CW requires pre-treatment at elevated temperatures to enhance their reactivity.

Municipal solid waste incinerated fly ash (MSWI FA) and bottom ash (MSWI BA) were also used as supplementary precursors in
one-part AAMs [40,56,64]. MSWI FA is recovered from the smoke resulting from the combustion of incinerated solid waste, while
MSWI BA remains as residues at the bottom of the combustion furnace. Both MSWI FA and MSWI BA show high concentrations of CaO
and their XRD patterns depict peaks of quartz and calcite; and calcite, portlandite, halite and periclase, respectively [56,64].

2.1.4. Natural sources of geological origins

MK was used extensively in one-part AAMs and results from the calcination of kaolinite clay at temperatures ranging from 450 to
800 °C [10,55]. The chemical composition of MK is rich in SiO; and Al,O3 as shown in Fig. 2 and its mineral phase structure shows
crystalline peaks of quartz, illite, anatase and calcite [65]. The size of MK particles is usually less than 5 pm [66], and their shape is
plate-like and non-uniform [67]. Another naturally derived precursor is feldspar, also known as albite. Feldspars are plentiful and form
around 60% of the earth’s crust. Their chemical composition contains SiO,, Al;03 and NayO [68]. Their mineral phase structure
consists predominantly of albite, quartz and microcline and they require pre-treatment before use in AAMs [43]. Dolomite, from
dolomite rocks, was also utilized as a precursor in one-part AAMs [69]. It has high concentrations of CaO, MgO and carbonates, and
when calcined at high temperatures (900-1000 °C) can result in highly reactive material. XRD patterns of dolomite show peaks of
calcite, lime, portlandite and periclase.

Reactive volcanic tuffs (e.g., pumice) were also used in one-part AAMs due to their high SiO5 and Al;03 content and amorphous
phase structure [70]. Volcanic tuffs are igneous rocks formed from the hardening of ejected materials during a volcanic eruption. In
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one-part AAM studies, volcanic tuffs used have a mean particle size of about 10 pm and are typically heated at temperatures ranging
from 450 to 900 °C for 2-4 h to enhance their reactivity [67,70,71]. Volcanic ash collected during the eruption of volcanoes was also
used in one-part AAMs [72]. The crystalline phase structure of volcanic ash shows traces of augite, anorthite, diopside, albite, quartz
and hematite [72]. Much like volcanic tuffs, volcanic ashes require heat pre-treatment to enhance their reactivity.

2.2. Solid activators

Generally, a solid activator provides alkali cations (Na*, K") or alkaline earth cations (Ca2+, Mg2+) that attack the Si—O-Si and
Al-O-Al bonds in the precursors, causing the dissolution of silicon and aluminum and the formation of strength giving binding phases
[73]. In that sense, many solid activators were employed in one-part AAMs, including synthetic activators and those derived from
active waste products.

2.2.1. Synthetic solid activators

Among the well-studied synthetic activators in one-part AAMs are sodium silicates (NaySiO3), commonly referred to as water glass.
Commercial NaySiO3 powder is white and spherical, and is produced by heating sodium carbonate (NaoCO3) and SiO at temperatures
as high as 1200 °C [74]. The resulting glass from this fusion is then dissolved in water to form a NaySiO3 solution [19]. Estimates
suggest that nearly 25 million tons of synthetic NapSiO3 are produced annually, and for each 1 kg of Na;SiOs, nearly 1.2 kg of CO5 are
released into the atmosphere [75]. In one-part AAMs, several forms of granular NaySiO3 were used with different amounts of
chemically bound water, including sodium metasilicate anhydrous (NaSiOs-anhydrous), sodium metasilicate pentahydrate
(NaySiO3-5H50), and sodium metasilicate nonahydrate (Na;SiO3-9H20) [76].

Sodium hydroxide (NaOH) is another synthetic activator that was used often in one-part AAMs. It is formed via the chlor-alkali
process which involves the electrolysis of a sodium chloride solution, and nearly 60 million tons of NaOH are produced annually
following this method [73]. The production of NaOH is energy intensive and nearly 1.1 kg of CO; is emitted for each 1 kg of NaOH
produced [75]. Another solid activator that has received increased attention is NayCOs. This activator can be obtained from natural
sources, such as trona and Na;COs-rich brines [73], with reserves of over 24 billion tons worldwide [77]. Sodium carbonate can be
produced from several chemical processes, including the Solvay process [20], and the annual production of NapCOg stands at nearly 50
million tons [73]. Compared to NasSiO3 and NaOH, NayCOs is cheaper to produce (2-3 times cheaper) and safer to handle due to its
lower pH [78].

Sodium aluminate (NaAlOy) is another promising solid activator. It is white in colour and formed by adding aluminium hydroxide
(A1(OH)3) to a 20-25% aqueous NaOH solution [79]. Due to its high alumina content, NaAlO, was mainly combined with high silica
precursors, such as RHA [54], SF [38,80], SR [81], and GS [37,82], or as substitutes to a proportion of NaySiO3 in FA- and GGBS-based
mixes [13,83]. Sodium sulphate (Na;SO4) was also used as an activator due to its lower production cost and reduced handling risks
[84]. However, NaySO4 possesses low pH (<8) and results in mixes with a relatively lower strength [84,85].

Calcium-based solid activators, such as CaO and calcium hydroxide (Ca(OH),), were also studied in one-part AAMs. These acti-
vators are considerably cheaper than NaySiOs and NaOH (5-6 times cheaper) and easier to source [86]. Calcium oxide is white in
colour and highly alkaline (pH ~ 12.5). It is produced by heating limestone, which contains calcium carbonate (CaCOs), in a lime kiln
at temperatures of more than 825 °C. Meanwhile, Ca(OH); is formed by mixing CaO with water (H20), which results in either white
powder or colourless crystals. Other synthetic solid activators used in one-part AAMs, but to a lower extent, include barium hydroxide
(Ba(OH)y) [871, barium hydroxide octahydrate (Ba(OH),-8H20) [88], reactive MgO [89,90], potassium silicate (K5SiO3) [91,92], and
sodium bicarbonate (NaHCO3) [93].

2.2.2. Activators derived from waste products

Given the high cost and environmental impact of synthetic activators, several studies aimed at finding alternative solid activators
derived from waste products. Among such activators is paper sludge (PS), a waste material rich in CaO resulting from the treatment of
recycled paper [35,94]. To ensure its reactivity, alkali-fusion is commonly used, which involves heating PS together with a small
amount of NaOH at high temperature, and then milling the calcined product to a fine powder size. Alkali-fusion was used to enhance
the reactivity of several waste products with favourable chemical compositions to act as activators in one-part AAMs. These include
some of the precursors addressed earlier such as RM [41,42], CoW [61], VT [49,50], and WG [95].

Several biomass ashes were used as activators as well due to their high alkaline content. For instance, Maize stalk ash (MSA) and
maize cob ash (MCA) from burning maize stalk and cob, respectively, were utilized as solid activators [28,96]. Both types of ash have a
high pH (13-14) and high potassium oxide (K20) and SiO; contents. Olive stone biomass ash (OBA), almond-shell biomass ash (ABA),
and wood biomass ash (WBA), with their high K,0 and CaO contents, were also used as solid activators [97-99]. Cotton shell ash (CSA)
was used as a solid activator in MK-based one-part AAMs due to its high K20 and MgO contents [65]. Coffee husk ash (CHA) was also
used recently as an activator in GGBS-based one-part AAMs due to its high K20 content [100]. Moreover, oyster shells, a waste product
from the fishing industry, were valorised as an activator due to their high CaCO3 content (>90 wt%) [101]. To ensure reactivity, oyster
shells need to be calcined at high temperatures (~1000 °C), which converts them to reactive CaO. The potential of calcium carbide
residue (CCR) as a solid activator in FA and GGBS-based AAMs was also investigated in several studies [102-105]. CCR is a waste
material from forming acetylene gas (commonly used as fuel) by hydrolysing calcium carbide. With high pH (>12) and high CaO
content (~70 wt%), CCR can act as a sustainable solid activator.

Soda residue, with its high CaO content (~40 wt%), was also investigated as a solid activator in combination with CCR to form FA
and GGBS-based AAMs [103-105]. Soda residue is a waste material from sodium carbonate production using the ammonia alkali
method [103]. Another CaO-rich industrial waste used as a solid activator is lime kiln dust (LKD) [67,71]. LKD is a waste material
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resulting from the production of CaO. Its chemical composition shows traces of SiO5 and NaO but predominantly has a CaO content of
~80 wt%. Desulphurization dust, a waste product from steel production, with its high Na,O and CaO contents was also used as an
activator in GGBS-based one-part AAMs [106]. A selection of SEM images of activators derived from waste products is shown in Fig. 4.

2.3. Aggregates

Most one-part AAM studies available in the open literature have focused on pastes (only binders) and mortars (fine aggregates
only), with very few studies considering one-part alkali-activated concrete (AAC) (having both fine and coarse aggregates). Table 1
presents a summary of the mix designs of one-part AA pastes with no added admixtures from different studies available in the liter-
ature, while Table 2 presents the same for one-part AA mortars and concrete. Silicious river sand was mainly used as a source of fine
natural aggregate for one-part AA mortars. This type of sand is chemically inert and has SiO, content of over 95 wt% [107]. Several
types of coarse aggregates were used in one-part AAC, including granite [90], basalt [108], limestone [109], dolomite [110], clay
granules [111], and IMT waste [103].

Several studies have attempted to use other fine aggregate sources, mainly waste material, to reduce the demand for natural river
sand and a summary of those studies is given in Table 3. The sources of natural aggregate replacements include crushed bricks [112],
WG [113,114], CW [62,115], waste sands [107], crumb rubber [116], and sand derived from IMT waste [103]. In a recent study, Xu
et al. [117] formed geopolymer lightweight aggregates (GLA) using one-part AA technology and then used the GLA as coarse ag-
gregates in FA- and GGBS-based one-part AAC. The GLA was formed through the reaction of FA and Na,SiOz-anhydrous at ambient
conditions, followed by crushing to less than 20 mm size and then curing. The resulting AAC had apparent densities in the range of
1450-1750 kg/m® and compressive strengths of over 40 MPa.

2.4. Water

Fig. 5 presents a summary of the water contents of several one-part AA systems with different precursors and solid activators
reviewed in this article (Table 1-Table 5). The water content was taken as the water-to-solid ratio (w/s) where solids accounted for
both the precursor and activators. For FA-based, GGBS-based and FA- and GGBS-based one-part AAMs, the water content was usually
less than 0.5 with many studies adopting a value in the range of 0.3-0.4. RM-based and RHA-based systems had a higher water demand
in the range of 0.5-0.6. MK-based one-part AAMs also require greater water content to achieve workable mixes due to the plate-like
nature of MK particles, and w/s ratios of >0.5 are commonly employed [71,118].

Other water sources, such as sea water and reverse osmosis reject water, were also investigated to reduce the demand for fresh
water [119-121]. Reverse osmosis is a water purification procedure that is commonly used to treat seawater. Results of sea water and
reverse osmosis reject water FA- and GGBS-based one-part AAMs show comparable mechanical properties to that of mixes made of
fresh water with a slightly accelerated setting. The accelerated setting is due to the reaction of Cl~ in seawater with dissolved Ca?* in
the mix, causing the formation of calcium chloride (CaCl,) which accelerates the hydration process.

2.5. Admixtures

Table 4 lists one-part AAMs from different studies employing commercial admixtures. Results of various investigations show that
for FA- and GGBS-based one-part AAMs - activated via different solid activators — using lignosulfonate-based superplasticizers (SPs) in

Pre-treated PS

Fig. 4. SEM images of activators from waste products: ABA [98], WBA [118], MCA [211], MSA [212], PS [94], LKD [67].
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Table 1
Details of one-part AA Pastes (with no added admixtures).
Ref. Precursor Solid activator Water/ Calcination Curing 28d Comp.
Solid" Temp. (-C) RH Strength” (MPa)
(%)
[42] FA RM, NaOH 0.34-0.56 - 60 n.r. 1.7
[193] FA Na,SiO3, NaOH 0.40 - 20 +2 n.r. 13.6
[213] FA Na,SiOs-anhydrous 0.25 - 25-27 nr. 50
[78] FA Na,SiOs-anhydrous, Na;CO3 0.20, 0.25 - 30 n.r. 83.6
[214] FA Na,SiOs-anhydrous 0.25 - 25 nr. 52
[215]  FA, GGBS Na,SiOs-anhydrous 0.35 - 60 (24 h) 100 48.6
Water curing -
(23 +£3)
[216]  FA, GGBS Na,SiOs-anhydrous 0.35 - 60 (24 h) 100 52.5
Water curing -
(23 £3)
[161]  FA, GGBS NaOH, KOH, 0.28 - 23+2 70 + 40
Na,SiOs-anhydrous 10
[217] FA, GGBS Na,SiOs-anhydrous 0.25 - n.r. n.r. 93
[194]  FA, GGBS Na,Si03-5H,0, WG, NaOH 0.5 - 20 95 48
[83] FA, GGBS Na,SiOs-anhydrous, Na;COs, 0.36 - 25 100 97
NaAlO,
[16] FA, GGBS, Cenospheres Na,SiOs-anhydrous 0.32 - 22+ 2 100 14.2
[102]  FA, GGBS, SF CCR, Hydrated lime, 0.28 - 50 (24 h) n.r. 37.5
Hemihydrate gypsum, NaOH 25+2
[59] FA, GGBS, WG WG, NaOH 0.5 - 22+1 50 + 31
10
[36] FA, GS NaOH, NaAlO,, Al,03 0.48, 0.51 - 40 nr -
[218] FA, CW, Kaolin NaOH, Na,SiO3 0.60, 0.90 800 °C (4 h) 75 (24 h) n.r. 25
[76] FASB, GGBS Na,SiOs-anhydrous, 0.35 - 20+ 2 95 + 76
Na;SiO3-5H30, NaySiO3-9H,0 3
[167] FASB, GGBS Na,SiOs-anhydrous, Na;CO3 0.35 - 20 £2 95 + 76
3
[84] FASB, GGBS Na,SiOs-anhydrous, Na;SO4 0.35 - 20+ 2 95 + 77
3
[12] FASB, GGBS Na,SiOs-anhydrous, Na;CO3 0.35 - 20+ 2 95 + 76
3
[86] GGBS Ca0, Ca(OH), 0.40 - 25 99 42
[219]  GGBS NaOH 0.25 - 37+2 100 63
[180] GGBS NaOH, CaCO3 0.24-0.33 - 37 £2 100 69
[88] GGBS MgO, CaO, Ca(OH),, Ba(OH),, Ba  0.40 - 23+2 n.r. 42
(OH),-8H,0
[101] GGBS Oyster shell 0.40 1000 °C (3 h) 20 100 35
[98] GGBS ABA 0.40, 0.34 - 65 100 -
[178]  GGBS NaOH, Ca(OH),, Na;CO3 0.46 - 50, 70, 90 n.r. 35
[220]  GGBS NaOH 0.25-0.36 300-1000 °C (2 23+2 99 + 53
h) 1
[175] GGBS NaOH, Na,SiO3 ~0.40 - Water curing 100 -
[208] GGBS Ca0, NayCO3 0.4 - n.r. n.r. 48
[221] GGBS Na,SiOs-anhydrous 0.40 - 23 +2 45 + 88
5
[169]  GGBS NaAlO,, Na,SiO3-9H,0 ~0.30 - 20 £2 >50 88
[69] GGBS, Dolomite Na,COs3 0.42 1000 °C (0.5 h) 20 £ 0.5 95 + 41.6
2
[61] GGBS, CoW, Lead NaOH 0.25-0.29 - 23+2 99 + 21
bearing sludge 1
[222]  GGBS, Honeycomb Na,SiO3, NaOH 0.45 125°C(5h) 20 +2 100 44
ceramics
[164] GGBS, WG, SF, OPC Na,SiO3 ~0.29 - 20+ 5 60 + 98.5
10
[223]  GGBS, Lead bearing NaOH, Ethylene glycol 0.25 - 23 +2 99 + 58.5
sludge 1
60 +
5
[48] GGBS, LZMT Na,SiO3 0.45 - 20+ 2 90 + 34.8
5
[23] GGBS, LS Na,SiOs-anhydrous 0.27 - 20+ 3 nr. 56
[45] GGBS, GMT NaOH 0.40 - 201 >90 33.5
[22] ACS Albite, NaOH 0.27 1200 °C (2 h) 23 +2 99 + 84
1
[131] RM NaOH 0.60 800 °C (1 h) 20+ 1 95 5.4
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Ref. Precursor Solid activator Water/ Calcination Curing 28d Comp.
Solid® Temp. (°C) RH Strength” (MPa)
(%)
[41] RM, SF NaOH 0.65 800 °C (1 h) 201 100
[40] RM, MSWI FA NaOH 0.50 800 °C (1 h) 20+1 100
[54] RHA NaAlO, 0.50 - 80 80
[38] SF, SR NaAlO, 0.50 - 80 >80 -
[80] SF, SR NaAlO, 0.50 - 80 80 -
[209] GS NaAlO,, Al,03 n.r. - 40 100 -
[82] GS NaAlO,, Na,SiO3 n.r. - 40 100 -
[39] SR NaAlO, 0.60 - 70 100 -
[68] Albite NaOH, NayCO3 0.30 850-1150 °C 25 n.r. 44.2
(0.5h)
[185]  Bentonite, Dolomite Na,CO3 0.35 1100/1200°C (3 80 100 38
h)
[224]  Bentonite Na,CO3, NaOH 0.30 700-1000 °C (3 80 100 325
h)
[99] Diatomite, WBA NaOH 0.27 - 23+2 99 + 48
1
[225] MK NaOH, KOH n.r. 550 °C (4 h) ~23 n.r. -
100/140
[226] MK NaOH, Na,CO3 0.30 650-1050 °C (3 80 (72 h) >90 -
h)
[210] MK, Kaolin NaOH, NaySiO3 0.22 800°C(2h) 29 nr. 10
900-1200 °C (24 40-100
h)
[177] MK, spodumene tailings, Na,SiOs-anhydrous 0.25, 0.40 - 60 (24 h) 25 -
glass wool 22
[47] MK, IOT Na,SiO3, NaOH 0.19, 0.15 - n.r. n.r. -
[72] Volcanic ash Na,SiOs-anhydrous 0.30 - 60 (10 days) n.r. 19.6
[50] VT, MK NaOH 0.28-0.44 750 °C (3 h) 20-80 n.r. 31.55
[49] VT, MK NaOH 0.35 750 °C (3 h) n.r. n.r. -
[53] VT, MK NaOH 0.35 750 °C (3 h) nr. n.r. -
[60] CoW NaOH 0.27 1100 °C (2 h) 23 +2 99 + 79
1200 °C (2 h) 1
[43] Cement kiln dust, Na,CO3 0.29 1200 °C (3 h) 23+2 99 + 52
Feldspar 1300 °C (2-3 h) 1
[227]  OPC, GGBS, MK, Na,CO3 0.30, 0.50 750 °C (2 h) 22 99 -
Bentonite

n.r. = not reported.
2 Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activators.
> Maximum 28-day compressive strength is reported.

the range of 0.5-1.0% gave better fresh properties in comparison to other SPs, such as sulfonated melamine-formaldehyde, sulfonated
naphthalene-formaldehyde, polycarboxylate and carboxylic acrylic ester [110,122]. Alrefaei et al. [123] stated that for FA- and
GGBS-based mixes, the water-to-binder (w/b) ratio was critical, with polycarboxylate-based SPs giving better results at a w/b ratio
greater than 0.36, while naphthalene-based SPs giving more favourable results at lower w/b ratios. To retard the setting of FA- and
GGBS-based one-part AAMs, researchers showed that sodium tetraborate decahydrate-borax (NapB407-10H20), citric acid, and su-
crose gave favourable results, in comparison to other admixtures including phosphoric acid solution (HsPOj4), sodium triphosphate
(NasP3010), and sodium gluconate (C¢H1;NaO7) [1,89,124]. More recently, Coppola et al. [125] concluded that a combination of
methylcellulose, modified starch and glycol-based shrinkage reducing admixture significantly retarded the setting of GGBS-based
one-part AA pastes.

Table 5 presents a list of one-part AAMs formed with mineral admixtures and foaming agents. Among these studies, Ahmed et al.
[126] investigated the effect of adding SF, MgO, MK, and cement clinker (CK) in small quantities (1.5-4.5% of binder content) to FA-
and GGBS-based one-part AAMs. Results showed that these admixtures had measurable effects on the long-term strength properties,
resulting in improvements of as much as 22% at 270 days when compared to the control mix. Matalkah et al. [127] observed the effects
of different mineral admixtures, including gypsum powder, limestone powder and latex polymer, on the drying shrinkage of one-part
AAMs made of a ternary blend of FA, GGBS and albite. The three admixtures reduced the drying shrinkage, but latex polymer was the
most effective in reducing the drying shrinkage by up to 26% when compared to the control mix [127]. Aluminum powder, hydrogen
peroxide (H205), and surfactant were used as admixtures to form foamed one-part AAMs [97,128]. Adding aluminum powder induces
a reaction with the OH™ anions and results in the formation of hydrogen bubbles within the one-part AA mix. HoO2 admixtures
facilitate the formation of foams within the one-part AA mix, while surfactants — also known as air entraining agents — help reduce the
surface tension of liquids (i.e., allow bubbles to form easily) and often prevent different bubbles from coalescing.

Alzaza et al. [129] investigated the effect of basic oxygen furnace (BOF) submicron particles on the reactivity of one-part
GGBS-based AAMs in sub-zero conditions. While the reactivity of GGBS-based AAMs is high in ambient curing conditions, a
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Table 2
Details of one-part AA mortars and concretes (with no added admixtures).
Ref. Precursor Solid activator Aggregates Water/ Calcination Curing 28d Comp.
Solid* Temp. (-C) RH Strength” (MPa)
(%)
[160] FA Na,SiO3, NaOH Sand 0.30-0.39 - 40 n.r. -
[90] FA NaOH, MgO, CaO Granite 0.40 — 20+ 2 n.r. 35
aggregates, Sand
[228] FA Na,SiO3, NaOH Silty sand 0.17 - nr. nr. 1
[179] FA Na,SiOsz-anhydrous Sand 0.30-0.40 - nr. nr. 39
[171] FA Na,SiOs-anhydrous Sand, Coarse 0.25 23 35 ~68
aggregates Water 65-70
curing
(20 °C)
Solar curing
(85°C)
[132] FA Na,SiOs-anhydrous, KOH Sand 0.28 22 +2,70 100 62
[135] FA, GGBS Na,SiOs-anhydrous Sand 0.5 - 23+ 2 705 525
[172] FA, GGBS Na,SiO3-anhydrous, NaOH Sand 0.3-0.6 - 23+2 705 716
[136] FA, GGBS Na,SiOs-anhydrous, NaOH Sand 0.5 - 23 +2 70+ 5 49.6
[188] FA, GGBS Na,SiO3, NaOH Sand, Coarse 0.26-0.45 - 23 100 96
aggregates
[229] FA, GGBS Na,SiOs-anhydrous Sand 0.40 - Water - 78
curing
[189]  FA, GGBS Na,SiO3, NaOH Sand, Coarse 0.24-0.36 - 23 100 91.5
aggregates
[230]  FA, GGBS Na,SiO3-5H20, KOH, Sand 0.43 - 20-60 60 48
Na,CO3
[170] FA, GGBS Na,SiO3, NaySiO3-5H,0 Sand 0.33-0.46 - 20 95 47.4
Na,CO3, Ca(OH),
[119]  FA, GGBS NaOH, Na,SiO3, NayCO3 Sand n.r. - 20 100 51
[231] FA, GGBS Na,SiOs-anhydrous Sand, ~0.40, - 60 (24 h) n.r. 47.1
Wollastonite ~0.33
[232] FA, GGBS Na,SiOs-anhydrous, Sand 0.40 - 60 (6 h) 90 60
Carbonate minerals 23
[9] FA, GGBS Na,SiO3-5H,0, NaOH Sand n.r. - 23 100 69
[233] FA, GGBS NaOH Clay nr. - 26 +£2 n.r. -
[93] FA, GGBS Ca(OH),, NaHCO3 Sand 0.40 - 23 60+5 39
60
[104] FA, GGBS Soda residua, CCR Sand 0.45, 0.5. - Water 100 43.9
0.55 curing (20
+1)
[163] FA, GGBS, SF Na,SiO3-5H,0 Sand 0.31-0.37 - 23 95 105
[56] FA, RHA, KOH, NayCOs3 Sand 0.50 - 23 90-97 -
MSWI FA
[51 FA, MK Na,SiOs-anhydrous, Sand 0.44 - 20+1 95 50.5
NaySiOs-hydrous, NaOH
[234] FA WBA Sand 0.34-0.42 - Water - 7.7
curing
[11] FASB, GGBS Na,SiOs-anhydrous Sand 0.35 - 20 + 2 95+ 3 57
[871 GGBS Ca(OH),, Ba(OH), Sand 0.4 - 22+2 nr. 28.5
Water
curing
[235] GGBS Na,SiOs-anhydrous, NaOH Sand, Gravel 0.4 - 23 +2 >98 30
[94] GGBS PS, NaOH Sand 0.31 - 22 75 42.3
[236] GGBS Na,SiO3 Sand 0.34 - 22 100 107
[120] GGBS Na,SiOs-anhydrous Sand 0.34 - 22 100 104
[187] GGBS Na,SiOs-anhydrous Sand 0.35 - 23 100 101
-5, —-10,
-20
[151] GGBS Na;SiOs-anhydrous Sand 0.37 - 23 +2 100 60.4
[105]  GGBS SR, CCR Sand 0.50 - Water 100 36.9
curing (20 >50
+1)
20-25
[91] GGBS Na,SiO3, NaOH, K,SiO3, Sand 0.40 - 23+1 >98 78
KOH
[100]  GGBS CHA Sand 0.60 600-800 °C 60 n.r. -
(1-10h)
[106] GGBS, SF Desulphurization dust, Sand 0.45 - 23 97 33
NaOH 60
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Table 2 (continued)

Ref. Precursor Solid activator Aggregates Water/ Calcination Curing 28d Comp.

Solid® ——_ __  Strength" (MP
ol Temp. (°C) RH reng (MPa)

(%)

[34] GGBS, SF, RHA  Na,SiOs-anhydrous, NaOH Sand 0.35 - 23 60 107
[186] GGBS, CW Na,SiOs-anhydrous Sand 0.35 - 23 100 63
[63] GGBS, CW Na,SiOs-anhydrous Sand 0.35 - 23 35, 64
100
[27]1 GGBS, FS Na,SiOs-anhdrous, Sand 0.32-0.44 - 20 100 75
Na,SiOs 0.46
[28] FS MCA Sand 0.26, 0.28 - 20 100 46.4
[237] RHA NaAlO, Sand 0.45-0.64 - 40 nr. -
[81] SF, RHA, NaAlO, Sand 0.38-0.50 - 60, 80 80 -
GGBS, SR
[96] MK MCA, MSA Sand 0.31 700-800 °C (1 80 - -
h)
[65] MK CSA Sand 0.56 700°C (4 h) - 25 (48 h) 50 -
0.20 MK 70 (5 days)
850°C(1h)-
CSA
[118] MK WBA Sand 0.49, 0.56, 700 °C 70 (24 h) - -
0.65
[671 MK, Volcanic LKD Sand 0.45, 0.55 450 °C (2h) 50 (7 days) - 27.5
tuff 950 °C (2 h)
[71] MK, Volcanic LKD Sand 0.45, 0.55 450°C(2h) 50 (7 days) - 27.3
tuff 950 °C (2h)
[64] OPC, MSWI CaSOy, NaySO4 Sand 0.50 - 21 99 33
FA, MSWI BA
[238] OPC, FA NaySO4 Sand 0.34, 0.49 - 22 +2 >90 52.53
[176] OPC, GGBS, NaySO4 Sand ~0.38 900-1000 °C Water - 52.4
Dolomite curing

n.r. = not reported.
@ Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activators.
> Maximum 28-day compressive strength is reported.

significant reduction in reactivity is observed when mixing is carried out in freezing conditions. BOF submicron particles are a
by-product of the steel making industry, mainly composed of Fe;Os, and have very fine sizes (median particle size, dsp < 0.5 pm). The
addition of BOF submicron particles enhanced the reactivity of GGBS-based one-part mixes cured at —5 and —10 °C, while very little
enhancement was observed when curing at —20 °C [129]. This enhancement in reactivity due to the addition of BOF submicron
particles was attributed in part to their very fine particle size providing additional nucleation sites for hydration products to form.

3. Preparation and curing

3.1. Pre-mixing treatment

Aluminosilicate precursors from fired sources, such as FA, GGBS, and SF, are usually mixed directly without a pre-treatment step.
However, precursors derived from other sources typically require pre-treatment to ensure adequate reactivity when added in alkaline
environments. In one-part AAMs, four main pre-treatment methods were applied, and these include: 1) thermal treatment/calcination,
2) thermal activation, 3) hydrothermal activation, and 4) mechanochemical treatment.

3.1.1. Thermal treatment

Thermal treatment is commonly applied to precursors of geological origins, most notably kaolinite. During such treatment, the
crystalline phase structure of the precursor is broken down and transformed into an amorphous glassy phase that is highly reactive
[67]. The optimum calcination temperature differs depending on the source material. For instance, the calcination of kaolinite clay
(Al»SiOs(OH)4) is typically carried out at a temperature in the range of 700-800 °C. This results in its dehydroxylation, loss of
long-range silica and alumina layers, and the transformation of alumina from octahedral to tetrahedral coordination, forming as a
result highly reactive MK (Al,SizO7) [67]. XRD patterns of MK show the disappearance of certain crystalline peaks, including mullite
and illite, and a reduction in quartz and clinoptilolite peaks in the 30-60° 20 range. While considering the 7-day compressive strength
of one-part AAMs, Peys et al. [96] reported that the optimum calcination temperature for MK was 700 °C (7-day strength = 22 MPa).
Increasing the calcination temperature further to 750 °C and 800 °C caused the strength to drop to 15.5 MPa and 15.0 MPa,
respectively, [96]. Thermal treatment was also applied to certain activators, generally from waste products, to enhance their reactivity.
For example, Kadhim et al. [67,71] showed that calcining LKD at 950 °C to activate MK-based one-part AAMs helped enhance the
compressive strength remarkably. Similarly, Balo et al. [65] noticed an increase in the strength of MK-based one-part AAMs activated
using CSA by calcining the latter at 850 °C for 1 h.
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Table 3
Details of one-part AAMs with waste aggregates.
Ref. Precursor Solid activator Aggregates Admixture Water/ Calcination ~ Curing 28d Comp.
Solid® Tem—RH Strength”
o) o O
[112] FA NaOH Sand, Red - ~0.20, - 85(24h) n.r. -
bricks ~0.30
[113] FA,GGBS  Na,SiOs- Sand, WG - 0.38 - n.r. 100 58
anhydrous
[184] FA, GGBS Na,SiOs- Sand, WG Foaming agent 0.38 - 23.3 60 58
anhydrous 22+2 100
[117] FA, GGBS Na,SiO3- Sand, GLA Polycarboxylate 0.35 - 20 n.r. 67
anhydrous
[115]  FA,GGBS  Na,SiOs- CW, Sand - 0.35 - 23 60 ~100
anhydrous
[103] FA, GGBS Soda residue, Sand, IMT Polycarboxylate 0.50, 0.55, - Water nr 38.6
CCR sand, Gravel, 0.6 curing
IMT coarse (20+1)
aggregates 60, 75
[116] FA, Na,SiOs- Sand, Crumb Polycarboxylate 0.41 - 16-20 60-65 53.5
GGBS, SF anhydrous rubber
[107] GGBS NaySiOs- Sand, - 0.29-0.35 - n.r. n.r. 89
anhydrous Exhausted
waste sand
[62] GGBS, NaySiOs- cw - 0.35 - 23 100 24
CwW anhydrous 60 (3 h)
[114] GGBS, Na,SiO3-5H,0, Sand, WG Air entraining agent, 0.60 - 20 60 15.03
Lime KOH, Na,CO3 Methylcellulose, Modified

starch, shrinkage
reducing admixture

[182] GGBS, K2CO3 Sand, Crumb Silica aerogel 0.40 - 23+2 n.r. 34.13
OPC rubber Water
curing

n.r. = not reported.
@ Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activator.
> Maximum 28-day compressive strength is reported.

3.1.2. Thermal activation

Thermal activation involves calcining a low-reactivity precursor with an alkaline activator for a specific duration, and then milling
the resulting product to a fine powder. For example, Feng et al. [68] heated albite powder with NaOH/Na3COs at temperatures ranging
from 850 °C to 1150 °C for a period of 30 min. After calcination, the heated material was allowed to cool down to room temperature
and was then pulverised in a ring mill. Findings show that heating the albite with the alkaline solid activators resulted in reasonable
strength development at 28-days of over 40 MPa. However, mixing thermally treated albite (without any solid activator) with water
showed little strength development of just over 2 MPa at 28 days [68]. Almalkawi et al. [70] performed thermal activation and
mechanochemical processing to enhance the reactivity of volcanic tuffs (pumice) by heating it with Na;SO4 and Na;COs3 at 700 °C for 4
h, followed by cooling and grinding to fine powder size. This transformed the raw materials into highly reactive hydraulic cements that
can be used directly in one-part AA mixes.

Thermal activation was also carried out on CKD (60 wt%) and feldspar (40 wt%), by calcining them at 1200/1300 °C for 2-3 h in
the presence of NapCO3 (0-20 wt% of CKD + feldspar) [43]. The solid blend was then milled to pass a 50 pm sieve. XRD patterns
showed that the thermal activation of CKD and feldspar caused crystalline peaks of quartz, calcite and lime to fade, with a generally
lower degree of crystallinity and the formation of an amorphous calcium silicate phase. Ababneh et al. [130] used thermal activation to
pre-treat kaolinite clay in the presence of CaO, NapCO3 and NaySiO3-5H20. A heating temperature of 950 °C was held for 1 h, and the
thermally treated blend was then allowed to cool down to room temperature and subsequently milled to pass a 75 pm sieve.

Alkali-fusion — a form of thermal activation which involves calcining the precursor with NaOH - has also gained traction in recent
years. Ke et al. [131] and Ye et al. [33] performed alkali-fusion to enhance the reactivity of RM by heating it with NaOH at 800 °C for 1
h. The resulting product was then pulverised into fine particles smaller than 0.315 mm. Abdel-Gawwad et al. [22] carried out
alkali-fusion to enhance the reactivity of ACS by heating it with NaOH (5% and 10% by weight of ACS) at 1200 °C for 2 h. This was
followed by rapid quenching and milling to less than 75 pm particle size. In another study, Abdel-Gawwad et al. [60] performed
alkali-fusion on CoW by heating it with NaOH (5-15%) at temperatures of 1100/1200 °C for 2 h. The calcined material was then
allowed to cool down and subsequently pulverised to pass 75 pm sieve size. Alkali-fusion of CoW resulted in improvement in the
mineralogical phase structure, forming a semi-amorphous phase with crystalline peaks of lower intensity to those of the untreated
CoW.

3.1.3. Hydrothermal activation
Hydrothermal activation is a relatively new form of pre-treatment in one-part AAMs. It aims to avoid the high calcination
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Fig. 5. Water contents of one-part alkali-activated systems with different precursors and solid activators.

temperatures of thermal activation and involves mixing the aluminosilicate precursor with a NaOH solution, and then heating the
product at a temperature of usually less than 200 °C for a specific duration, followed by drying and crushing to form a fine solid blend.
This blend can then be used directly with water and aggregates (if any) to form one-part AAMs. Liu et al. [45] performed hydrothermal
activation on GMTs by mixing them with a NaOH solution, and allowing the mixture to react in an oven at temperatures of around
150-200 °C. This was followed by drying the mixture to a constant weight at 100 °C, and then pulverising the solid product to less than
74 pm. XRD patterns of the treated GMT showed reduced crystallinity and enhanced disordered structure of the pre-treated GMT.

Abdel-Gawwad et al. [61] used hydrothermal activation by mixing CoW powder with NaOH (5-20 wt% of CoW), and tap water (35
wt% of CoW powder) was added to the blend and heating was conducted at 60 °C for 18 h. The treated solid material was then ground
to a reactive fine powder. Hydrothermal activation transformed CoW into an active precursor with enhanced Ca(OH); and magnesium
hydroxide (Mg(OH),) formations. Hydrothermal activation was also used to produce a solid activator for one-part AAMs [59]. This was
done by mixing 52 wt% WG powder (high SiO; content) with 48 wt% NaOH micro-pearls (Naz0/SiO3 ~ 1). A small amount of water
(w/s = 0.1) was added, and thorough mixing of the blends was performed. Heating at 150 °C was then carried out in an oven for 2 h,
and the mixture was then crushed to pass 600 pm sieve size [59]. Activating WG powder with NaOH results in crystalline NaSiO3
which can be used as an activator, although at a lower efficiency than the commonly used synthetic Na;SiO3.

3.1.4. Mechanochemical treatment

Mechanochemical treatment is conducted by grinding the precursors and the solid activators together in a ball mill for a certain
duration of time. This causes a deformation of the crystalline structure of the precursors through the application of mechanical stresses
at high rates [56] and is generally viewed as a ‘green’ pre-treatment method. Matalkah et al. [90] carried out mechanochemical
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Table 4
Details of one-part AAMs with commercial superplasticizers and retarders.
Ref. Precursor Solid activator Aggregates Admixture Water/Solid”  Calcination Curing 28d Comp.
Temp. RH Strength”
co o M
[239] FA Ca(OH),, NaySiO3- - Polycarboxylate 0.20 - 60 (24 100 13.6
GD h)
23+3
[89] FA NaOH, MgO, CaO Sand Sodium tetraborate borax, 0.40-0.50 - - - -
Citric acid, Phosphoric acid
(H3PO4)
[4] FA, GGBS Ca(OH),, - Polycarboxylate 0.20-0.36 - 60 (24 nr. 36.9
Na,SiO3- h)
anhydrous, 23 +3
Na,SiO3-5H,0,
Na,SiO3-GD,
NaOH
[159] FA, GGBS Na,SiO3 - Hydrophosphate 0.28-0.30 - n.r. n.r. 80.1
[124] FA, GGBS NaySiOs- - Sodium tetraborate 0.26-0.30 - 23+2 70 44
anhydrous decahydrate-borax +
(NayB407-10H,0), Sodium 10
triphosphate (NasP3010),
Polycarboxylate, Sodium
gluconate (CgH11NaO7),
Sodium lignosulphonate,
Calcium lignosulphonate
[123] FA, GGBS Na,SiO3- - Naphthalene, Melamine, 0.30-0.36 - Water - 74.4
anhydrous Polycarboxylate curing
[138] FA, GGBS Na,SiOs- - Polycaroxylate 0.39 - nr. 100 63
anhydrous
[1] FA, GGBS NaySiOs3- - Polycarboxylate, 0.367 - 60 (24 - 51.5
anhydrous, Naphthalene, Sucrose, h)
Na,SiO3-GD Anhydrous borax, MasterSet
RT 122
[168] FA, GGBS Na,SiO3-GD, Ca - Polycarboxylate 0.2-0.4 - 20-23 65 38
(OH),, K»CO3, +
LiOH, Na,O 10
[165] FA, GGBS NaySiOs- Sand Sodium tetraborate 0.27-0.28 - 30, 20, nr. 94
anhydrous decahydrate-borax 65
(Na,B40,-10H,0)
[240] FA, GGBS NaySiOs3- Sand Sodium tetraborate 0.28 - 25+2 70 45
anhydrous decahydrate-borax +
(Na»B40,-10H,0) 10
[21] FA, GGBS Ca(OH),, NayS0y, - Naphthalene, Melamine, 0.36, 0.24 - Water - 74.4
Na,SiOs- Polycarboxylate curing
anhydrous
[134] FA, GGBS NaySiOs3- - Polycarboxylate ~0.36, - Water - 83
anhydrous ~0.27 curing
[241] FA, GGBS Ca(OH),, - Polycarboxylate 0.35 - 23 +3 95 56.3
Na,SiO3-5H,0, +5
Na,ySO4
[242] FA, GGBS Ca(OH),, NaySiO3- - Polycarboxylate, 0.35-0.375 - 23+3 95 56.3
G, Na,SiO3-GD, Naphthalene +5
Na,SiO3-5H,0,
Na,ySO4
[243] FA, GGBS Ca(OH),, Sand Polycarboxylate 0.32, 0.335 - 23+3 95 42.6
Na,SiO3-5H,0, +5
Na,ySO4
[244] FA, GGBS Ca(OH),, Sand Polycarboxylate 0.32, 0.335 - 23+3 95 42.6
Na,SiO3-5H,0, +5
NaySO4
[93] FA, GGBS Ca(OH),, NaHCO3 Sand Shrinkage reducing 0.40 - 23, 60 60 39
admixture +5
[13] FA, GGBS, Na,SiO3, NaAlO, Sand Polycarboxylate 0.23 - 20+ 2 95 63
FASB +3
[245] FA, GGBS, NaOH, Na,SiOs, Sand Sodium tetraborate-borax 0.45-0.50 - 20+ 2 >95 36
Albite CaO
[246] GGBS Ca(OH),, NayS04 - SP, Viscosity modifying 0.26-0.38 - Water - 54.8
agent, Antifoamer curing
(23 +
3)
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Table 4 (continued)

Ref. Precursor Solid activator Aggregates Admixture Water/Solid”  Calcination Curing 28d Comp.
Temp RH Strength”
: MP:
co o M
[111] GGBS NaySiOs- Sand, Clay Polycarboxylate 0.4-0.6 - 2242 n.r. 53.8
anhydrous granules
[125] GGBS Na,SiO3, KOH, Sand Methylcellulose, Modified 0.30, 0.50 - 20 60 102.1
NayCO3 starch,

CaO-based expansive agent,
Ethylene glycol-based
shrinkage reducing

admixture
[247] GGBS Na,SiO3- Sand Polycarboxylate-based 0.45 - 23 35 83
anhydrous
[248] GGBS, NaySiO3 Sand, Naphthalene sulphonates, 0.5 - nr. nr. 51
Lime Coarse Lignosulphonates
aggregates
[110] GGBS, SF NayCO3, CaO Dolomite Lignosulphonate 0.30, 0.35 - 25, 85 >90 85
stone,
Dolomite
sand
[122] GGBS, SF NaOH Sand Melamine, Naphthalene, 0.35 - 22 100 40
Lignosulfonate
Polycarboxylate, Carboxylic
acrylic acid
[109] GGBS, SF Na,SiO3-5H,0 Sand, Polycarboxylate 0.50-0.54 - 23+3 50 65.4
Crushed
limestone
[139] GGBS, SF, Na,SiOs- Sand Lignosulphonate 0.25-0.35 - 20 100 145
Phyllite anhydrous
dust
[31] NS NaySiOs- Sand Citric acid, Lignin-based SP 0.35 - 20+ 2 >95 96.02
anhydrous, NaOH,
Na,CO3
[32] NS NaySiOs- Sand Citric acid, Lignin-based SP 0.35 - 20+ 2 >95 67
anhydrous
[33] RM, SF NaOH - Sodium lignosulphonate 0.45-0.65 800°C(1 20+ 1 100 31.5
h)
[24] LS, GGBS NaySiO3 - Polycarboxylate 0.25 - 20+ 2 95 32.5
+3
[130] Kaolin Na,SiO3-5H50, Sand Polycarboxylate 0.40-0.53 950°C (1 20+ 2 >95 -
Na,CO3, CaO h) 80 (24
h)
[249] OPC, FA, NaOH, Ca(OH), Sand Polycarboxylate 0.35 650 °C n.r. nr. 29
Kaolin (140 min)
[250] OPC, FA, NaOH, KOH, Ca Sand Polycarboxylate 0.26-0.52 650 °C nr. n.r. 42.3
Kaolin (OH), (140 min)
[251] OPC, FA, NaOH, Ca(OH), Sand Polycarboxylate 0.35 650 °C 21 +£2 n.r. 29.5
Kaolin (140 min)
[108]  OPC, FA, K,COj3, Ca(OH),, Sand, SP, Citric acid ~0.275-0.29 - 20-23 65 55
GGBS NaySiOs- Crushed +
anhydrous basalt 10

n.r. = not reported.
@ Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activators.
> Maximum 28-day compressive strength is reported.

treatment of raw materials by placing the precursor (in this case FA) and solid activators (CaO, MgO and NaOH) in a ball-mill, and
grinding was performed for a period of over 2 h. The introduction of mechanical energy helped break down the structure of the
precursor and introduced alkali earth cations and alkali metal cations to their microstructure, facilitating their mechanochemical
restructuring and resulting in highly reactive hydraulic cement. A compressive strength of about 35 MPa at 28 days was achieved for
the mechanochemically processed mixes (cured under ambient conditions), while control mixes formed by separate milling only
achieved 28-day strengths of nearly 5 MPa [90]. Masi et al. [132] also showed improvement in the mechanical properties of FA-based
one-part AAMs when the FA was ball milled with potassium hydroxide (KOH) and NaSiOsz-anhydrous for 2 h. The milling process
reduced dsp of FA from 15.7 pm to <4.1 pm, and enhanced its reactivity. Important parameters to consider for mechanochemical
treatment include: 1) the number of balls used and their size, 2) treatment time, and 3) milling rotation speed [32,133].

3.2. Mixing and curing

The mix design method for one-part AAMs generally starts by mixing the dry materials, including precursors, solid activators,
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Table 5
Details of one-part AAMs with mineral admixtures and foaming agents.
Ref. Precursor Solid Aggregates Admixture Water/ Calcination Curing 28d Comp.
activator Solid® Temp RH Strength”
: MP
o) o M
[252] FA, GGBS Ca(OH),, - Foaming agent 0.4 - 22+ 2 100 1.97
NaySiOs, Mg 0.375
(NO3)2
[126] FA, GGBS NaySiOs- Sand SF, MK, MgO, CK 0.31 - 20+ 2 n.r. 49
anhydrous
[127] FA, GGBS, NaOH, Sand, Sodium tetraborate-borax, n.r. - 22+2 50 -
Albite Na,SiOs, Crushed Polyethylene glycol shrinkage +4
CaO limestone reducing admixture, Gypsum

powder, SF, Limestone powder,
Latex polymer.

[166] GGBS Na,SiOs, - Air entraining agent 0.43-0.46 - 20+ 2 60 39.1
KOH, +5
Na,CO3
[253] GGBS Ca0, NaOH Titanium dioxide, CaCl, 0.35 - 23 99 54.4
[129] GGBS Na,SiOs- Sand Basic oxygen furnace submicron 0.35 - 23 100 55.5
anhydrous particles -5,
-10,
—-20
[37]1 GS NaAlO, Sand Al,03, ZnO, ZrO, nr. - 40 100 -
[97] GGBS, OBA - Aluminum powder, Recycled ~0.38 - 23 100 6.3
RHA aluminum foil
[128] MK NaOH, Sand H,0,, Surfactant 0.64, 0.75, - 60 (24 100 -
Na,SiO3 0.91 h)
[70] Pumice NayS0y4, Sand Gypsum 0.60, 0.71, 700 °C (4 h) 20+ 2 90 22
NayCOg3 0.74
[254] OPC, FA, NaOH, Ca Sand Polycarboxylate, Aluminium 0.35 650 °C (140 n.r. n.r. -
Kaolin (OH), powder, NaBO3, H,O, min)

n.r. = not reported.
@ Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activators.
> Maximum 28-day compressive strength is reported.

aggregates, and any admixtures in solid form, for a few minutes (1-3 min). After that, water is added gradually to initiate the reaction
and mixing is continued for another 1-5 min. If a pre-treatment step is employed, then the resulting solid blend from the pre-treatment
process is mixed with any aggregates and solid admixtures first for a few minutes, and water is subsequently added to initiate the
reaction and mixing is continued until a homogeneous mix is achieved. When liquid SPs were considered, the mix design approach
differed slightly from one study to the other, with some adding the SPs 2-3 min after adding all the water to the one-part AA fresh mix,
and then mixing continued for another 3-6 min. Other studies [21,134] have mixed the solid raw materials together with 60-80% of
the mixing water for a few minutes. The remaining 20-40% of the mixing water was used to dilute the SP to ensure more dispersion,
and then added to the mix and mixing continued for a few more minutes. After wet mixing, the fresh mix is cast in the prepared moulds
and typically compacted to remove any entrapped air bubbles. For AAMs made of high-calcium precursors, demoulding is usually
carried out 24 h after casting, whereas for AAMs synthesized using low-calcium precursors, more time is required to ensure sufficient
hardening and demoulding can take place up to 3-days after casting [135,136]. Fig. 6 shows a summary of the mix design steps
involved in one-part AAMs. From the several precursors used in one-part AAMs, metakaolin-based systems require special care and
experience during mixing [137]. When initially wetted, metakaolin-based AAMs are difficult to mix and appear too dry. Rapid shearing
of the fresh mix should be continued by the mixing machine without the addition of extra water to avoid reductions in mechanical
properties and any harmful effects on durability [137]. After sufficient mixing the material becomes more homogeneous with better
consistency. The fresh mix can then be poured into moulds and vibrated to form concrete specimens.

In a recent study, Alrefaei and Dai [138] examined the effect of delayed SP addition, in this case a polycarboxylate ether, on the
resulting rheological and mechanical properties of FA- and GGBS-based one-part AA pastes. The mixing time extended for 30 min
where the SP was initially added as usual (i.e., early SP addition), and a delayed SP addition which involved mixing the one-part AAMs
with 90% of the water for 1 min, followed by a 19 min rest period, and then the SP was added with the remaining 10% of the water and
mixing was continued for 3 min. Results indicated a lower drop in the 28-day compressive strength and better rheological properties as
a result of delayed polycarboxylate addition [138]. In a different study, Perumal et al. [139] achieved high-strength one-part AAMs
through particle packing, which entails careful selection of the content and particle sizes of constituent materials to ensure maximum
packing density. The main binder used in their study was GGBS complemented by SF and phyllite dust to form ternary blends, and the
mix was activated using NaySiOz-anhydrous. The highest compressive strength achieved at 28-days was 145 MPa (cube specimens),
and this remains the highest compressive strength reported for one-part AAMs.

One-part AAMs can be cured in ambient conditions or at elevated temperatures. Mixes made of low-calcium precursors, such as
Class F FA and MK, typically require heat curing at temperatures above 40 °C to achieve reasonable strength development. Meanwhile,
mixes synthesized using high-calcium precursors, such as Class C FA and GGBS, can develop appropriate strengths with curing at
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Fig. 6. Mix design method for one-part AAMs.
Table 6
Details of 3D-printed one-part AAMs.
Ref. Precursor  Solid activator Aggregates  Admixture Water/ Curing 28d Comp. Strength”
Solid” (MPa)

Temp. RH
Q) (%)

[144] FA Na,SiOs-anhydrous Sand - 0.315 60 (24h) 100 35
23+3

[148] FA, GGBS  Na,SiOs-anhydrous Sand - 0.315 60 (24 h) n.r. 43.2
23+3

[92] FA, GGBS  K,SiO3, KOH Sand - 0.35 n.r. n.r. 26.8

[147] FA, GGBS  Na,SiO3-GD, Na,SiOs- Sand Scurose, 0.315, 60 (24 h) n.r. 55

anhydrous 0.33 23+3
[146] FA, GGBS  Na,SiOs-anhydrous Sand Magnesium aluminosilicate, - - -
Sucrose
[145] GGBS NaySi03-5H,0 Sand Nanoclay, Hydromagnesite 0.35, 0.40 - - -

n.r. = not reported.
& Water-to-solid ratio taken as the weight of water-to-total solid ratio including aluminosilicate precursors and solid activator.
> Maximum 28-day compressive strength is reported.
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ambient temperatures (20-30 °C). Curing specimens in sealed plastic sheets or in curing rooms (relative humidity (RH) > 90%) is
desirable to limit moisture loss and ion leaching [12]. Water curing is usually avoided to prevent activator leaching [73,126].

3.3. 3D printing

In recent years, 3D printing technology/digital construction has gained increased interest, particularly due to the expected savings
in construction time, material and labour with such technology and the potential for increased geometrical freedom [140-142].
3D-printed concrete materials are placed layer by layer in the absence of formwork [143] and few studies developed viable 3D-printed
one-part AAMs as can be seen in Table 6 [92,144-148]. The preparation steps involved in producing extrusion-based 3D printed
one-part AAMs include pre-mixing preparation, mixing, pumping, extrusion and building [142,146]. Pre-mixing preparation entails
preparing a 3D model of the object to be printed in a CAD platform. A G-Code is also prepared using slicing software which basically
defines the printing sequence. The G-Code is run by a controller which gives commands to a gantry printer or a robotic arm with a
nozzle/extruder for laying the 3D printed concrete. The printing device is connected to a concrete pump to pump out the fresh mix. The
fresh mix in 3D-printed one-part AAMs is prepared using the ‘just-add-water’ approach described in section 3.2, and is placed
layer-by-layer until the required shape is attained [92]. Prior to pumping, it is important to ensure full dissolution of the solid activator.
Muthukrishnan et al. [146] recommend a fresh mixing time of at least 15 min for FA- and GGBS-based one-part AAC activated using
Na2SiO3-anhydrous.

Fresh material that can be pumped easily and have good thixotropic properties (i.e., ability to lose viscosity with shear stress
application and the recovery of such viscosity upon the removal of shear stress) are best suited for extrusion-based 3D printing [142].
One-part AAMs generally exhibit good pumpability and thixotropic characteristics [146]. The mechanical properties of the resulting
3D-printed one-part AAM depend on several print related parameters, such as printing layer height and printing speed [92]. Other
important parameters to consider for 3D-printed one-part AAMs is conformity and dimensional stability, load carrying capacity (also
known as buildability), and the directional mechanical strength. As with the case of other printed material, 3D-printed one-part AAMs
exhibit anisotropic properties. Panda et al. [92] showed that 50 x 50 x 50 mm cubes of 3D-printed FA- and GGBS-based one-part
AAMs loaded at 28 days along their three major axis achieved strengths of 28.3, 25.9 and 24.3 MPa, with such anisotropic behaviour
being attributed to motion patterns during printing. Bong et al. [147] reported that the 28-day compressive strength of 3D-printed FA-
and GGBS-based one-part AAMs was 10-27% lower than that of normal mould-cast specimens. This was observed in several 3D-con-
crete-printing studies [149,150] and is likely due to the higher porosity of printed materials in comparison to mould-cast specimens.
These voids are inevitably introduced due to the layer-by-layer placement nature of 3D-printed materials.

In a recent study, the rheological behaviour of 3D-printed GGBS-based one-part AAMs was investigated [145]. Findings showed
that small additions of nanoclay (0.4 wt%) significantly improved the yield stress of the fresh mix, and thereby the printability of the
GGBS-based mixes [145]. The addition of hydromagnesite nucleation seeds by 2 wt% of GGBS content also led to rapid strength
development and better buildability of performance [145]. In a different study, the addition of sucrose to 3D-printed FA- and
GGBS-based one-part AAMs led to slower development of yield strength in the fresh mix, allowing more time for pumping and
placement of the material [146]. However, sucrose did not have a significant impact on the viscosity of the fresh mix [146].

4. Reaction mechanisms and fresh properties

4.1. Reaction mechanisms and hydration products

As water is added to the dry one-part mix, the dissolution of the solid activator takes place which is an exothermic reaction [11].
Precursor wetting and dissolution of amorphous phases occur concurrently as well. Heat evolution curves in conduction calorimetry
studies show this by an initial peak taking place immediately after water is added to the dry one-part mix [5,11,91,151]. This initial
peak is typically followed by a dormant period, known as the induction period, and then a second peak is observed, also known as the
acceleration peak, corresponding to the formation of hydration products [5,11,86]. As such, the reaction process of one-part AAMs in
most cases can be divided into four stages: a) pre-induction period, b) induction period, c) acceleration period and d) deceleration
period [11,13,94]. The resulting hydration products depend largely on whether low-calcium or high-calcium precursors are used.
Using low-calcium precursors leads to the formation of 3-dimensional tetrahedrally interlinked N-A-S-H (sodium-aluminum-silica-
te-hydrate) gels [10,152], whereas high-calcium precursors result in the formation of tobermorite-like C-A-S-H (calcium-alumi-
num-silicate-hydrate) gels [152-155]. Blending low-calcium and high-calcium binders in one-part AAMs leads to the development of
cross-linked N-A-S-H and C-A-S-H gels [10,139,156].

The silica solubility of the activator used has a marked influence on the reaction of one-part AAMs, including how and when the
heat evolution peaks occur in calorimetric studies [34]. Dakhane and Neithalath [91] investigated in depth the reaction kinetics of
GGBS-based one-part AAMs and reported that the solubility of silicate-based powders decreases with increasing the alkalinity of the
system (i.e., increasing the alkali hydroxide content). The solubility of sodium silicate powders was determined to be less than that of
potassium silicate powders, mainly due to the smaller hydration sphere of potassium ions [91,157,158]. For NaySiO3 activated
GGBS-based one-part pastes, increasing the modulus of silicate, M;, of the activator (SiO2/Na30), increases the silicate solubility,
which in turn results in a higher dissolution peak, a shorter induction period and a lower acceleration peak [91].

Meanwhile, potassium silicate activated GGBS-based systems showed similar behaviour with the exception of a longer induction
period with an increase in the M; (SiO2/K20) of the activator [91]. The cumulative heat released, measured after 80 h, was noticed to
be lower with higher activator M due to the lower alkalinity of the system [91]. Wang et al. [159] noticed a higher dissolution peak in
the heat profile of GGBS-based one-part AAMs activated via NaySiO3 with an increase in activator content due to higher alkali con-
centration. Higher dissolution and acceleration peaks are noticed as well for GGBS-based and GGBS- and FASB-based one-part AAMs

20



M. Elzeadani et al. Journal of Building Engineering 57 (2022) 104871

activated using NaySiOs-anhydrous in comparison to mixes activated with NaySiO3-5H20 or NaSiO3-9H0 [76]. The use of NaySO4 in
combination with NaySiO3 to activate GGBS-based or GGBS- and FASB-based one-part AAMs led to longer induction periods and lower
acceleration peaks in heat evolution curves [84].

Heat flow profiles of FA- and MK-based one-part AAMs activated with a combination of hydrous NaySiO3 and NaOH or NaySiOs-
anhydrous showed higher reaction heat with an increase in the activator intensity or a reduction in the activator modulus (i.e., higher
reaction heat with higher alkalinity) [5]. The heat released from mixes activated with NaySiOs-anhydrous was higher than that of
mixes activated with hydrous Na;SiO3 and NaOH despite having the same M value [5]. Also, the heat release from mixes activated
with NaySiOs-anhdyrous started slightly later than their NapSiO3 and NaOH counterparts, indicating that the dissolution of the
granular Na,SiOs-anhdyrous is comparatively slower [5]. In a comparative study between one-part and two-part AAMs, Ren et al.
[151] showed that GGBS-based one-part AAMs activated via Na;SiOs-anhydrous had a lower acceleration peak in isothermal studies
and developed comparatively lower C-A-S-H gels. Similarly, Hajimohammadi and van Deventer [160] highlighted that certain zeolite
phases observed in FA-based two-part AAMs did not appear in FA-based one-part AAMs.

4.2. Initial flow and rate of flow loss

The initial flow and rate of flow loss of one-part AAMs are affected largely by the physicochemical properties of the aluminosilicate
precursors. Precursors with irregular particles and higher CaO content usually result in lower initial flow and a higher rate of flow loss.
For instance, the initial flow of GGBS-based one-part AAMs is generally lower than that of FA-based mixes [93,136,161]. Moreover, the
flow loss of GGBS-based mixes with time is considerably higher than their FA-based counterparts [162]. The addition of LS to
GGBS-based one-part AA pastes activated via NaySiO3 reduced initial flow [23,24]. This reduction in flow was attributed to the high
water demand of LS, as well as their irregular particle shape and high surface area. On the contrary, adding a small quantity of SF to
GGBS-based one-part AAMs led to an improvement in initial flow, and caused a change in the shear stress-shear rate relationship by
increasing the yield stress of the fresh mix and reducing the viscosity [163,164].

The type and dosage of the solid activator also play a major role on the fresh properties. A Comparative study on FA- and GGBS-
based one-part AA pastes activated using NaOH, KOH and NaySiOs-anhydrous showed that NaOH activated mixes achieved the lowest
flowability and higher rate of flow loss [161]. Shah et al. [165] reported a higher initial flow in FA- and GGBS-based one-part AAMs
with an increase in NaySiOs-anhydrous dosage from 8 to 10% of binder content. This occurs as small dosages of NaySiOs help plasticize
the mix and reduce the yield stress [166]. Meanwhile, Guo et al. [13] reported a drop in the fluidity of FA-, FASB- and GGBS-based
one-part AA mortars, as the NaySiO3 dosage increased from 10 to 30% (in 5% increments). This might suggest that there is an
optimal value for the NaySiO3 dosage in one-part mixes when considering initial flow, beyond which the consistency of the mix
reduces.

Replacing a proportion of NaySiO3 with either NapCO3, NaAlO; or Ca(OH); in FA- and GGBS-based one-part mixtures caused a
reduction in flow [83,167-169]. Ouyang et al. [170] combined silicate-based activators (either quick-dissolving NaySiO3 or
NaySiO3-5H,0) with either NapCO3 or Ca(OH); to activate FA- and GGBS-based one-part mixtures and showed a higher
reduction in workability with Ca(OH), replacement as opposed to NapCO3. Adding potassium carbonate (KoCO3) to NaySiO3-GD
and Ca(OH); in FA-based one-part mixes caused a further reduction in workability [168]. Meanwhile, adding either lithium
hydroxide (LiOH) or NayO to NaySiO3-GD and Ca(OH),, as partial or full replacements of the latter, caused an increase in the
relative slump [168]. The use of NaHCO3 to activate FA- and GGBS-based one-part AAMs was shown to lead to slightly higher
flow values as compared to using Ca(OH), as activator [93]

The w/b and aggregate/binder ratios have also a major influence on the workability of the one-part mix. Generally, a higher w/b
and a lower aggregate/binder ratios result in higher initial flow [164,171]. Goncalves et al. [107] showed that increasing the w/b
content in GGBS-based one-part AAMs from 0.29 to 0.31 and 0.33 resulted in an increase in initial flow by 57% and 106%, respectively.
Meanwhile, Yang et al. [172] showed a sharp reduction in the flow of FA- and GGBS-based one-part AA mortars as the sand/binder
ratio increased above 2.5.

4.3. Setting time

The setting of AAMs depends largely on the rate of their reaction mechanism. Rapid setting typically occurs with higher CaO
content in the precursor. The faster dissolution rate of CaO in comparison to SiO, and Al;O3 provides nucleation sites at an early age.
This in turn causes short setting and rapid hardening [173]. For that reason, GGBS-based AA mixes tend to set more rapidly than other
AA mixtures (e.g., FA-based and MK-based systems) [161,174]. It was identified that the setting process of low-CaO and high-CaO
precursors differs in alkaline environments, where the former usually sets through a gel percolation approach, while the latter sets
through localized precipitation of C-A-S-H gels [174]. An increase in the fineness of GGBS caused significantly shorter setting times
[1751, while the addition of SF to GGBS-based one-part AAC caused as much as 30 min delay in setting [110]. LS-based one-part mixes
activated using NapSiOs-anhydrous had very long initial (310 min) and final setting times (840 min) [23]. The addition of GGBS (40%)
in combination with LS (60%) as precursors helped shorten the initial (140 min) and final setting times (480 min) to more reasonable
levels. Jeon et al. [176] reported a reduction in setting times of GGBS-based one-part AAMs with an increase in calcined dolomite
content due to its high reactivity. MK- and volcanic tuff-based one-part AAMs activated using LKD showed initial and final setting times
in the range of 61-87 min and 78-110 min, respectively, where setting time was reduced with an increase in LKD content [67].

Considering the effect of activator type on setting, Ouyang et al. [170] showed that mixes activated using NaySiO3-5H20 had
shorter setting times than mixes activated via quick-dissolving NasSiOs. Also, a combination of sodium silicates and Ca(OH), resulted
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in shorter setting times than a combination of sodium silicates and Na;CO3 in FA- and GGBS-based one-part mixes, potentially due to
the additional soluble Ca®* supplied by Ca(OH); [170]. Similarly, FA- and GGBS-based one-part AAMs show more rapid setting when
activated using Ca(OH); as compared to NaHCO3 [93]. Replacing a proportion of NaySiO3 with either NayCOg, or NaAlO, in FA- and
GGBS-based one-part systems caused a delay in setting [83,167]. A higher replacement of NaySiO3 reduces the pH of the mix, causing a
more moderate reaction rate [167,174]. Also, the delay in setting due to NaAlO, addition occurs as aluminate species coagulate the
silicate species in NaySiO3 and absorb to the precursor particles, which could generate negative charge sites that repel the OH™
responsible for catalysing the dissolution of aluminosilicate species [169]. A high solid activator dosage typically leads to shorter
setting times. For instance, Li et al. [164] showed a reduction in the setting times of GGBS-based one-part AAMs activated via Na;SiO3
as the activator-to-binder dosage increased from 0.10 to 0.25.

5. Mechanical properties

The mechanical properties of one-part AAMs were mostly discussed in terms of the compressive strength, and less frequently in
terms of the flexural strength and splitting tensile strength. As would be expected, different precursors, solid activators, water contents,
binder-to-aggregate ratios, and curing conditions had a measurable effect on the resulting strengths, which are discussed here.

5.1. Precursor type and content

The compressive strength of one-part AAMs tends to be higher when calcium-rich precursors are used. For instance, Yang et al.
[135] reported that the 28-day compressive strength of GGBS-based AA mortars (21.5-52.5 MPa) was higher than that of FA-based
counterparts (0.57-9.45 MPa) using the same solid activator and cured in the same environment. Lemougna et al. [177] also re-
ported lower 7-day compressive strength of MK-based one-part pastes (~20 MPa) activated with NaySiOz-anhydrous in comparison to
GGBS-based one-part AA pastes (~62 MPa). The substitution of a proportion of low-calcium precursors with high-calcium ones could
result in significant improvements in the compressive strength. The fineness of the source material plays an important role in the
resulting compressive strength, with finer precursors often resulting in improved compressive strength development [110,136].
Moreover, for a given activator dosage and water content, there appears to be an optimum precursor content for optimised mechanical
properties. This differs from one mix to the other, depending on the constituents and curing conditions. Very little precursor content
could lead to insufficient formation of binding phases, whereas excess content could result in many unreacted particles and excessive
shrinkage [163].

5.2. Activator type and dosage

It is generally observed that sodium silicates are the most effective when it comes to compressive strength development in one-part
AAMs. Even among the sodium silicates, the anhydrous type with a modulus of silicates (M; = SiO2/Nag0) of around 0.9 typically
outperforms the others, including NaSiO3-5H20 (M ~ 1.04), NaySiO3-9H20 (M ~ 1.03), NapSiO3-GD (M; = 2.0), quick-dissolving
NaySiOs (M = 2.86) and sodium disilicate (NaySi2Os) (M =~ 1.98) [4,5,27,84,170]. Replacing a proportion of NaSiOs with either
NaOH, NayCOj3, NaAlO; or NaySO4 caused a reduction in the compressive strength of one-part AA systems [83,84,167,172]. Sodium
hydroxides, despite their higher pH, usually come second to Na,SiO3 when considering compressive strength development [172]. Feng
et al. [68] noted that Na;CO3 was less effective when compared to NaOH in activating albite-based one-part mixes. More recently,
however, Zhou et al. [178] showed that combining Na;COs with Ca(OH), to activate GGBS-based one-part mixes could attain
compressive strengths that are 60% higher than the same mixes activated using NaOH. As for calcium-based activators, Kim et al. [86]
highlighted that CaO was twice as effective when compared to Ca(OH), in GGBS-based one-part AA pastes. Also, the use of Ca(OH); in
FA-based one-part AAMs was less effective than NaHCO3 when considering the 28-day compressive strength [93]; however, the
opposite was noticed when considering GGBS-based one-part mixtures where Ca(OH), activated mortars had slightly higher 28-day
compressive strengths [93].

The fineness of the activator also affects the strength of the hardened one-part AA mix. Having finer NaSiO3-5H20 particles was
shown to result in higher compressive strength in FA- and GGBS-based mixes [163]. The large voids left behind after the dissolution of
coarse activator particles was detrimental to the resulting compressive strength. As for the activator content, the compressive strength
of one-part AA mixes tends to increase with higher activator dosage (more specifically, a higher Na;O content) up to an optimum value,
after which the compressive strength decreases. This optimum dosage of NaO varied from one study to the other but most often was in
the range of 4-8 wt% [161,163,179]. Beyond this optimum value, excess Na,O inhibits the formation of binding phases, increases the
likelihood of activator leaching and efflorescence, which all contribute to matrix degeneration and strength loss. For MK-based
one-part systems activated via biomass ashes, the compressive strength depended largely on the potassium-to-aluminum (K/Al)
molar ratio [65,118]. For instance, Balo et al. [65] showed an increase in the compressive strength of CSA-activated MK-based one-part
AAMs as the K/Al molar ratio increased from 1 to 5, with a drop in compressive strength afterwards as K/Al increased to 6.

5.3. Water content

The water content in one-part AAMs is dictated by the amount necessary to ensure full dissolution of the activator and any excess
water beyond such limit results in strength deterioration. Dong et al. [163] experimented with several w/s ratios for FA- and
GGBS-based one-part AA mixes in the range of 0.31-0.37 and concluded that optimum compressive strengths are recorded at a w/s
ratio of 0.31. Oderji et al. [124] concluded an optimum w/s ratio of 0.28 for FA- and GGBS-based mixes activated using
NaySiOs-anhydrous while considering a range of values from 0.26 to 0.3. Abdel-Gawwad and Abo-El-Enein [180] investigated
GGBS-based one-part AA pastes activated using a combination of NaOH and CaCOs with a range of w/s within 0.24-0.33 and
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concluded that a value of 0.27 gave the best compressive strength results. Perumal et al. [139] investigated ternary blends of GGBS,
phyllite dust and SF-based one-part mixes, with w/s in the range of 0.25-0.35 and noticed high compressive strength at a w/s of 0.30.
This shows that for FA- and GGBS-based one-part mixes, optimum w/s ratios are likely in the range of 0.27-0.31.

5.4. Aggregate type and content

Aggregates act as nucleating sites for the formation of hydration products, with typically higher strengths observed in concretes,
followed by mortars, and then pastes [168]. The strength of one-part AAC can be 16-20% higher than that of mortars having similar
compositions [139,181]. The optimal content of aggregates in one-part AAMs was not thoroughly investigated, but Yang et al. [172]
reported an increase in the compressive strength of GGBS-based one-part AA mortars with an increase in the sand-to-binder ratio up to
a value of 2.5, after which a reduction in strength was observed. Replacing natural aggregates with other aggregate sources can result
in lower or higher strength depending on the aggregate type. For instance, higher replacement of natural sand with lightweight
expanded clay granules or crumb rubber particles resulted in a proportional reduction in the compressive strength of one-part AA
mortars [111,116,182]. This reduction is due to the lower strength and elastic modulus of lighter aggregates, causing stress con-
centrations within the concrete matrix and the formation of microcracks [183]. The use of IMT aggregates instead of natural sand and
gravel in FA- and GGBS-based one-part AAC resulted in lower compressive strength development [103]. Meanwhile, replacing a
proportion of sand particles with either CW or WG fine aggregates in FA- and GGBS-based one-part AAMs resulted in an increase in the
compressive strength [113,115,184]. Such improvement is attributed to the participation of CW and WG aggregates in the reaction,
imparting additional silica and alumina to the mix and absorbing some of the available water, causing an increase in pH concentration
and a higher dissolution of aluminosilicate species.

5.5. Admixture type and dosage

Few studies reported that adding sodium tetraborate decahydrate-borax to FA- and GGBS-based one-part AAMs (dosages in the
range of 2-8% of precursor content) caused a reduction in strength in proportion with the dosage added [124,165]. Bong et al. [1]
showed that adding polycarboxylate- and naphthalene-based SPs at 1% of precursor contents to FA- and GGBS-based one-part mixes
activated via different types of sodium silicates caused a slight reduction in the compressive strength. The addition of sucrose (1% of
precursor content) also negatively impacted the resulting compression strength [1].

The addition of a small dosage of SF to GGBS-based one-part mixes often improves the compressive strength. Compressive strengths
of over 100 MPa at 28 days were recorded for GGBS-based one-part AAMs with small dosages of SF [34,139]. In GGBS-based mixes, the
presence of SF causes the formation of cross-linked and non-cross-linked C-A-S-H gels, together with N-A-S-H gels, while the absence of
SF results in the formation of non-cross-linked C-A-S-H gels [139]. Dong et al. [163] noted that adding SF to FA- and GGBS-based mixes
resulted in a reduction in the compressive strength. This occurs as SF reduces the reactivity of FA in the mix.

5.6. Curing conditions

Heat curing of one-part AAMs made from different precursor bases, including GGBS, MK, volcanic tuff, bentonite and dolomite, was
seen to contribute to significant improvement in the compressive strength [71,103,110,185]. This becomes more crucial when
low-calcium precursors are used. For instance, Peng et al. [185] showed that for calcined bentonite- and dolomite-based one-part
mixes activated using Na,COs, heat curing at 80 °C for 3 days caused the compressive strength at 28 days to increase from less than 5
MPa (ambient curing) to 38.3 MPa. The effect of water curing on the compressive strength as reported in different studies was less
conclusive. Yang et al. [87] reported that water curing of GGBS-based one-part mixes activated via a combination of Ca(OH); and Ba
(OH)3 resulted in significantly higher strengths (as much as 201% increase) than ambient air curing. Abdollahnejad et al. [186] noted
that water curing had a greater impact on improving the compressive strength of GGBS- and CW-based one-part mortars activated via
NaySiOs-anhydrous than sealed curing.

Meanwhile, other studies on FA-based and FA- and GGBS-based one-part AAMs have shown lower compressive strength devel-
opment when water curing was employed as opposed to ambient curing [126,171]. This might suggest that when C-A-S-H gels are the
primary hydration products, water curing could be beneficial for compressive strength development, while the opposite is the case
when N-A-S-H gels are predominant. Sub-zero curing temperatures were also investigated for one-part AAMs [129,187], and findings
showed that one-part AAMs performed better than OPC-based CCM cured at the same temperature. For instance, GGBS-based one-part
AAMs cured at —5 °C were able to achieve a 56-day compressive strength of nearly 68 MPa, while OPC-based CCM mixes cured at the
same temperature resulted in a 56-day strength of about 10 MPa [187]. Not only that, but one-part mixes showed greater strength
recovery/increase when the sub-zero curing was followed by curing at ambient temperatures of 23 °C [187].

5.7. Predictive equations

Yang et al. [135] introduced an alkali-quality coefficient, Q4, to help infer the compressive strength from the precursor and
activator compositions (by weight) as given by Eq. (1), where s stands for the total weight of solids (precursor + activator). This
coefficient can be expanded to account for the w/s and solid/aggregate (s/agg) ratios. General trends show that the compressive
strength, f., reduces with a higher w/s ratio and improves with a greater s/agg ratio. As such, predictive expressions are proposed to
correlate f, with the constituent materials of pastes and mortars as given by Eq. (2). The parameter A in Eq. (2) is a regression coefficient
determined from the corresponding dataset.
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Table 7
Summary of data points for Eq. (2).
Ref. Precursor Activator Aggregates Minixes fetest/fe.prea
Average cov

Pastes — 28-days

[172] FA, GGBS Na,SiOs-anhydrous — 4 0.74 0.16
NaOH

[217] FA, GGBS Na,SiOs-anhydrous - 13 1.04 0.16

[213] FA Na,SiO3-anhydrous - 4 1.03 0.09

[48] GGBS, LZMT Na,SiO3 - 5 1.25 0.05

[78] FA Na,SiOs-anhydrous - 2 0.92 0.32

[101] GGBS Oyster shells - 1 0.96 0.00

[214] FA Na,SiOs-anhydrous — 5 1.16 0.13

[107] GGBS Na,SiOs-anhydrous - 3 0.95 0.08

Total 37 1.04 0.195

Mortars - 7-days

[135] GGBS Na,SiOs-anhydrous Sand 5 0.92 0.12

[172] FA, GGBS Na,SiOs-anhydrous Sand 31 0.97 0.21
NaOH

[136] FA, GGBS Na,SiOs-anhydrous Sand 11 0.96 0.12
NaOH

[34] GGBS, SF, RHA Na,SiOs-anhydrous Sand 17 1.00 0.28
NaOH

[170] FA, GGBS Na,SiOs Sand 2 1.16 0.42
Na,Si03-5H,0

[63] GGBS, CW Na,SiO3-anhydrous Sand 8 1.07 0.21

[107] GGBS Na,SiOs-anhydrous Sand 1 0.92 0.00

[187] GGBS Na,SiOs-anhydrous Sand 1 1.56 0.00

[151] GGBS Na,SiOs-anhydrous Sand 1 1.00 0.00

Total 77 1.00 0.24

Mortars — 28-days

[135] GGBS Na,SiOs-anhydrous Sand 5 0.97 0.12

[172] FA, GGBS Na,SiOs-anhydrous Sand 33 1.09 0.22
NaOH

[136] FA, GGBS Na,SiOs-anhydrous Sand 12 1.17 0.11
NaOH

[34] GGBS, SF, RHA Na,SiOs-anhydrous Sand 2 0.79 0.02
NaOH

[170] FA, GGBS Na,SiO3 Sand 1 1.27 0.00
Na,SiO3-5H,0

[163] FA, GGBS, SF Na,SiO3-5H,0 Sand 5 0.88 0.10

[63] GGBS, CW Na,SiOs-anhydrous Sand 4 0.89 0.02

[151] GGBS Na,SiOs-anhydrous Sand 1 1.01 0.00

Total 63 1.06 0.20

Mortars - 90-days

[135] GGBS Na,SiOs-anhydrous Sand 5 1.00 0.09

[172] FA, GGBS Na,SiOs-anhydrous Sand 39 1.09 0.21
NaOH

[136] FA, GGBS Na,SiOs-anhydrous Sand 11 1.18 0.15
NaOH

[34] GGBS, SF, RHA Na,SiO3-anhydrous Sand 2 0.79 0.03
NaOH

[163] FA, GGBS, SF Na,SiO3-5H,0 Sand 6 0.98 0.23

[151] GGBS Na,SiOs-anhydrous Sand 1 0.96 0.00

Total 64 1.08 0.20

Npixes = NUMber of mixes; f. o = test compressive strength; f. ,.q = predicted compressive strength.
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Na, O
(m 20, . AL0; . Ca0>

Os= . (by weight) (€))]
fo=21 x 23 - (MPa) — (pastes) (2a)
w/s
_ Ou
fo=21 X w/s x (s/agg)- (MPa) - (mortars) (2b)
1100.6 — pastes at 28 days
1= 2078 — mortars at 7 days

2209.7 — mortars at 28 days (20)

2599.3 — mortars at 90 days

A database of one-part AA pastes and mortars was assembled from the literature as given in Table 7. This dataset includes mixes
from different studies of which the chemical composition of the precursors and solid activators, and mix design details were fully
reported. To eliminate the effect of different admixtures and specimen size on f;, only cube specimens with no added chemical ad-
mixtures were considered. Also, as the curing environment affects f,, the database only included specimens cured under ambient
temperatures in the range of 20-30 °C. As can be seen from Table 7, the dataset included mostly mixes with FA and GGBS as the main
precursors and NaySiO3-anhydrous and NaOH as the main solid activators. Few studies considered in the dataset used other precursors
either separately or in combination with FA and GGBS, such as RHA, SF, CW, and LZMT. For mixes activated with sodium silicates, the
determination of Q4 was straightforward as Na,O and SiO, were usually reported. For mixes activated with NaOH, the amount of Na,O
was calculated by assuming 1 mol of NaOH contains 0.5 mol of NayO as suggested by Yang and Song [136]. The results are shown in
Fig. 7 and Fig. 8 for one-part AA pastes and mortars, respectively. Due to limited one-part AA paste results, correlations at 28 days are
only shown, whereas for one-part AA mortars, results up to 90-days are given.

Findings show that Eq. (2a) for the 28-day f. of one-part AA pastes gives an average test-to-predicted value of 1.04 and a coefficient
of variation (COV) of 19.5%. Eq. (2b) for the 7-day, 28-day and 90-day f, of one-part AA mortars gives an average test-to-predicted
value of 0.996, 1.06 and 1.08, respectively, and a COV of 23.6%, 20.3% and 19.8%, accordingly. It should be noted, however, that
Eq. (2) is in no way replacing the need for physical tests for a given blend of constituent materials as they do not capture the effect of
optimal water contents, aggregate/binder ratios, or the effect of certain admixtures. Also, the determination of Q4 using weight ratios
of chemical compositions of precursors and activators has its limitations, as certain crystalline phases in the precursors which show on
the chemical compositions do not participate in the reaction. However, the predictive equations can provide a good guide to estimate
the compressive strength for a given blend of constituent materials and narrow down potential mixes for optimal f,.

The flexural strength, f;, and splitting tensile strength, f;,, of one-part AAMs are generally controlled by the same factors that affect
fe. Both Neupane [188] and Neupane et al. [189] suggest Eq. (3) to predict fy, from f. for FA- and GGBS-based AAC activated using a
mixture of Na;SiO3 and NaOH. Parameter A in Eq. (3) is a factor taken as 0.67 by Neupane [188] and 0.70 by Neupane et al. [189].

fo=4 x (f)* 3

6. Durability

The durability of AAMs has been the subject of much investigation and interest, to the point that some researchers argue that their
superior durability performance to that of OPC-based CCM, drawing reference to existing ancient roman structures made of concrete
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Fig. 7. 28-day compressive strength of one-part AA pastes.
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Fig. 8. Compressive strength of one-part AA mortars: a) 7 days, b) 28 days, c) 90 days.

with similar blends, merit their use as alternative construction material [156]. In this section, the durability performance of one-part
AAMs, including their porosity and water absorption, efflorescence, acid resistance, and shrinkage, is reviewed.

6.1. Porosity and water absorption

The porosity and water absorption of one-part AAMs are generally influenced by the precursors used, activator type and dosage,
and water content. For instance, GGBS-based mixtures tend to have a more compact pore structure when compared to sole FA-based
mixes [190], binary GGBS- and FASB-based pastes [12,167] or binary LS- and GGBS-based systems [23] due to the nature of hydration
products formed. Findings also show that while incorporating FASB in GGBS-based one-part AAMs causes an increase in the overall
pore volume, it improves the pore structure by reducing the amount of harmful pores (size between 20 and 200 nm) and increasing the
amount of harmless pores (size <20 nm) [167]. The incorporation of LZMT by up to 10% in GGBS-based one-part AAMs was reported
to reduce the total porosity and improve particle packing [48].

Investigating the effect of different sodium silicates on the pore structure of GGBS- and FASB-based one-part AA pastes, Ma et al.
[76] showed that NaySiO3-5H20 resulted in the highest volume of pores followed by NaySiO3-9H30 and then NaySiOs-anhydrous.
These results were consistent with the observed compressive strengths. Using Na;SiOs-anhydrous as a sole activator in GGBS- and
FASB-based mixes resulted in lower porosity than using it in combination with either NayCO3 or NaSO4 [12,84,167]. Zhou et al. [178]
showed that the porosity of GGBS-based one-part AA pastes was lower for mixes activated using a combination of Na;CO3 and Ca(OH),
than mixes activated using NaOH. Porosity and water absorption also depend on the water content of the mix. For instance, the water
absorption of GGBS-based one-part pastes activated using a combination of NaOH and CaCOj3 decreased as the w/s ratio increased from
0.24 to 0.27 and then increased again with a further increase in w/s up to 0.33 [180].

6.2. Efflorescence

Efflorescence occurs when free alkalis from the activator leach out to the surface as water evaporates and react with the
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atmospheric CO,, forming as a result white deposits of carbonate salt (NaxCO3) [57]. Efflorescence in AAMs does not slow down with
time, unlike that for OPC systems, and can have serious durability ramifications. Dong et al. [163] carried out a thorough investigation
(up to 90 days) to see the effect of several factors; including the type and dosage of activator, binder content, and water content, on the
efflorescence of FA- and GGBS- based one-part AA mortars. Their findings point to the importance of controlling the activator dosage,
especially the NayO content, which had a directly proportional relationship with efflorescence. It is suggested that for effective
efflorescence control, the Na;O content should be limited to 3-6% of the total binder weight [163]. Increasing the proportion of FA in
the binder (i.e., reducing GGBS content) caused a significant reduction in efflorescence, potentially indicating the higher susceptibility
of GGBS-based mixtures to efflorescence [163]. Increasing the Al content in the mix could help control efflorescence by ensuring a
certain extent of reaction at an early stage [19,153]. Moreover, a higher water content was also seen to increase efflorescence due to
the likelihood of a more porous microstructure [23]. Sealed curing or curing at an RH > 95% could help reduce the intensity of
efflorescence [3].

6.3. Sulphate and acid resistance

Resistance of one-part AAMs to aggressive solutions depends mainly on their porosity as well as the nature of their hydration
products [191]. The immersion of GGBS-based and FA- and GGBS-based one-part AAMs — activated using Na,SiOs-anhydrous — in
NayS04 solutions for up to 270 days show good residual strengths of around 90% [11,126]. Immersion of one-part AAMs in an NaySO4
solution can help with further dissolution of aluminosilicate species and results in strength improvements [11]. Mixes with higher
FA/FASB content showed higher NaySO4 resistance as indicated by their residual strengths [11]. Exposing FA and GGBS- based
one-part AAMs — activated using Na»SiOs-anhydrous either separately or in combination with NapsCOs — to acidic solutions, including
nitric acid (HNOg) and sulfuric acid (H»SO4) caused a reduction in their residual strength in direct proportion to the immersion time
[11,12,126]. This consistent reduction in strength can be attributed to the destructive effect of H' cations on G-A-S-H and N-A-S-H gels,
causing a weakened microstructure. Here again, the mixes with higher FA/FASB content experienced a lower drop in compressive
strength with longer acid immersion time in comparison to GGBS-based mixes [11]. Higher calcium content in the precursor causes the
formation of expansive products, such as gypsum and ettringite, when in contract with aggressive solutions, which could further
damage the microstructure of one-part AAMs [81]. Adding mineral admixtures, such as SF, MgO and MK, by up to 4.5% to FA- and
GGBS-based one-part mixes resulted in improved resistance to Na;SO4 and HoSO4 solutions [126].

Noticing the possible structural evolution in one-part AAMs due to exposure to NasSO4, Coppola et al. [166] investigated the
sulphate resistance of GGBS-based one-part AAMs by partially immersing 28-day cured prisms in 10 wt% magnesium sulphate
(MgS04) solution for up to 130 days. Results showed severe mass loss and a significant reduction in strength due to the formation of
expansive products and the breaking of C-A-S-H gels. The authors also investigated the effect of immersion in 30 wt% CaCl; solution to
observe the effect of calcium chloride ingress in the one-part mixes. GGBS-based one-part mixes had excellent residual strength
(change in strength <8%) and very minimal mass loss [166].

6.4. Shrinkage

In AAMs, autogenous and drying shrinkage could indeed pose a challenge to their wide-scale use. Autogenous shrinkage is the
volumetric reduction in concrete due to water demand for hydration, which causes capillary pores with surface tension responsible for
length reduction [192]. Drying shrinkage, on the other hand, is the volumetric change in concrete due to the loss of water as concrete is
stored in unsaturated air [192]. In such cases, as the concrete dries, free water in the pores moves to the surface and evaporates. This
causes hydrostatic tension to develop in the capillary pores and may lead to microcracks. The development of microcracks due to
autogenous and drying shrinkage could be detrimental to the durability of AAMs.

In one-part AAMs, shrinkage depends on the precursor type, activator used, water content, aggregates, and curing conditions. FA-
based one-part AA mortars had lower drying shrinkage values when compared to their GGBS-based counterparts using the same
activator and cured in the same environment [93]. The finer pore structure of GGBS-based mixtures, compared to FA-based systems,
causes higher capillary stresses, and this ultimately results in higher drying shrinkage values [93,109]. It was shown recently that the
drying shrinkage of GGBS-based one-part AAC was about 3.5-5.5 times that of OPC-based CCM [109], while the drying shrinkage of
FA-, GGBS- and albite-based one-part AA paste was twice that of OPC-based pastes [127]. The addition of SF by 15% of binder weight
to GGBS-based one-part AAC led to a significant reduction in the drying shrinkage by as much as 32% [109]. Meanwhile, the addition
of 5 wt% SF to a ternary blend of FA, GGBS and albite-based one-part AAM led to a slight increase in the drying shrinkage [127].
Increasing the LS content in the mix was also associated with higher drying shrinkage values [23].

As for activator type, it was shown that for GGBS-based one-part AAMs, the drying shrinkage increased when NaySiO3-anhydrous
was used in comparison to a combination of NaOH and Nap,CO3 [3] or sole NaySO4 [84]. Higher drying shrinkage values were observed
for FA- and GGBS-based one-part AA mortars when activated with Ca(OH); as compared to NaHCO3 [93]. Replacing a proportion of
soda residue with CCR to activate GGBS-based AA mortars led to lower drying shrinkage values [104]. Furthermore, a higher content
of activator in FA- and GGBS-based mixtures was associated with higher drying shrinkage [93,94]. Similarly, an increase in the
water-to-binder ratio in GGBS-based one-part AAMs resulted in higher drying shrinkage [109].

The incorporation of natural aggregates in the mix caused a reduction in the drying shrinkage of one-part AAMs [115,184]. Also,
using CW as fine aggregates helped reduce the drying shrinkage of FA- and GGBS-based one-part mixes when compared to control
mixes with natural sand [115]. Similarly, using WG as fine aggregates caused the shrinkage of FA- and GGBS-based mixtures to reduce
in comparison to mixes with natural sand [184]. This is due to the participation of CW and WG in the reaction with time, forming
hydration products at the surface of the aggregates and forming a strong interfacial transition zone which restrained the drying
shrinkage. The incorporation of lightweight and unreactive clay granules as a replacement for natural sand in GGBS-based one-part
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AAC caused an increase in the drying shrinkage, which was proportional to the increase in replacement level [111]. This occurs as
lightweight aggregates have greater water absorption and induce more voids when compared to ordinary natural aggregates,
increasing as a result of the drying shrinkage. Also, a higher content of lightweight aggregates causes a reduction in the elastic
modulus, which makes specimens less stiff to resist a reduction in length due to drying [192]. Curing of one-part AAMs at elevated
temperatures (i.e., oven curing) caused a significant reduction in the drying shrinkage of FA- and GGBS-based one-part AAMs when
compared to ambient curing [93]. High temperature curing causes rapid strength development, which increases the stiffness of the
concrete matrix, resulting in greater resistance to drying shrinkage [93]. Sealed curing for 7 days proved to be less effective than water
curing for reducing the drying shrinkage of GGBS-based AAC [109].

The autogenous shrinkage of one-part AAMs is comparatively less discussed. Generally, similar trends were noticed for autogenous
shrinkage, where higher values are reported for GGBS-based one-part mixtures in comparison to their FA-based counterparts [93].
Also, Ca(OH); activated FA- and GGBS-based one-part AA mortars had higher autogenous shrinkage than NaHCOs activated coun-
terparts [93]. The autogenous shrinkage increased as well with higher activator dosage, and reduced when oven curing was employed
[93].

7. One-part vs. two-part AAMs

The change in production method from the conventional two-part to the one-part ‘just-add-water’ method affects the fresh
properties, mechanical strength, and durability characteristics. Saedi et al. [175] and Ren et al. [151] showed more rapid setting in
GGBS-based two-part AAMs when compared to their one-part counterparts. Longer setting in GGBS-based one-part systems was partly
attributed to the additional time needed for the solid activators to dissolve [151]. Also, as the activator dissolves upon water addition,
heat is released which causes part of the GGBS to react more rapidly. This rapid partial reaction of the GGBS forms a hard reaction gel
around other unreacted GGBS particles, causing in the process longer setting times [151]. Partial reaction of GGBS particles was not
observed in two-part AAMs [151]. Alhamdan [93] also reported a much quicker setting of FA- and GGBS-based two-part AAMs when
compared to their one-part counterparts. The workability of one-part and two-part AAMs (FA-based or GGBS-based) was generally
comparable, with a slightly higher flow in one-part systems [4,5,93,151]. The higher viscosity of the alkaline activator in two-part
AAMs could be responsible for comparatively lower flow values [93].

Comparing the compressive strength of two-part AAMs to that of similar one-part systems, the former usually develops a relatively
higher compressive strength [193,194]. For example, Nematollahi et al. [4] showed a drop in the compressive strength by nearly 31%
when the production method changed from two-part to one-part. Zhang et al. [5] synthesized FA- and MK-based one-part and two-part
mixes and noticed that the compressive strength of the one-part mixes was in the range of 65-95% of their two-part counterparts. This
occurs as the alkaline activator in two-part systems fully dissolves in the solution and participates in the reaction process which causes
higher development of hydration products.

The strength development of ambient cured one-part and two-part AA specimens seems to differ as well, with two-part systems
developing almost 90% of the 28 days strength within the first 7 days. On the contrary, one-part systems exhibited an increase in
strength of more than 30% between 7 and 28 days for the ambient cured samples [5]. This again is due to the rapid dissolution induced
by the fully dissolved activator in two-part systems, causing a relatively faster formation of binding phases. In a different study, Ren
et al. [151] showed a similar strength development in two-part and one-part GGBS-based AAMs in the first 7 days; however, one-part
AA mixes continued to show lower strength development after 7 days and up to 90 days. At 90 days, one-part mixes achieved a
compressive strength of 67.4 MPa, while the two-part counterparts had a compressive strength of 70.8 MPa.

Considering the durability of one-part and two-part AAMs, results of GGBS-based systems suggest higher porosity and water ab-
sorption of the former group accompanied by greater proneness to efflorescence [151]. The autogenous and drying shrinkage of FA-
and GGBS-based one-part AA mortars were reported to be significantly lower than that of their two-part counterparts, with generally
similar trends on the effects of precursor, activator dosage and curing conditions on the shrinkage characteristics [93].

8. Design standards for AAMs

Design standards for concrete materials typically prescribe mix design rules and test methods, and outline the mechanical and
durability characteristics of such materials. Their main objective is to allow commerce while also ensuring reliability and safety. The
prescriptive nature of such standards limits the materials that can be used in the mix design process, and this has long been identified as
an issue with existing concrete design standards and guidelines [195,196]. For AAMs, the issue of developing design standards be-
comes more critical due to the wide scope of aluminosilicate precursors and activators that are currently available and which are
constantly being discovered. Several efforts have been made to develop design-standards for AAMs to allow their use for practical
applications. Among such efforts is the publication of a performance-based design standard for AAMs in the UK [197], which allows the
activator to be added in an aqueous state (two-part AAMs) or in a solid form blended with the precursors and other constituents
(one-part AAMs). The specification sets requirements on the precursor components and activators, and stipulates ways to assess their
performance and durability.

Other design standards for AAMs are underway, including an Indian design standard for two-part AAMs used in precast concrete
[198]. This design standard lists several precursors, including FA, GGBS, SF, MK, and RHA, and several activators, including NaOH,
KOH, NaySiOs, K2SiO3, NapCO3 and KoCOs, for possible use. The Indian design standard stipulates guidelines for precursor and
activator contents, water-to-solid ratio, aggregates content, and target strengths [198]. In addition, ongoing work by RILEM experts to
publish a durability performance-based standard for AAMs titled “Durability Testing of Alkali-activated Materials-Technical com-
mittee 247-DTA,” are also underway [199]. Concrete guidelines specifying durability testing methods often approach the subject with
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the chemistry of OPC-based systems in mind. The RILEM durability performance-based standard takes into account the chemistry of
AAMs and focuses mainly on chloride penetration, carbonation, sulphate attack, freeze-and-thaw resistance, and alkali-aggregate
reactions [199].

In a recent publication, van Deventer et al. [200] set out a framework for future performance-based design standards to ensure their
wide-scale deployment. This includes the development of standards with no restrictions on the constituents used, whether precursors,
activators, aggregates, or admixtures. The authors also argue that performance and durability test methods should take into account
the nature of AAMs, including their chemistry and service life conditions. Such suggestions could indeed inform and widen the scope of
future performance-based standards for AAMs, including one-part AAMs.

9. Health and environmental aspects

Due to the industrial process involved in generating some of the precursors and activators used in one-part AAMs, some constituents
may be considered as naturally occurring radioactive materials (NORMs). Their natural radioactivity, as such, should be determined to
ensure their safety and to avoid any health and environmental issues. Constituents identified as NORMs include FA, GGBS, ACS, FS, SF,
RM, volcanic tuff, and WG, to name a few [201]. Their radioactivity is determined from the concentration of natural radionuclide
content, mainly 226Ra (radium series), 2321y (thorium series) and 40g (potassium) [202]. The concentration of natural radionuclides in
building constituent materials usually varies between 1 and 4000 Bq/kg, where Bq (becquerel) is the unit used to estimate radio-
nuclides activity [202].

Recent European legislation concerned with the safety against exposure to radiation stipulates that the indoor gamma-radiation of
building materials formed using NORMs should be determined [203]. As a reference, the gamma-radiation emitted by building ma-
terials should be restrained to <1 mSv per year, where mSv is a millisievert used to measure whole-body radiation dose. This
gamma-radiation of building materials, or their constituents, is typically determined using an activity concentration index (ACI) given
by Eq. (4), where Ca26Rra, C232th and Cyox are the concentrations of 226Ra, 232Th and “°K in Bq/kg [201]. The ACI is a helpful screening
tool for building materials using NORMs to give insights into their gamma-radiation. For materials used predominantly or partially (e.
g., walls, basements), an ACI value of 0.5 or less indicates a radiation dose of about 0.3 mSv, while an ACI value of 1 indicates a dose of
1 mSv [202]. The ACI index is not applicable directly to raw constituent materials, but in case used, an appropriate partitioning factor
should be employed.

Coep,  Cony, Ciox

300 + 200 3000

ACI= 4)

The natural radioactivity of FA generally depends on the coal from which it is derived, the combustion process and its particle size
[204]. FA generally has an ACI value of over 1, but when used to form AAMs, the ACI value of the resulting product is usually less than
1. For instance, Nuccetelli et al. [205] showed that the ACI value for different FA-based two-part AAMs was consistently less than 1.
The same was also noticed by Puertas et al. [202], where ACI values of less than 1 were reported for FA-based two-part AAMs. As for
GGBS, its natural radioactivity depends on the iron ore used in blast furnaces [206]. ACI values of lower than 1 are commonly reported
for GGBS, and their natural radioactivity was less than that of FA [201]. GGBS-based AAMs tend to show ACI values of less than 1 as
well [202]. Red mud, with its high alkalinity and toxicity, consistently shows ACI values of over 1 [204]. In addition, AAMs with red
mud accounting for over 60% by content typically show ACI values of over 1 [204]. Certain biomass ashes, used as both precursors and
activators, have ACI values of over 1 due to their high *°K content. WG, used either as a precursor, activator or aggregates, poses very
little natural radioactivity threat due to their consistently low ACI values [201].

10. Directions for future research

Future studies on one-part AAMs are needed to enable wide-scale deployment. AAMs can be used in niche applications in which
they offer better results than that of OPC-based CCMs and help tackle pressing environmental issues. It was shown that one-part AAMs
can provide a valorisation path for waste products from the industrial, mining, and agricultural sectors. This in itself is a compelling
reason for the use of AAMs, particularly when considering the rising amount of waste, declining landfill spaces and other waste
management challenges. The application of one-part AAMs in 3D-printing seems very promising as well. Sub-zero curing is another
area where one-part AAMs have shown superior performance to OPC-based CCM [129,187]. Furthermore, GGBS-based one-part AAMs
showed significantly better resistance to CaCl, solutions when compared to OPC-based CCM [166], and this merits their use in
structures in contact with CaCl; de-icing salts. Early studies also show superior thermal stability of one-part AAMs to that of OPC-based
mixes [177] which might allow their use as fire-resistant construction materials.

Finding alternative precursors to FA and GGBS, as well as improving the sustainability of solid activators will be important
questions to tackle in the years ahead. Future studies can build on the work available for other feasible precursors to find suitable mix
designs with excellent fresh, mechanical and durability characteristics. Moreover, commercial synthetic solid activators, particularly
those produced at high purity, can constitute up to 80% of the overall production cost of one-part AAMs [207]. The production of
synthetic activators is also energy-intensive, and their wide scale use can present environmental challenges. Future studies can find
ways to clean up the production of synthetic solid activators. For instance, a recent study on GGBS-based one-part mixes activated
using CaO used solid activators for carbon capture with promising results [208]. Alternatively, solid activators from waste products
can be used. While the currently available research on waste-derived solid activators is in its early stages, several candidates including
WG and biomass ashes have shown significant potential.

Much of the available work on one-part AAMs has been concerned with pastes and mortars. Concrete-level studies, constituting
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both fine and coarse aggregates, are necessary as well to shed light on their fresh properties, mechanical strength, and durability
characteristics. Understanding the material-level properties of one-part AA concrete could promote more structural-level studies, a
precursor to any real-world application. Structural-level studies on one-part AAMs have been lacking to date, unlike that for two-part
AAMs, and future research effort should be made in that direction. Concrete-level studies with a focus on more sustainable aggregate
types is also important and much needed. A number of these studies have been discussed in this review, including replacing natural
aggregates with WG aggregates, CW, and crumb rubber. Establishing workable mix designs for one-part AA concretes with sustainable
aggregates, as well as a comprehensive understanding of their mechanical and durability properties, is very much needed.

Most studies on one-part AAMs have mostly examined the compressive strength and often the flexural and splitting strengths.
Studies on the elastic modulus, crushing strains, and full stress-strain response of one-part AAMs are lacking. Quantifying such
properties for design purposes is very important and future studies can fill this research gap. Another important parameter for design is
the creep, or the deformation under sustained loading, of one-part AAMs. This has not been addressed and is particularly important
when considering the long-term behaviour of concrete structures. Shi et al. [174] noted that while the early-age creep of conventional
AAMs might be similar to OPC-based CCM, the long-term creep of such materials can be more dramatic and must be taken into
consideration in the design process. Other durability related parameters, such as carbonation depth, sorptivity, abrasion resistance,
and freeze-and-thaw resistance, were not assessed thoroughly and further studies, particularly those using precursors other than FA
and GGBS, are much needed.

To ensure the sustainability of AAMSs, constituent materials should be sourced locally. This calls for the development of
performance-based design standards as developing prescriptive design codes for a varied range of potentially suitable precursors is
near impossible. As discussed in this article, several design standards are being developed for AAMs, but most of them are geared
towards conventional two-part AAMs. Performance-based design standards for one-part AAMs are needed to allow for their com-
mercial use and wide-scale deployment. Furthermore, the natural radioactivity of one-part AAMs, and the myriad constituents used to
form them, should be determined to ensure their safety and compliance with existing building requirements.

11. Conclusions

This paper reviewed recent studies on one-part alkali-activated materials (AAMs), with focus on the constituent materials, prep-
aration methods, fresh properties, mechanical properties, and durability characteristics, as well as the internal reaction mechanisms
and resulting binding phases. The influence of different precursors and solid activators with varying chemical compositions on the
mechanical properties, was examined, and predictive expressions were proposed. The review shows that one-part AAMs are a viable
alternative to conventional concrete with the advantage of making use of existing production methods and supply chains. With
appropriate mix proportioning, high strength AAM concrete with good durability performance, suitable for structural applications, can
be achieved. Based on the discussion points made, several concluding remarks are outlined below.

e A range of aluminosilicate precursors were used in one-part AAMs including industrial by-products and waste, mine tailings,

agricultural waste, commercial and construction waste, and sources of geological origins. However, both fly ash (FA) and ground

granulated blast furnace slag (GGBS) remain the two most predominant precursors used.

Among the synthetic activators used in one-part AAMs, sodium silicate is the most common and the most effective in terms of

compressive strength development. Solid activators from waste streams, such as pre-treated paper sludge, lime kiln dust and

various biomass ashes, were also investigated.

Several sources of fine natural aggregate replacements were employed in one-part AAMs, including waste glass, ceramic waste,

waste sand and crumb rubber. The addition of waste glass and ceramic waste was promising, resulting in slightly higher strengths

due to their reactivity in alkaline media. Meanwhile, the addition of softer aggregates, like crumb rubber particles and lightweight

clay, resulted in a reduction in strength.

The water content of FA- and GGBS-based one-part AAMs differs depending on the constituent materials, but a range of water-to-

solid ratios of 0.27-0.31 were proven to provide optimal results. Clay-based one-part mixes typically need higher water contents of

over 0.4 to achieve standard consistency.

One-part AAMs made from precursors having high calcium contents and activated using aggressive solid activators (i.e. high pH)

tend to have a higher rate of flow loss and short setting times. The fresh flow of one-part AAMs seems to be controlled largely by the

surface morphology of the precursors and the surface tension induced by the activators. Precursors with smooth and spherical

surfaces and activators imparting lower surface tension result in high flowability mixes.

One-part AAMs made of high-calcium precursors and activated using aggressive solid activators usually develop higher

compressive strengths when compared with low-calcium-based one-part AAMs or those activated with solid activators with low pH.

Considering the different types of precursors and solid activators, limiting the NayO content in the activator to 6 wt% seems a good

starting point for finding the optimum activator dosage for improved compressive strength and limited efflorescence.

The porosity and water absorption of one-part AAMs have an indirectly proportional relationship with the compressive strength

depending mainly on the precursors, solid activators, and water content used.

Immersion of one-part AAMs in Na;SO4 and CaCly solutions had very little effect on the residual strength. Meanwhile, immersion in

HNO3 and MgSO4 solutions for extended periods, particularly GGBS-based one-part AAMs, caused severe mass loss and significant

reduction in residual strength.

e GGBS-based and LS-based one-part AAMs tended to develop greater drying shrinkage in comparison to FA/FASB-based one-part
AAMs.
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e Future studies on one-part AAMs need to focus on synthesising one-part AAMs made from precursors other than FA and GGBS, and
to examine thoroughly their fresh, mechanical and durability properties, as well as reducing or replacing synthetic solid activators.

e Structural level testing of one-part AAMs is lacking, and further studies in this direction are needed. Development of performance-
based design standards is also important to ensure flexibility in proportioning one-part AAMs to local conditions.
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