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A R T I C L E  I N F O   
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A B S T R A C T   

Alkali-activated materials (AAM) are known to be environmentally friendly alternatives to cement-based ma-
terials because they can potentially reduce greenhouse gas emissions and reutilize industrial by-products/wastes. 
To study the factors influencing the strength of slag based alkali-activated materials (BFS-AAM), fly ash based 
alkali-activated materials (FA-AAM), slag, and fly ash-based alkali-activated materials (BFS/FA-AAM), and 
clarifying their reaction mechanisms, this paper reviews current knowledge about the mechanical properties and 
the reaction mechanisms of BFS-AAM, FA-AAM, and BFS/FA-AAM. The precursor requirements and the strength 
control factors are summarized. The control factors for the strength of BFS/FA-AAM are the BFS/binder ratio, the 
Na2O/binder ratio, the SiO2/Na2O ratio, and the w/binder ratio. Ion concentrations, determined by these control 
factors, play a decisive role in the development of strength. Generally, the strength is proportional to the BFS/FA 
ratio. The optimal values of the Na2O/binder ratio of BFS-AAM and FA-AAM are between 5.5% and 8% and 
between 7 and 10%, respectively. The optimal values of the SiO2/Na2O ratio of BFS-AAM and FA-AAM are 
between 0.85 and 1.4 and between 0.6 and 1, respectively. Increasing the w/binder ratio will only benefit 
workability but will affect the strength negatively. A w/binder ratio of around 0.4 may strike a balance between 
strength and workability.   

1. Introduction 

It is known that cement production, including CaCO3 calcination and 
clinker production, is associated with high energy consumption and the 
emission of a considerable amount of greenhouse gas. The amount of 
CO2 released in the production of cement is about one ton for each ton of 
cement clinker. Almost 8% of the global emission of CO2 is produced by 
the cement industry [1]. For the sake of environmental protection, it is 
vital to search for alternative low CO2 emission binders for concrete to 
reduce its carbon footprint. The development of alternative binders 
utilizing industrial by-products is one of the existing strategies. Despite 
reduced CO2 emission, the utilization of industrial by-products also 
contributes to the ecological cycles and reduces the economic pressure 
on waste disposal. Currently, only a minor part of this material is utilized 
(20–30%) on a worldwide basis, while the rest is still disposed of in 
landfills [1]. 

Alkali-activated materials (AAM) have attracted attention as a po-
tential replacement for ordinary Portland cement concrete (OPC) [2-4]. 

Typically, AAM is produced by the alkali activation of silica and 
alumina-rich materials using alkaline activators. By-products like blast 
furnace slag (BFS) and fly ash(FA) with rich silica-alumina sources are 
often used as precursors in AAM. Based on previous research, blast 
furnace slag-based alkali-activated materials (BFS-AAM) tends to have 
poor workability, short setting time, and shrinkage, while fly ash-based 
alkali-activated materials (FA-AAM) are characterized by slow strength 
development at ambient temperature [5-10]. A good synergy of BFS and 
FA in AAM could obtain both good mechanical strength and durability 
[11-16]. BFS/FA-AAM possesses lots of advantages, such as rapid 
strength gaining, low thermal conductivity, high volume stability, fire 
resistance, and chemical erosion resistance [17-21]. 

Even though FA/BFS-AAM has good application prospects, there is 
still a lack of systematic and comprehensive research on the reaction 
mechanism and strength development. . Because the strength develop-
ment mainly relies on the microstructure, it is necessary to conduct an 
in-depth exploration of the reaction mechanism, and have a better un-
derstanding of how each reaction component contributes to strength. 
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Unlike cement, the chemical composition and the particle size of pre-
cursors are not uniform. The very different chemical composition of the 
raw material may result in a very fluctuating strength [22,23]. The main 
purpose of this study is to understand the factors influencing the 
strength of BFS/FA-AAM and to clarify their reaction mechanism. 

2. Requirement of raw materials 

2.1. Blast furnace slag 

BFS is a mixture of phase compositions resembling gehlenite 
(2CaO∙Al2O3∙SiO2) and akermanite (2CaO∙MgO∙2SiO2), with an 
overcharge-balanced calcium aluminosilicate framework. It has ho-
mogenous cementitious and pozzolanic properties [24], and an irregular 
shape. Though the chemical composition of BFS varies with different ore 
origins and furnace operation [25], similar SiO2, CaO content is found in 
BFS all over the world. The common chemical composition of BFS is 
shown in Table 1 [26]. 

The hydration reactivity of BFS could be influenced by its chemical 
composition [27,28]. An increase of Ca content and a decrease of SiO2 
and Al2O3 content in BFS are associated with higher reactivity and a 
lower polymerization degree. The increase of MgO content could lead to 
faster reaction and higher strength of AAM because a higher amount of 
hydrotalcite is formed, which reduces the Al content incorporated in the 
CASH gel [29,30]. The increase of the content of Al2O3 could reduce the 
strength of AAM at the early stage because of the formation of strat-
lingite, while the 28d strength shows no significant difference [31]. 
Except that, minor components have influences that can not be ignored. 
For example, when the content of S is lower than 2.5%, the reactivity 
increases with the increase of S content, but when the content of S is 
higher than 2.5%, it may cause a disorder of the network structure. An 
adverse effect is shown on the reactivity of BFS when Ti2O content is 
more than 4% [32]. 

Particularly, BFS suitable for alkali activation must meet the re-
quirements of specific chemical composition. A variety of descriptors 
considering the relationship between the chemical composition of BFS 
and its reactivity under different application circumstances are proposed 
[32]. Among them, the most used hydraulic indexes are basicity coef-
ficient(Kb) and quality coefficient(Kq) based on the oxide composition 
(see Eq.(1), Eq.(2)) [27,28]. Furthermore, Duxson et al. propose an 
index that includes the importance of the phase separation in glasses to 
calculate the reactivity of slag [25](see Eq. (3)). The degree of depoly-
merization (DP) of the glass network is defined as the molar ratio of free 
Ca to free Si. The higher the value of DP (typically between 1.3 and 1.5), 
the higher the reactivity of the silicate network. 

Kb =
CaO + MgO
SiO2 + Al2O3

(1)  

Kq =
CaO + MgO + Al2O3

SiO2 + TiO2
(2)  

DP =
n(CaO) + 2n(MgO) + n(Al2O3) − n(SO3)

n(SiO2) − 2n(MgO) − 0.5n(Al2O3)
(3) 

The main reaction components in BFS can be classified into 3 groups 
[33]: 1) network formers: Si (bond energy with oxygen atom higher than 
335 kJ/mol). 2) intermediates: Al and Mg (bond energy between 210 
and 335 kJ/mol). 3) network modifiers: Na and Ca (bond energy<210 
kJ/mol). It is known that the network formers improve the condensation 

degree, the network modifiers disorder and depolymerize the network, 
and intermediates act both as network formers and network modifiers. 
The combination and content of them eventually determine the glassy 
phase and crystalline phases in the network, which further influence the 
reactivity of BFS. Depending on the quenching process, the high poly-
merized glass phase (Si tetrahedron with more network modifier) and 
the low polymerized glass phase (Si tetrahedron with more network 
former) are composed in BFS, as shown in Fig. 1(b) and Fig. 1(c)). Chen 
et al., [34] found that the best reactivity of BFS is not associated with the 
lowest polymerization degree of the structure, but with 58% of low 
polymerized phase. Except that, a small amount of crystalline phase 
could be precipitated which barely has reactivity (see Fig. 1 (a)). A 
higher glassy content/crystalline phase ratio is associated with the 
higher hydraulic reactivity of BFS. 

Except for the chemical composition and network structure (glassy 
phase/crystalline phase ratio) of BFS, the reactivity of BFS could be 
influenced by its fineness [27,35]. Increasing fineness (high specific 
surface area) leads to more water requirements and faster settings. Wang 
et al. revealed that BFS particles larger than 20 um react slowly while 
particles smaller than 20 um have a chance to completely react after 24 
h in AAM [36]. Wan et al. indicated that the more 2–30 um particles, the 
higher the long-term strength [37]. However, fine BFS particles are not 
always preferable to coarse BFS particles. Ye et al., [15]. revealed that 
the increased rate of hydrating layer on coarse particles is higher than 
that hydrating layer on fine particles. Because coarse particles contain a 
higher content of CaO but a relatively lower content of MgO, Al2O3, and 
SiO2 [38]. Shi et al. found that increasing the BFS fineness above 4000 
cm2/g has little effect on 28d strength while remarkably improving the 
early strength [38,39]. 

Overall, the hydration reactivity of BFS could be experimentally 
tested by measuring the strength of the hardened NaOH-activated BFS 
mortars [40]. Despite that, it could also be evaluated by analyzing the 
chemical composition, glassy content, and fineness. Wang and Puertas 
observed that the optimal fineness of BFS that is suitable for AAM is in 
the range of the Blain value of 4000–5500 cm2/g considering both 
properties and economics [35]. The British Standard requires a mini-
mum glass phase content of 90% [41]. To ensure good reactivity, the 
basicity coefficient should be larger than 1.0, and the quality coefficient 
should be larger than 1.4 [35,36]. Talling [30] suggested that CaO/SiO2 
ratio should be between 0.5 and 2, while Al2O3/SiO2 ratio should be 
between 0.1 and 0.6. To avoid the adverse effect, the minor components 
S and TiO2 are better to be lower than 2.5% and 4% perspectively as 
discussed before [40,42]. In conclusion, BFS satisfying the requirements 

Table 1 
Common chemical composition of BFS (wt%) [26].  

SiO2 CaO Al2O3 MgO Fe2O3 S Cr2O3 Na2O 
K2O 

MnO2 P2O5 TiO2 

27–40 30–50 5–33  1–2.1 <1  <3  0.003–0.007 1–3 <2  0.02–0.09 <3   

Fig. 1. Two-dimensional representation of the crystalline and glassy structure 
of BFS [26]. 
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in Table 2 is preferable for AAM. 

2.2. Fly ash 

Fly ash (FA) is mainly composited of SiO2, Al2O3, Fe2O3, CaO. The 
chemical composition varies substantially depending on the impurities 
in the coal [46]. FA contains different sizes of inhomogeneities spherical 
particles (parts of them are hollow) [47]. The shape of FA has lots of 
advantages, such as: reducing the water demand by rolling effect and 
reducing porosity by maximizing particle packing. 

FA could be classified into 2 categories. Generally, the FA with 
content of 50% < SiO2 + Al2O3 + Fe2O3 < 70% is defined as type C-FA 
(high calcium FA) [43,48], which is rarely used as a precursor because of 
too fast setting properties [40]. The FA with the content of SiO2 + Al2O3 
+ Fe2O3 greater than 70% is defined as type F-FA (low calcium FA), 
which has a high content of amorphous alumina-silicate phases [49]. In 
the 1950 s, Glukhovsky first used type F-FA as a precursor for AAM. 
Later on, more and more studies have confirmed its application potential 
in AAM [50-53]. All the FA used below refers to type F-FA. It is worth 
noting that the chemical content of F-FA is inconsistent between 
different sources, and specifications for the type F-FA according to EN 
450–1 and ASTM C618 are slightly different, as shown in Table 3. 

The common chemical composition of FA is shown in Table 4. The 
high proportion of Si and Al ensured a sufficient glassy phase in FA and 
leads to a crosslinked aluminosilicate gel. The properties of FA-AAM are 
mainly controlled by the availability of Al (normally between 21.8% −
34.5%) [54-56]. Without enough reactive Al, the reaction products 
could be unstable when exposed to moisture, even though the strength 
development is acceptable. Besides, a high content of loss on ignition 
(LOI) could lead to high water demand and low strength of FA. Because 
it increases the content of carbon and reduces the pozzolanic activity. A 
maximum of 5% and 6% of LOI is specified by EN-450–1 and ASTM 
C618 (2008), respectively. A maximum of 3% and 5% of SO3 are allowed 
in FA, according to EN-450–1 and ASTM C618 (2008), respectively. 
Despite that, the content of unburnt carbon, the presence of Fe, and 
sulfate or chloride contamination could also affect the strength [57-60]. 

The fineness of FA is also a critical factor for the strength develop-
ment of FA-AAM [62,63]. Fernandez-Jimenez found that the strength of 
FA-AAM improves dramatically when the mean particle size of FA is 
lower than 45 μm [43]. Van Jaarsveld [64] reported that the surface 
charge of FA could influence the initial setting properties. Mechano-
chemical activation is a promising method to modify the surface 
chemistry of FA and obtain better reactivity in the early stage of the 
alkali-activated process [44,65]. Although the effectiveness of mecha-
nochemistry activation has been proved on various silicate materials, a 
detailed analysis is needed to study its effect on FA. 

Overall, the requirement of FA for AAM is presented in Table 5. It 
includes not only the standard requirements of type F FA as listed in 
Table 3 but also requirements that ensure the stable performance of FA 
in AAM based on currently available research. 

2.3. Alkaline activators 

Alkaline activators of AAM are mainly composed of alkali compo-
nents (OH–, SiO2−

3 , CO2−
3 ) and the elements of the first and the second 

group in the periodic system of elements (Na+, K+, Ca2+). Different 
activators may lead to various mechanical properties of AAM because of 
different reaction mechanisms. Among all the activators, sodium hy-
droxide (NaOH) and sodium silicate (Na2SiO3) are the most commonly 
used alkaline activators because of their high efficiency, relatively lower 
price, and easy production. 

NaOH could create a high pH environment for the dissolution of the 
aluminosilicate in AAM. The viscosity of NaOH increases with the in-
crease of concentration and gently decreases with the rise of tempera-
ture [67]. Compared with Na2SiO3, it has a relatively higher price due to 
the large electricity consumption during the production process. 

Na2SiO3 provides both an alkali environment and soluble Si species 
in AAM. The SiO2/Na2O ratio (also called modulus) of commercial 
Na2SiO3 is usually at 1.6–3.85. With an increasing SiO2/Na2O ratio, the 
reversible hydrolyzation process could be promoted with more H2SiO3 
generated (see Eq.(4)(5)). When the SiO2/Na2O ratio is higher than 2, 
Na2SiO3 may be non-uniform and have poor dissolubility [26]. Over-
saturated H2SiO3 is prone to crystallization in an array of small species 
(hydrated sodium metasilicates), which gradually results in the precip-
itation as a colloidal or gel (not a chemically stable hardened material) 
[68-70]. The viscosity of sodium silicate is relatively higher than that of 
sodium hydroxide and decreases with higher temperatures as well [71]. 
It is reported that the viscosity of Na2SiO3 remains the same with the 
Na2O concentration lower than 7%, while increased rapidly with the 
increase of the SiO2/Na2O ratio when the Na2O concentration is higher 
than 7% [26]. 

SiO2 + 2OH− ↔ SiO2−
3 +H2O (4)  

SiO3
2− + 2H2O ↔ H2SiO3 + 2OH− (5) 

Previous studies have shown that a combination of NaOH and 
Na2SiO3 could stimulate the strength of AAM more effectively [26,72]. 
The compressive strength of FA-AAM could be maximized when the 
amount of NaOH added to Na2SiO3 reaches a specific value [73]. This is 
because the addition of NaOH could change the SiO2/Na2O ratio of the 
Na2SiO3 solution. As a result, a preferable condition for the alkali re-
action is created. The effect of the SiO2/Na2O ratio on the strength and 
the influence mechanism will be discussed later in this paper. Currently, 
more and more studies use the combination of NaOH and Na2SiO3 to 
explore the best performance of AAM. 

Table 2 
The requirement of BFS for AAM [33,35,43-45].  

Physical properties Chemical properties 

Optimal: 4000–5500cm2/g  Basicity coefficient (kb)
CaO + MgO

SiO2 + Al2O3
≥ 1  

Glassy phase greater than 90% Quality coefficient (kq)
CaO + MgO + Al2O3

SiO2 + TiO2
≥ 1.4   

0.5 ≤
CaO
SiO2

≤ 2    

0.1 ≤
Al2O3

SiO2
≤ 0.6   

S ≤ 2.5%   
TiO2 ≤ 4%   

Table 3 
Specifications for Type F-FA according to EN 450–1 and ASTM C618 [40,42].   

En 450–1 ASTM C 618 

Source Bituminous coal and 
anthracite 

Bituminous coal and anthracite 

Type of 
binder 

Pozzolana Pozzolana 

Requiements Reactive CaO≤ 10%  CaO, max: no limit 
Amount retained when wet sieve 
on 

Reactive SiO2≥ 25%  – 
LOI< 5%  LOI< 6%  
SiO2++Al2O3+Fe2O3 ≥ 70%  SiO2++Al2O3+Fe2O3 ≥ 70%  
SO3, max 3% SO3, max 5% 
– Free moisture, max: 3% 
Free lime< 1%  – 
– 45μm: 34%   
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3. Reaction mechanism 

3.1. Reaction mechanism of BFS-AAM 

3.1.1. Reaction process 
The reaction process of BFS-AAM takes place mainly in 2 stages: 

destruction and polycondensation [24]. Based on the research of Glu-
khovsky and Krivenko [74] during the period 1967–1994, a theoretical 
model for the reaction mechanism in BFS-AAM is proposed, as shown in 
Fig. 2. 

Isothermal calorimetry studies have been carried out to understand 
the reaction mechanism of BFS-AAM [72,75-82] activated by NaOH and 
Na2SiO. The reaction process of NaOH activated BFS-AAM could be 
divided into 3 stages, as shown in Fig. 3(a)(c). In the first stage, the 
initial undersaturation degree of reaction ions is large. With the attack of 
OH–, the main reaction ions are rapidly released, accompanied by a 
rapid heat release (the first peak within minutes). During this period, the 
concentration of reactive ions in the solution gradually increases, and 
the undersaturation degree decreases again. In the second stage, more 
and more ions contact each other and progressively form CSH gel on the 
surface of BFS, which results in a second heat evolution rate peak at 
around 0.2–24 h [5,31,78,83-85]. During this period, the alkaline cation 
Na acts as a mere catalyzer to exchange with Ca and form CSH gel (see 
Eq.(6), Eq.(7), Eq.(8)) [74]. With the advance of the reaction, Al tetra-
hedrons gradually replace Si tetrahedrons in bridging positions, and Na 
is taken up into the chain with Al to neutralize the charge imbalance. 
The uptake of Al turns CSH to CASH and increases the linear chain 
length. The anion (OH–, SiO2-) plays an instrumental role in the reaction 
at this stage. In the third stage, a CASH layer on the surface of BFS 
continues to grow until the reaction product shell is formed. The OH– 

ions cross the shell at a very low speed, and the reaction gradually stops. 
As a result, a steady period occurs. It is worth noting that the first and 
second peaks might blend and turn into one peak when the Na2O/b ratio 

is high, due to the rapid dissolution and reaction product precipitation 
[78]. 

= Si − O− +Na+ == Si − O − Na (6)  

= Si − O − Na+OH− == Si − O − Na − OH− (7)  

= Si − O − Na − OH− +Ca2+ == Si − O − Ca − OH +Na+ (8) 

The reaction mechanism of Na2SiO3 activated BFS is slightly 
different from that of BFS activated by NaOH. The reaction process of 
Na2SiO3 activated BFS could be divided into 4 stages, as shown in Fig. 3 
(b)(d). Si already exists in the solution. The Si in Na2SiO3 is highly 
soluble and could be taken up in the structure. In the first stage, the 
undersaturation degree of Si is very low, while that of other reaction ions 
(Ca, Al) is large. These ions on the surface soon dissolve into the solution 
and release a large amount of heat (characterized by the first heat 
evolution rate peak within minutes), while Si remains on the surface. In 
the second stage, the Si layer on the surface of BFS gradually grows 
because the dissolution rate of other reaction ions is much faster than 
that of Si. As long as the thickness of the Si layer exceeds a certain extent, 
the release of these ions is hindered because they can hardly cross the 
layer. The reaction slows down, associated with an induction period. In 
the third stage, the previously released Ca and Al react with soluble Si in 
the solution and form CASH gel. The formation of CASH gel consumes 
reaction ions and leads to an increased undersaturation degree. As long 
as the energy provided by the undersaturation degree overcomes the 
activation energy barrier, the Si layer dissolves, accelerating more ion 
release in the solution and the formation of reaction products. At this 
moment, a second heat evolution peak occurs (at around 5–70 h) 
[79,84,86-94]. In the fourth stage, the reaction products gradually 
accumulate not only on the surface of BFS but also in the solution. Re-
action product shells on the BFS particles prevent the further dissolution 
of unreacted BFS. With the slowdown of reaction, a steady period fol-
lows. It is worth noting that a peak might occur between the first peak 
and the second peak at around 0.2–20 h [5,31,85,95,96], when the 
SiO2/Na2O ratio is low, displaying the characteristics of both the BFS- 
NaOH system and the BFS-Na2SiO3 system. This is due to the early 
precipitation of the primary CSH gel on the surface of BFS particles [97]. 

3.1.2. Reaction products 
As demonstrated in Fig. 4, two layers of reaction products are 

detected in BFS-AAM [82,98], including a darker inner layer containing 
denser CSH gel, and a brighter outer layer containing less dense CASH 
gel. CASH gel (a leaf-like semi-crystalline calcium-sodium aluminosili-
cate hydrate gel with layered two-dimensional, cross-linked structure) is 
the predominant reaction product in BFS-AAM. It has a lower Ca/Si ratio 
(0.8–1.02) than CSH gel generated in OPC and does not have a uniform 
molecular structure as CSH gel does [99-102]. Besides, a series of sec-
ondary products with crystalline phases is also formed, such as hydro-
talcite [103], tetra calcium aluminate hydrate [45], katoite, and 
stratlingite [100]. The structure and composition of CASH gel and the 
type of secondary product are generally related to the composition of the 
precursors, the concentration of alkaline activator, and the curing con-
dition [25,54,104-115]. 

BFS-AAM activated by NaOH has a faster initial reaction rate than 
that activated by Na2SiO3 [78,116]. When NaOH is used as an alkali 
activator, a higher density of reaction products and semi-crystalline CSH 
gel could be detected on the first day [78]. The coarse porosity decreases 
very slowly after the first day, resulting in many detectable pores at 28 
days (see Fig. 5(a)). The chemical composition of the inner and outer 

Table 4 
Common chemical composition of type F-FA (wt%) [61].  

SiO2 Al2O3 Fe2O3 CaO SO3 MgO K2O Na2O Reactive Si Free lime 

42.6–59.8 21.8–34.5 6.3–18.1 2.8–7.0 0.19–1.9 1.2–2.6 0.38–6.0 0.15–0.94  0.94  0.74  

Table 5 
The requirement of FA for AAM [27,42,43,46,47,49,66].  

Physical properties Chemical properties 

80%-90% particle≤45 µm  Reactive SiO2 ≥ 25%  
glass phase greater than 50% Reactive

SiO2

Al2O3
≥ 1.5   

Fe2O3 ≤ 10%   
CaO≤ 10%   
SO3≤3%   
LOI ≤5%   
Free lime < 1%  
Free moisture < 3%  

Fig 2. A theoretical model for the reaction mechanism in BFS-AAM [26].  
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reaction products of BFS-AAM is shown in Fig. 6(a). Although the Al/Si 
ratio, and Ca/Si ratio of the inner and outer layers are similar, more Na 
has been observed in the outer layer because the coarse and porous 
structure of the outer layer enables more Na2O filling in the pores. The 
outer layer is an accumulation of reaction products on the surface of BFS 
initially occupied by the solution, which could be observed after around 
3 h depending on the properties of BFS and alkali activator [102]. While 
the inner layer occurs probably after 6 h and CSH gel could be still 
increasing after 180 days [78,116]. XRD is not suggested in tracking and 
identifying the binding compounds produced in AAM, due to the pres-
ence of large amorphous CASH gel (around 95 %) and undetectable 
crystalline CSH in the solution with a pH higher than 14 [112,117]. 
Nevertheless, NMR has proved to be an effective method because the 
chemical shift (PPM) can reflect the coordination situation of polymer 
core Al ions and Si ions. The 29Si and 27Al MAS NMR spectra study of 
NaOH activated BFS-AAM is presented in Fig. 7(a) and Table 6. High 

Fig. 3. Reaction process of BFS-AAM: (a) reaction stages of BFS-NaOH system; (b) reaction stages of BFS-Na2SiO3 system; (c) hydration heat and undersaturation 
degree evolution in BFS-NaOH system; (d) hydration heat and undersaturation degree evolution in BFS-Na2SiO3 system. 

Fig. 4. Microstructure of NaOH activated BFS-AAM at 28 days [82].  

Fig. 5. (a) SEM image of NaOH activated BFS-AAM (b) SEM image of Na2SiO3 activated BFS-AAM (LA refers to low Al slag, NSH5 refers to Na2SiO3) [116].  
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content of Q2 units and nearly no Q3 units is observed. This points to 
long linear chains of CASH gel [114]. Richardson et al. proposed a series 
of equations to calculate the mean Si chain length and the Si/Al ratio in 
CASH gel by NMR data [100,118]. 

Although the reaction products in Na2SiO3 activated BFS-AAM 
develop slower compared with NaOH activated BFS-AAM, they could 
precipitate uniformly throughout the interstitial space between BFS 
particles. When Na2SiO3 is used as an alkali activator, a higher coarse 
porosity is detected at an early age, and the bonds between reaction 

products keep developing. The pore space is gradually filled after 7 days. 
A large amount of highly condensed uniformly amorphous phase is 
formed, and a homogenous microstructure could be detected at 28d (see 
Fig. 5(b)). The crystallinity remains very low after a year of reaction. 
Besides, the thickness of the reaction product layer of AAM activated by 
Na2SiO3 is much higher than that activated by NaOH [116]. The CASH 
gel in the Na2SiO3 activated system incorporates more water than that in 
a NaOH activated system [30,99]. The Ca/Si ratio of the inner layer is 
higher than that of the outer layer. Because the inner layer is Si gel 

Fig. 6. Chemical composition of the reaction products of BFS-AAM: (a) activated by NaOH; (b)activated by Na2SiO3 [116].  

Fig. 7. Structural model for Al-containing C-S-H gel: (a) linear chains activated by NaOH; (b) linear chains with occasional cross-linking, forming planes, activated by 
Na2SiO3 [113]. 
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modified with Ca and Al, while the outer layer is a deposit of Si at the 
early stage (see Fig. 6(b)) [116,119]. According to the NMR spectra 
studies, a substantial number of Q4(1Al) (103–115 ppm) and Q3(nAl) 
(95–100 ppm) units, along with Q1(0Al) (74–78 ppm) and Q2(0Al) 
(83–88 ppm) units could be identified. The polymerization degree in-
crease with more Al incorporated in CASH gel over time [120], which 
eventually leads to a cross-linked and highly condensed structure (see 
Fig. 7(b) and Table 6). 

3.2. Reaction mechanism of FA-AAM 

3.2.1. Reaction process 
Glukhovsky developed the initial reaction mechanism of alkali- 

activated aluminosilicate materials in the 1950–1970 s [74]. Concep-
tually, the reaction mechanism of FA-AAM is divided into 3 stages, 
which include destruction-coagulation, coagulation-condensation, 
condensation-crystallization. Palomo [113] divides the reaction 

mechanism of FA-AAM into 2 stages: nucleation and growth based on 
zeolite synthesis. John Provis [54,115,121,122] proposed the first 
detailed mechanistic model for FA-AAM, as shown in Fig. 8. Subse-
quently, a series of specific mathematic models have been developed 
[123,124]. 

In FA-AAM, the critical network formers are Al and Si. The Ca and Mg 
act as network modifiers, providing the charge balance required by 
tetrahedral Al as well as any depolymerized framework sites. The re-
action chemical equations for FA-AAM are listed as below (see Eq.(9), 
Eq.(10), Eq.(11)) [74]:

Table 6 
Results from 29Si and 27Al MAS NMR spectra of BFS-AAM (7d) [114].  

Sample  Q0 

(BFS) 
Q0/Q1 

(BFS) 
Q1 

(chain end) 
Q2 

(1 Al) 
Q2 

(0 Al) 
Q3 

(1 Al) 
Q3 

(0 Al) 
AlT AlP AlO 

BFS Pos. (ppm) − 59.1 − 74.0       60.81  32.62  10.02  
Width 7.62 13.38       32.66  23.85  23.39  
Intergral(%) 6.2 93.8       81.57  12.22  6.22 

NaOH Pos. (ppm) − 65.9 − 73.0 − 77.69 − 81.60  − 85.00    60.87  30.43  8.82  
Width 6.26 6.26 6.26 6.26  6.26    22.89  18.94  10.83  
Intergral(%) 9.43 22.53 36.05 36.05  10.26    77.65  6.48  15.87 

Na2SiO3 Pos. (ppm) − 67. 12 − 74 − 78 − 82  − 85.5 − 92  − 97.00  61.79  32.89  8.25  
Width 7.05 7.05 7.05 7.05  7.05 7.05  7.05  21.727  22.05  12.22  
Intergral(%) 9.12 22.05 12.61 15.86  24.07 11.37  5.80  75.80  7.60  16.60  

Fig. 8. Reaction sequence of polymerization [54,115].  
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Based on the isothermal calorimetry study [16,80-82,125-127], the 
reaction process of NaOH activated FA could be divided into 4 stages, as 
shown in Fig. 9(a)(c). In the first stage, the OH– redistribute the elec-
tronic density around the Si, breaking the Si-O-Si bonds and Si-O-Al 
bonds into Si-OH, Al(OH)

−
4 , and Si-O-. The network breakdown rate 

during the non-uniformed dissolution is associated with the chemical 
composition of the precursors [128]. Previous research has shown that 
Si-O-Si bonds are stronger than Si-O-Al bonds, and the bonds between 
network forming species and network modifying species are the weakest 
[103,127,129,130]. Na in the solution acts as a catalyzer at this stage. It 
neutralizes the negative charge of Si-O- to form Si-O-Na. The formation 

of Si-O-Na prohibits the reversion of Si-O-Si. Duxson found that when 
the NASH gel has a Si/Al ratio under 1.4, Na present in the pore solution 
mainly neutralizes the negative charge of Al(OH)

−
4 groups [131]. The 

first heat evolution rate peak (within minutes) accompanies the 
destruction process. The second stage is associated with an induction 
period. The released Al monomers are continually absorbed on the 
surface of FA because of the passivation effect [132]. Accordingly, the 
equilibrium solubility of the FA particles concerning Si is dramatically 

reduced. In the third stage, more and more reaction ions are dissolved 
into the solution. When the amount of reaction ions exceeds a certain 
level, they contact each other and begin to polycondensate on the sur-
face of FA [133]. This process gradually consumes Al, reducing the 
thickness of the Al layer, and promoting the further release of reaction 
ions. A large amount of heat is released by the polycondensation process, 
resulting in the second peak at around 1–24 h [110,134-136]. Within 
this period, OH– acts as a catalyzer, while Na acts as a structural 
component. The network modifiers are also induced into the structure to 
neutralize the charge imbalance of Al. When the amount of network 
modifying cations exceeds the requirement of neutralization, they tend 
to associate with Si, because the tetrahedral Si sites have a higher 

Fig. 9. Reaction process of FA-AAM: (a) reaction stages of FA-NaOH system; (b) reaction stages of FA-Na2SiO3 system; (c) hydration heat and undersaturation degree 
evolution in FA-NaOH system; (d) hydration heat and undersaturation degree evolution in FA-Na2SiO3 system. 
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tendency to host nonbridging oxygen atoms [137]. In the fourth stage, 
the reaction products accumulate and form shells on the surface of FA 
[133]. The shell prevents the further diffusion of OH– on the unreacted 
FA, and the reaction will stop. This is characterized by a steady period. It 
is worth noting that the second peak might not exit when FA is activated 
at ambient temperature (under 35 ◦C), due to the low reaction rate 
[16,81,125,138-140]. 

The reaction rate of Na2SiO3 activated FA-AAM is much faster than 
that of NaOH activated FA-AAM, as shown in Fig. 9(b)(d). The soluble Si 
in the solution could capture more released Al monomers and form 
polymers in the solution. As long as these polymers grow and create 
nuclei sites, the accumulation of reaction ions on nuclei sites is accel-
erated, building a denser structure in the solution. Despite that no Al 
layer is formed on the surface of FA, the contribution of nuclei sites 
simultaneously promotes both the destruction process and the poly-
merization process. This leads to a broad heat evolution peak in the first 
stage. Gradually, reaction product shells are formed on the surface of FA 
and prevent further reaction. A steady period occurs. 

3.2.2. Reaction products 
Fernendez-Jimenez investigated the microstructure of FA-AAM by 

SEM. The unreacted particles, particles under attack (with cavities), and 
reaction products are detected, as shown in Fig. 10 [43,133,141]. The 
process of reaction begins with a chemical attack of OH– on the surface 
of FA, resulting in small cavities in the particles. Following this, the 
inside of the FA particle is exposed to the alkali-activated solution. More 
and more reaction products precipitate and cover both inside and 
outside the FA particle wall. 

The main reaction product of FA-AAM is an amorphous aluminosil-
icate hydrate gel (Nan-(SiO2)-(AlO2)n⋅wH2O). Where “n” is the degree of 
polymerization. The Si and Al tetrahedral incorporate randomly in the 3- 
dimensional skeleton [17,43,142]. A plan view projection of the struc-
ture of the NASH gel is shown in Fig. 11 [143]. The structure is highly 
determined by the Si/Al ratio. The Si/Al ratio increases with time, which 

eventually increases the degree of polymerization. It is worth noting that 
the distribution of Al is not entirely random. According to the ‘Loe-
wenstein rule’ [144], the Al-O bond could connect with Si or other small 
ions with electrovalency of not<4. But only Al with a coordination 
number larger than 4 could be connected with Al and form Al-O-Al 
bonds, which are strongly disfavoured in tetrahedral structures. There-
fore, the minimum Si/Al ratio is 1. Studies have proven that the Q4(nAl) 
(n = 0,1,2,3,4) units are predominant in NASH gel. The amorphous 
NASH gel has a similar chemical composition but no extensive crystal-
line structure as natural zeolitic. The secondary reaction products of FA- 
AAM are crystalline zeolitic phases, including hydroxy sodalite, zeolite 
P, Na-chabazite, zeolite Y, and faujasite [17,47,54,110,142]. 

3.3. Reaction mechanism of BFS/FA-AAM 

3.3.1. Reaction process 
Considering all aspects, the combination of raw materials can pro-

vide AAM with more excellent comprehensive performance. The ad-
vantages of using a combination of BFS and FA as a precursor and using a 
combination of NaOH and Na2SiO3 as an activator have been elaborated 
in section 2. The above studies on the reaction mechanism of BFS-AAM 
and FA-AAM activated by NaOH and Na2SiO3 respectively provide a 
foundation for the understanding of this more complex system. The re-
action mechanism of BFS and FA alkali-activated by NaOH and Na2SiO3 
could be divided into 5 stages based on isothermal calorimetry study 
[82,134,145-148], as shown in Fig. 12 and Table 7. In literature, the 
optimal value and occurrence time of the peak of heat evolution rate can 
vary a lot between different systems, and different stages may emerge, 
appearing as another type of curve. This is due to the effect of control 
factors on the reaction process, which will be discussed later. 

In the initial stage, the undersaturation degree of modifying elements 
is very large. As a result, a large amount of elements is released. It is 
known that higher alkaline earth cation gives rise to the degree of 
framework disorder, nonbridging oxygen atoms content as well as the 

Fig. 10. Microstructure of FA-AAM and formation of NASH gel over time [133,141].  
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formation of little content of weak and reactive Al-O-Al bonds 
[137,149]. BFS contains a more substantial amount of Ca and Mg and 
less Al than FA. Because the Ca-O-Si bonds and Mg-O-Si bonds, Al-O-Al 
bonds are much weaker than the Al-O-Si bonds, the dissolution rate of 
BFS is faster than that of FA. The first heat evolution rate is mainly 
caused by the dissolution of BFS. 

In the second stage, the formation of CASH gel is characterized by the 
second heat evolution peak. The initial undersaturation degree of Si is 
low while that of other reaction ions is large. A Si layer may accumulate 
on the surface of BFS particles because the dissolution rates of other 
reaction ions are faster than that of Si. And the Si layer may prohibit 
other reaction ions from crossing through. However, the passive effect is 

Fig. 11. Structure model for NASH gel [113,143].  

Fig. 12. (a) Reaction process of BFS/FA-AAM; (b) A theoretical heat evolution rate curve of BFS/FA-AAM.  

Table 7 
Characteristics of the reaction process of BFS/FA-AAM.  

Heat evolution 
characteristics 

Reaction process 

First peak Dissolution 
Second peak Formation of CASH gel 
Induction period Formation of reaction product shells on the surface of 

BFS particles 
Third peak Polymerization of NASH gel 
Steady period Formation of reaction product shells  
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eliminated to some extent because of the existence of FA particles. 
During the dissolution, the FA particles could act as nuclear sites, 
capturing the reaction ions released by BFS [128]. Therefore, CASH gel 
is not only formed on the surface of BFS but also on the surface of FA. 
The formation of CASH gel consumes ions, leading to a rapid increase of 
the undersaturation degree and promoting the release of reaction ions. 

In the third stage, a reduction period occurs. During this period, the 
reaction products on the surface of BFS accumulate and form shells 
(outer layer). The shell gradually hinders the further reaction of 
unreacted BFS. The dissolution of the low polymerized phase (Ca-rich 
phrase) leaves over a spongy and porous surface of BFS. The surface area 
of the high polymerized phrase (Si-rich phase) is greatly increased, 
ensuring the increasing strength of the later stage, and an inner reaction 
layer is gradually formed. However, the reaction rate of the inner layer is 
slow because of the prevention of the outer layer. In the meantime, the 
FA particle is still mainly under the destruction period, because of its 
relatively lower reactivity at the ambient curing temperature. 

In the fourth stage, sufficiently high content of reaction ions and 
nucleation sites in the solution around FA particles accelerates the 
polycondensation of a large amount of NASH gel [150]. The generated 
NASH and CASH gel have different structures than those in a single 
precursor system because they do not develop separately but interact 
with each other in the further reaction process [26]. An exchange of Al 
and Ca ions proceeds in the restructuration of CASH and NASH gel. 

In the fifth stage, the reaction produces a shell that gradually forms 
on the surface of the FA particle, and the dissolution is therefore ceased. 
In the meantime, a thermodynamically stable CASH gel will be created if 
time is long enough [113,151,152]. This is characterized by a steady 
period. 

Within the formation process of CASH and NASH gel, the concen-
tration of different ions is changing with time and results in the various 
structures of reaction products at different stages. It is of great impor-
tance to understand how these ions affect the structure of the reaction 
products. The roles of the main reaction ions(Si, Ca, Al, Na, OH–) acting 
in the construction of CASH and NASH gels are summarised as follows: 

Higher content of Si could increase the polymerization and me-
chanical properties of both CASH and NASH gels because Si-O-Si bonds 
are stronger than other bonds. More soluble Si added into the reaction 
system could not only increases the formation of reaction products but 
also create a more homogenous structure because of the even distribu-
tion of reaction products. Furthermore, when SiO4 is excessive, poly-
merized SiO4 could be precipitated, leading to a denser microstructure. 
Despite the positive effect of SiO2, It is reported that too much SiO4 
could hinder the precipitation of zeolite crystals. And lead to volume 
instability because of the formation of ettringite. 

In CASH gel, the higher content of Ca increases the disorder of the 
structure, including the formation of a small concentration of Al-O-Al 
when Al content and nonbridging oxygen atoms are high enough. But 
the amount of Ca being up taken into CSH gel is constant from the 
beginning of hydration [153]. The rest of Ca reacts with Al and forms the 
AFm phase. In NASH gel, the Ca in the solution partially replace Na in 
the NASH gel and form (N, C)ASH gel, because they have a similar ionic 
radius and electronegative potential [154]. The increase of Ca content is 
associated with lower porosity and higher strength [155-158]. 

A series of hydrolysis reactions would happen when Al is in contact 
with water (see Eq.(12–17)). Al trivalent ions are initially hexatolyic 
octahedrons in water [159]. When the pH is higher than 8, Al become 
tetragonal and exists as mainly Al(OH)

−
4 . But if the network modifying 

ions is not enough to fully coordinate with Al and keep the charge bal-
ance, the Al(OH)

−
4 could be primarily reduced, and becomes hexatolyic 

octahedron with 6 coordination again [25]. As a result, more Al-O-Al 
would exist in the structure, causing framework disorder. The Al in-
creases the linear chain length as well as the possible existence of spo-
radic inter-chains, leading to a higher cross-linking structure. The 
amount of incorporated Al could be higher with higher temperature, 
humidity, and concentration of alkaline activators. The release rate of Al 

from FA is considerably slow and highly depends on the type and con-
centration of alkaline activators [47,57,157]. 

Al(H2O)
3+
6 +H2O ↔ Al(OH)(H2O)

2+
5 +H3O+ (12)  

Al(OH)(H2O)
2+
5 +H2O ↔ Al(OH)2(H2O)

+

4 +H3O+ (13)  

Al(OH)2(H2O)
+

4 +H2O ↔ Al(OH)3(H2O)
0
3 +H3O+ (14)  

Al3+ + 4H2O ↔ Al(OH)
−

4 + 4H+ (15)  

2Al+ 6H2O ↔ 2Al(OH)3↓ + 3H2 (16)  

Al(OH)3 +NaOH ↔ Na[Al(OH)4] (17) 

In CASH gel, Na acts as a mere catalyzer to form CSH gel at the early 
stage. Later on, a part of Na is taken up into the chain with tetrahedral Al 
to neutralize the charge imbalance caused by AlO4

-, while the others stay 
in the solution to neutralize the charge on the Al(OH)4

- groups [131]. In 
NASH gel, Na neutralizes the negative charge of Si-O- and form Si-O-Na, 
preventing the reversion of Si-O-Si [133]. It is directly uptaken into the 
structure with Al. In both reaction products, Na is present in non- 
framework sites and associated with oxygen atoms, instead of being 
located directly next to Al atoms. Nonetheless, excess Na may react with 
CO2 in the atmosphere and form white carbonate or bicarbonate crystals 
on the surface of the materials (see Eq.(18), Eq.(19)), thus causing 
efflorescence [160,161]. Sealed curing and adding an Al-rich secondary 
binder are effective ways to control efflorescence. 

2NaOH+CO2 ↔ Na2CO3 +H2O (18)  

Na2CO3 +H2O+CO2 ↔ 2NaHCO3 (19) 

The main effect of OH– in the solution is to break and hydrolyze 
bonds into Si-OH, Al-OH, etc. Under the attack of OH– in the solution, 
different bonds of precursors have different breaking energies which 
leads to different dissolution rates. the bonds between network forming 

Table 8 
Reaction products of BFS/FA-AAM [54,112,151,153,154,159,160,162,163].  

Reaction products Chemical composition Physical property 

CASH Nan-(CaO)m-(Al2O3)n- 
(SiO)2⋅wH2O 

A leaf-like semi-crystalline 
gel 
Layed 2-dimensional, cross- 
linked structure 

Hydrotalcite Mg6Al2CO3(OH)16⋅4H2O Layers of brucite (Mg 
(OH)2) with interstitial 
water molecules and CO2−

3 
ions. Hydrotalcite crystals 
are scattered throughout 
the CASH gel  

Tetracalcium 
Aluminate hydrate 

Ca3Al2O6 Tetracalcium leads to the 
phenomenon of “flash set” 
(instantaneous set), and a 
large amount of heat is 
generated. 

AFm phase 3CaO⋅Al2O3⋅CaSO4⋅12H2O AFm phase contribute little 
to strength development 

Calcite CaCO3 Mohs hardness of 3, a 
specific gravity of 2.71 

NASH Nan-(AlO2)n-(SiO2)∙wH2O Amorphous gel, 3-dimen-
sional skeleton, lower 
space-filling capacity than 
CASH gel 

Zeolite 
(Hydroxysodalite, 
Zeolite P, 
Na-chabazite, 
Zeolite Y, 
Faujasite) 

CanNam [ (AlO2)x (SiO2)y ] 
⋅n(H2O) 

Cavities are formed in the 
crystal, and a lot of water 
molecules are wrapped in 
it, which forms a porosity 
structure 

C = CaO, S = SiO2, A = Al2O3, N = Na2O, H = H2O  
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species and network modifying species are easiest to break, and Si-O-Al 
bonds are weaker than Si-O-Si bonds. Besides, when the concentration of 
OH– is high, the dissolution of Ca(OH)2 could be decreased, and the 
dissolution of CSH could be increased. 

3.3.2. Reaction products 
The reaction products of BFS/FA-AAM are shown in Table 8. Both 

micro and nanostructure research has shown that a complex mix of 
amorphous CASH and NASH gels are formed at an early age (28 days) 
[54,112]. As the main reaction products, the percentage and structure of 
them mainly depend on both the BFS/binder ratio (binder refers to the 
mass of all precursors) and the chemical composition of alkaline acti-
vators. They directly determine the properties of BFS/FA-AAM. 

Specifically, the structure of reaction products dynamically changes 
with the concentration of Ca/(Si + Al) ratio, Al/Si ratio, OH– in the pore 
solution. The results from NMR analysis show that lower Ca/(Si + Al) 
ratio and higher Al/Si ratio are associated with higher polymerization of 
reaction products because more NASH gel is formed. Reaction products 
with more Q4 and Q3 units were detected when the BFS/binder ratio is 
10%. While reaction products with Q1 and Q2 units, but without Q3 and 
Q4 units were observed when the BFS/binder ratio is 30–50%. More-
over, when the OH– content is high (pH higher than 12), CASH gel is 
preferentially formed instead of NASH gel. 

The ion concentration not only determines the amount of different 
gels in the initial stage but also makes the gel structure change slowly in 
the long-term reaction. On the one hand, the Ca in the solution gradually 
distort the Si-O-Al bonds and create new Si-O-Ca bonds, because of the 
polarizing effect. As a result, higher Ca content and lower Al content are 
increasingly found in the structure of NASH gel, which turns NASH gel 
into (N, C)ASH gel with a more depolymerized structure. On the other 
hand, the released Al form NASH gel and is then uptaken by CASH in the 
bridge position to build a 2-dimensional structure with a higher cross- 
linking chain. Ultimately, the formation of a single 2-dimensional 
CASH gel (most thermodynamically stable) is the final trend [151]. 

4. Control factors and mechanisms 

The mechanical properties of BFS/FA-AAM mainly depend on the 
structure and chemical composition of the reaction products, while the 
reaction products at different ages are closely related to the ions con-
centration and the reaction in the system as discussed above. Lots of 
researchers have studied the effect of factors on the strength of BFS/FA- 
AAM. However, there is no uniform definition of control factors since 
the composition and concentration of raw materials vary a lot, especially 
for the activators. For example, a large number of studies focus on the 

effect of alkali activators/ precursor ratio, NaOH/Na2SiO3 ratio, which 
results in a nonrepeatable mix proportion because the modulus of 
Na2SiO3 varies and the alkali concentration is confusing. It is worth 
noting that any change of the Na2SiO3 modulus and NaOH/Na2SiO3 
ratio is indeed changing the initial reaction ion contents thus influencing 
the reaction process. To avoid misunderstanding, it is important to use 
the main control factors to directly represent the effect of other various 
factors. 

Four factors have proved to be the control factors of reaction and 
strength of BFS/FA-AAM: BFS/b ratio, Na2O/b ratio, SiO2/Na2O ratio, 
and w/b ratio [10]. Among them, w refers to water, b refers to the 
binder, and all ratios refer to mass ratios. BFS/b ratio represents the 
reaction capacity of precursors because it can roughly reflect the pro-
portion of Ca and Al in the systems. Na2O/b ratio represents the intensity 
of the alkali-activated reaction because it reflects the OH– content in the 
system. SiO2/Na2O ratio represents the compactness of the structure 
since it reflects the Si content in the solution. w/b ratio represents the 
original pores that are introduced in the system. The effects of these 
control factors on the reaction process and mechanical properties of 
BFS/FA-AAM are discussed below. 

4.1. BFS/b ratio 

As shown in Fig. 13(a) [9,146,148,164-171], there is a strong linear 
relationship between the BFS/binder ratio and 28 d compressive 
strength. The results indicate that the higher the content of BFS, the 
higher the strength. Because the increase of BFS content is associated 
with an increase of Ca and a decrease of Al in the reaction system. The 
dissolution rate could be faster at the beginning since Ca-O-Si bonds are 
weaker than Al-O-Si bonds. As the process advances, because the num-
ber of nuclei sites (FA) is reduced, the Si layer may form on the surface of 
BFS earlier, which hinders the further dissolution of reaction ions. 
Eventually, more CASH gel and less NASH gel could be formed, which 
would lead to a lower polymerization degree, a higher cross-linking 
chain reaction product, and a denser microstructure [172-175]. 

It seems that FA only slightly contributes to the strength at 28 d. This 
is probably because of the low reactivity of FA. As discussed in the re-
action mechanism, the formation of NASH gel is later than the formation 
of CASH gel. At 28 days, FA has a lower hydration degree than that of 
BFS. The hollow spherical particle of FA creates lots of pores in the 
materials since the time is insufficient for the precipitate of reaction 
products to fill the hollow space [152]. The pores created by FA even-
tually cause stress concentrations in the materials thus resulting in a 
decrease in strength. However, researchers have found that the strength 
of BFS/FA-AAM keeps developing for 90 days for the sake of FA. As 

Fig. 13. Effect of BFS/binder ratio on the compressive strength of BFS/FA-AAM [9,146,148,164-171].  
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shown in Fig. 13 (b) [167,170,176,177]. The slope of the BFS/b ratio 
and strength at 90 days becomes smaller compared to that of the 
strength at 28 days. It indicates that more NASH gel is formed later and 
gradually fills the pores. FA plays a role for a longer reaction period and 
keeps contributing to the strength till 90 days. Therefore, 90 days of 
curing is suggested for BFS/FA-AAM. 

4.2. Na2O/b ratio 

The effect of the Na2O/b ratio on the compressive strength of BFS/ 
FA-AAM is shown in Fig. 14 [178-183]. The data includes both paste 
and concrete samples. There is an optimal value of the Na2O/b ratio to 
obtain the highest compressive strength of BFS/FA-AAM. The strength 
first increases with the Na2O/b ratio. Because higher content of OH– 

increases the dissolution of BFS and FA. Accordingly, the higher content 
of released monomers has a higher tendency to be connected. Moreover, 
a higher amount of free ions and a high amount of catalyzer (Na) also 
improve the formation rate of CSH gel. 

However, when the Na2O/b ratio exceeds a specific value, the 
strength may begin to decrease. When the concentration of OH– is high, 
the dissolution of Ca(OH)2 is reduced, and a thin layer of Ca(OH)2 is 
formed on the surface of BFS particles. So Ca is less capable of reacting 
with Al and Si and forming the CASH gel. What is more, excess OH– 

causes Al-Si gel precipitation at the very early stage on the surface of the 
FA particles, so the subsequent polymerization is hindered, and the 
strength is therefore decreased. Excess Na may also cause efflorescence 
and reduce the strength to some extent. 

To obtain the highest strength, the optimal value of Na2O/b ratio in 
BFS-AAM and FA-AAM is 5.5%-8% [178,180,181,184-186] and 7%- 

10% [187-191], respectively, while the optimal value of Na2O/b ratio in 
BFS/FA-AAM is probably around 6–8% [10,183,192-195]. It is impor-
tant to emphasize that BFS/FA-AAM with a high Na2O/b ratio tends to 
have shrinkage cracks and leaching problems at an early age. Sealed 
curing has proved to be an effective condition for BFS/FA-AAM [10,196- 
198]. 

4.3. SiO2/Na2O ratio 

The effect of the SiO2/Na2O ratio on the compressive strength BFS/ 
FA-AAM is shown in Fig. 15. The data includes both mortar and concrete 
samples. The highest compressive strength of BFS/FA-AAM could be 
obtained when the SiO2/Na2O ratio is at an optimal value 
[146,178,180,181,200]. With a higher SiO2/Na2O ratio, the dissolved 
network modifiers and intermediates could be absorbed by soluble Si 
more quickly. Gradually, a denser microstructure could be generated 
because more reaction products are formed in the solution [200]. Be-
sides, reaction products with more Si-O-Si bonds are formed, leading to a 
higher degree of polymerization and higher strength. 

However, when the SiO2/Na2O exceeds a particular value (around 
0.6–1.5) [10,178,180,181,201], the strength begins to decrease. A Si 
layer may form on the surface of the BFS particles earlier with excess 
SiO2/Na2O, hindering the further dissolution of reaction ions. Less 
dissolution of reaction ions eventually prevents the formation of CASH 
gel, leading to a coarser microstructure [202]. On the other hand, excess 
SiO2 species could form polymerized SiO4 that consequently precipitate, 
which may suppress the precipitation of zeolite crystals and hinder the 
polymerization of NASH gel in the subsequent process. 

Although many researchers have proved the existence of an optimal 
value [10,172]. The optimal value of SiO2/Na2O ratio in BFS-AAM and 
FA-AAM and BFS/FA-AAM is not always constant. The influence of the 
SiO2/Na2O ratio should be considered together with the Na2O/b ratio 
and BFS/b. The highest strength can be reached only when the erosion 
rate of OH– and the absorption rate of soluble Si reach a specific balance, 
and when the amount of supplied soluble Si and the amount of existing 
Si reaches a specific proportion. 

4.4. w/b ratio 

The effect of water on the strength of BFS/FA-AAM is not so large as 
that of OPC. One significant difference between them is that the for-
mation of reaction products in BFS/FA-AAM requires nearly no water 
[135,203-205]. The reaction mechanism of BFS-AAM shows that water 
merely acts as an alkalis carrier while hardly reacting in the creation of 
CASH. In FA-AAM, water is consumed in the dissolution stage while 
released again in the polymerization process. Davidovits reported that 
water is not chemically bound to the structure of the matrix [204]. 
Although water is not the most decisive factor compared with the in-
fluence of the factors discussed above on the strength of BFS/FA-AAM, it 
still cannot be ignored. From the physical point of view, less water could 
lead to higher density and a slightly higher compressive strength. Be-
sides, water content is an important factor concerning the workability of 
BFS/FA-AAM [10,206,207]. The water demand of AAM is affected by 
several factors, including particle size and shape distribution, and spe-
cific surface area [208]. 

The majority of researchers studied the relationships between the l/b 
ratio (the mass ratio of alkali-activated solution to binder) and the 
compressive strength and flowability, as shown in Fig. 16. The data 
includes both paste and concrete samples without using a super-
plasticizer. It is reasonable for the flowability to increase as the l/b ratio 
increases. However, it seems that l/b has little effect on the strength 
development of BFS/FA-AAM [9,167,171,209]. That is because the 
change of the l/b ratio is not only changing the w/b ratio (the mass ratio 
of water to binder) but also the Na2O/b ratio. It is important to remark 
that the Na2O/b ratio and w/b ratio may have the opposite effect on the 
strength. For example, for the alkali solution with high Na2O content, 

Fig. 14. Effect of Na2O/b ratio on the compressive strength of BFS/FA-AAM 
[178-183,199]. 

Fig. 15. Effect of SiO2/Na2O ratio on the compressive strength of BFS/FA-AAM 
[146,178,180,181]. 
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increasing the l/b ratio may improve the strength. While for alkali so-
lution with low Na2O content, increasing the l/b ratio may greatly 
reduce the strength. Therefore, using the parameter l/b ratio in the mix 
design may lead to incomparable and unpredictable results between 
different researches. It is recommended to use the w/b ratio instead of 
the l/b ratio to obtain more precise results for further study. 

Generally, the increase of the w/b ratio could reduce the compressive 
strength of BFS/FA-AAM [10,27,210], as shown in Fig. 17. J.L. Provis 
et al. [210] studied the effect of the w/b ratio on the strength of BFS- 
AAM. The results show that increasing the w/b ratio from 0.40 to 0.48 
reduced the compressive strength by 10 MPa. J. Shekhovtsova et al. 
[211] investigate the effect of the w/b ratio on strength of the FA-alkali 
activated pastes. The results show that an increase in w/b from 0.18 to 
0.29 could lead to a decrease in the compressive strength from 49 MPa to 
21 MPa. M.S. Jansen et al. [212] reported that the strength of BFS-AAM 
primarily depends on the mix composition even though the w/b ratio 
did affect the strength of the mortar to some degree. R.Vinai et al. [213] 
indicated that the w/b ratio does not affect significantly the strength 
development except for high values (≥0.4). 

5. Conclusions 

A systematic review was conducted about BFS-AAM, FA-AAM and 
BFS/FA-AAM. Due to the different quality of raw materials, the strength 
may vary considerably. A selection of suitable precursors could be car-
ried out based on the requirements that are summarized in this paper. 
Through the study of the reaction mechanism and reaction products of 
BFS-AAM, FA-AAM, and BFS/FA-AAM, a comprehensive understanding 
of the strength development could be obtained. The elaboration of the 

effect of different reaction ions on the reaction process provides a 
theoretical basis for the selection of control factors for strength devel-
opment. Moreover, the demonstration of the effect of control factors on 
the strength and reaction process could provide some guidance for the 
mix design of BFS/FA-AAM. It is worth noting that a large amount of 
currently performed research on BFS/FA-AAM is focused on the general 
NaOH/Na2SiO3 ratio, alkaline activators/precursors ratio, and l/b ratio. 
Further studies of the properties of BFS/FA-AAM based on control fac-
tors are recommended to obtain more precise and comparable results. 
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[14] M. Nedeljković, Y. Zuo, K. Arbi, G. Ye, in: High Tech Concrete: Where Technology 
and Engineering Meet, Springer International Publishing, Cham, 2018, 
pp. 2213–2223, https://doi.org/10.1007/978-3-319-59471-2_253. 

[15] Z. Tan, G. De Schutter, G. Ye, Y. Gao, Influence of particle size on the early 
hydration of slag particle activated by Ca (OH) 2 solution, Constr. Build. Mater. 
52 (2014) 488–493. 

[16] Y. Ma, J. Hu, G. Ye, The effect of activating solution on the mechanical strength, 
reaction rate, mineralogy, and microstructure of alkali-activated fly ash, J. Mater. 
Sci. 47 (11) (2012) 4568–4578. 

[17] A.M. Fernandez-Jimenez, A. Palomo, C. Lopez-Hombrados, Engineering 
properties of alkali-activated fly ash concrete, ACI Mater. J. 103 (2) (2006) 106. 

[18] M. Sofi, J.S.J. van Deventer, P.A. Mendis, G.C. Lukey, Engineering properties of 
inorganic polymer concretes (IPCs), Cem. Concr. Res. 37 (2) (2007) 251–257. 

[19] A.M. Rashad, A comprehensive overview about the influence of different 
additives on the properties of alkali-activated slag–A guide for Civil Engineer, 
Constr. Build. Mater. 47 (2013) 29–55. 

[20] M.O. Yusuf, M.A.M. Johari, Z.A. Ahmad, M. Maslehuddin, Design, Evolution of 
alkaline activated ground blast furnace slag–ultrafine palm oil fuel ash based 
concrete, Mater. Des. 55 (2014) 387–393. 

[21] M.O. Yusuf, M.A.M. Johari, Z.A. Ahmad, M. Maslehuddin, Effects of H2O/Na2O 
molar ratio on the strength of alkaline activated ground blast furnace slag- 
ultrafine palm oil fuel ash based concrete, Mater. Des. 56 (2014) 158–164. 

[22] R. Anuradha, V. Sreevidya, R. Venkatasubramani, B.V. Rangan, Modified 
guidelines for geopolymer concrete mix design using Indian standard, Asian, 
J. Civ. Eng. 13 (2012) 357–368. 

[23] N. Li, C. Shi, Z. Zhang, H. Wang, Y. Liu, A review on mixture design methods for 
geopolymer concrete, Compos. B. Eng. 178 (2019), 107490. 

[24] C. Li, H. Sun, L. Li, A review: The comparison between alkali-activated slag (Si+
Ca) and metakaolin (Si+ Al) cements, Cem. Concr. Res. 40 (9) (2010) 1341–1349. 

[25] P. Duxson, J.L. Provis, Designing Precursors for Geopolymer Cements, J. Am. 
Ceram. Soc. 91 (12) (2008) 3864–3869. 

[26] C. Shi, D. Roy, P. Krivenko, Alkali-activated cements and concretes, CRC 
press2003. 

[27] S.-D. Wang, K.L. Scrivener, P.L. Pratt, Factors affecting the strength of alkali- 
activated slag, Cem. Concr. Res. 24 (6) (1994) 1033–1043. 

[28] B. Talling, J. Brandstetr, Present state and future of alkali-activated slag 
concretes, J. Am. Concr. Inst. 114 (1989) 1519–1546. 

[29] E. Douglas, J. Brandstetr, A preliminary study on the alkali activation of ground 
granulated blast-furnace slag, Cem. Concr. Res. 20 (5) (1990) 746–756. 

[30] M.B. Haha, B. Lothenbach, G. Le Saout, F. Winnefeld, Influence of slag chemistry 
on the hydration of alkali-activated blast-furnace slag — Part I: Effect of MgO, 
Cem. Concr. Res. 41 (9) (2011) 955–963. 

[31] M.B. Haha, B. Lothenbach, G. Le Saout, F. Winnefeld, Influence of slag chemistry 
on the hydration of alkali-activated blast-furnace slag — Part II: Effect of Al2O3, 
Cem. Concr. Res. 42 (1) (2012) 74–83. 

[32] Y.S. Shkolnick, Physicochemical principles of the hydraulic activity of blast 
furnace slag, 8th international congress on the chemistry of cement, in: 8th 
international congress on the chemistry of cement, 1986, pp. 133–136. 

[33] W.H. Zachariasen, The atomic arrangement in glass, J. Am. Ceram. Soc. 54 (10) 
(1932) 3841–3851. 

[34] X. Chen, N. Yang, Influence of polymeric structure of granulated blast furnace 
slag on their hydraulic activities, 2nd Beijing International Symposium on 
Cement and Concrete, Beijing (1989) 346–351. 

[35] N. Nakamura, M. Sakai, K. Koibuchi, Y. Iijima, Properties of High-Strength 
Concrete Incorporating Very Finely Ground Granulated Blast Furnace Slag, J. Am. 
Concr. Inst. 91 (1986) 1361–1380. 

[36] P.Z. Wang, R. Trettin, V. Rudert, Effect of fineness and particle size distribution of 
granulated blast-furnace slag on the hydraulic reactivity in cement systems, Adv. 
Cem. Res. 17 (4) (2005) 161–167. 

[37] H. Wan, Z. Shui, Z. Lin, Analysis of geometric characteristics of GGBS particles 
and their influences on cement properties, Cem. Concr. Res. 34 (1) (2004) 
133–137. 

[38] S. Caijun, L. Yinyu, Investigation on some factors affecting the characteristics of 
alkali-phosphorus slag cement, Cem. Concr. Res. 19 (4) (1989) 527–533. 

[39] O.E. Gjorv, Alkali Activation of a Norwegian Granulated Blast-Furnace Slag, 
J. Am. Concr. Inst. 114 (1989) 1501–1518. 

[40] ASTM C 1073, Test Method for Hydraulic Activity of Ground Slag by reaction 
with Alkali, Annual Book of ASTM Standards, Concrete and Aggregate, American 
Society for Testing &Materials (ASTM), Philadelphia, USA, 2003. 

[41] P.K. Mehta, Concrete. Structure, properties and materials (1986). 
[42] EN, 450–1, Fly ash for concrete, Definition, specifications and conformity criteria 

(2012). 
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[47] A. Fernández-Jiménez, A. Palomo, Characterisation of fly ashes. Potential 
reactivity as alkaline cements☆, Fuel 82 (18) (2003) 2259–2265. 

[48] RD Hooton, C. Shi, RL Day, Selectivity of alkaline activators for the activation of 
slags, Cem. Concrt. Agg. 18 (1) (1996) 8, https://doi.org/10.1520/CCA10306J. 

[49] J.L. Provis, Activating solution chemistry for geopolymers, Geopolymers (2009) 
50–71. 

[50] E.I. Diaz-Loya, E.N. Allouche, S. Vaidya, Mechanical Properties of Fly-Ash-Based 
Geopolymer Concrete, ACI Mater. J. 108 (3) (2011) 300–306. 

[51] M. Palacios, M.M. Alonso, C. Varga, F. Puertas, Influence of the alkaline solution 
and temperature on the rheology and reactivity of alkali-activated fly ash pastes, 
Cem. Concr. Compos. 95 (2019) 277–284. 

[52] X.Y. Zhuang, L. Chen, S. Komarneni, C.H. Zhou, D.S. Tong, H.M. Yang, W.H. Yu, 
H. Wang, Fly ash-based geopolymer: clean production, properties and 
applications, J. Clean. Prod. 125 (2016) 253–267. 

[53] A. Gharzouni, L. Ouamara, I. Sobrados, S. Rossignol, Alkali-activated materials 
from different aluminosilicate sources: Effect of aluminum and calcium 
availability, J. Non-Cryst. Solids 484 (2018) 14–25. 
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