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 Abstract 
     Alkali-activated materials(AAM) are known to be environmentally friendly alternatives to 
cement-based materials because they can potentially reduce greenhouse gas emissions and 
reutilize industrial by-products. However, the application of AAM is still limited by the lack of 
mixture design regulation. Unlike cement, the very different chemical composition of the 
precusors and alkaline activators may result in a very fluctuating strength. In order to study the 
factors influencing the strength of slag and fly ash-based alkali-activated materials (BFS/FA-
AAM), and clarify their reaction mechanism, this paper reviews current knowledge about the 
mechanical properties and the reaction mechanisms of BFS/FA-AAM. The control factors of 
strength are BFS/binder ratio, Na2O/binder ratio, and SiO2/Na2O ratio. The ion concentrations, 
determined by these control factors, play a decisive role in the development of strength. 
Generally, the strength is proportional to the BFS/binder ratio. The best strength could be 
obtained at the optimum values of Na2O/binder ratio, and SiO2/Na2O ratio. The optimum values 
of the SiO2/binder ratio of BFS-AAM and FA-AAM are between 5.5%-8% and between 7-10%, 
respectively. The optimal values of the SiO2/Na2O ratio of BFS-AAM and FA-AAM are 
between 0.85-1.4 and between 0.6-1, respectively. For BFS/FA-AAM, the optimum ratio is still 
unknown. Further study is needed to investigate the effect of control factors on the mechanical 
properties of BFS/FA-AAM. 

Keywords: slag and fly ash based alkali-activated materials, reaction mechanism, strength 
control factors 

1. INTRODUCTION
It is known that cement production is associated with high energy consumption and the

emission of a considerable amount of greenhouse gas[1]. For the sake of the environment 
protection, alkali-activated materials (AAM) have attracted attention as a potential replacement 
for ordinary Portland cement concrete (OPC)[2][3][4]. AAM possesses a lot of advantages, such 
as rapid strength gaining, low thermal conductivity, high volume stability, fire resistance, and 
chemical erosion resistance[5][6][7][8]. 
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Typically, AAM is produced by the alkali activation of silica and alumina-rich materials 
using alkaline activators. The most popular precursors of AAM are blast furnace slag (BFS) 
and fly ash (FA). Blast furnace slag based alkali-activated materials (BFS-AAM) have poor 
workability and short setting time, while fly ash based alkali-activated materials (FA-AAM) 
characterizes with a slow strength development. Based on previous research, A good synergy 
between mechanical strength and durability could be obtained by adding BFS in FA-AAM[9][10] 

[11][12] [13].  
Although FA/BFS-AAM has good application prospects, the lack of mixture design 

regulation still limits the application of these materials. Currently, limited research has been 
conducted on mix design of FA/BFS-AAM[14][15][16][17]. The study of mix design mainly 
involves 3 difficulties. Firstly, the codes that are used for conventional concrete are not 
applicable for AAM. Secondly, the chemical composition and particle size of raw materials are 
not uniform. Thirdly, limited research has been conducted to study the mechanical properties 
of BFA/FA-AAM. Besides, a large number of them have focused on the effect of confusing 
factors, such as alkali activators/ precursor ratio, NaOH/Na2SiO3 ratio on mechanical properties 
of BFS/FA-AAM, which results in nonrepeatable mix proportion, because the modulus of 
Na2SiO3 varies a lot and the alkali concentration is unclear. 
    A literature study on the effect of the control factors on the strength and reaction process of 
BFS/FA-AAM has been looked though in this paper. The reaction product at different ages is 
closely related to the concentration of ions and the reaction mechanism in the system. In 
addition, any change of Na2SiO3 modulus and NaOH/Na2SiO3 ratio in mix design is indeed 
changing the control factors (the ion concentration). The main propose of this study is to 
understand the control factors influencing the strength of BFS/FA-AAM and to clarify their 
effect mechanism. Thus, it could provide a theoretical foundation for the mix design of 
BFS/FA-AAM. 

2. REACTION MECHANISM OF BFS/FA-AAM

2.1 Reaction process
    A theoretical heat evolution rate curve is shown in Fig. 1(a). The reaction mechanism of BFS 
and FA alkali-activated by NaOH and Na2SiO3 could be divided into 5 stages based on 
isothermal calorimetry study[18][19][20], as shown in Fig. 1(b). In literature, the optimum value 
and occurrence time vary, 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, So a large 
amount of reaction elements is released. Previous research has shown that among the reaction 
ions, the Si-O-Si bonds are stronger than Si-O-Al, the bonds between network forming species 
and network modifying species are the weakest[21][22][23]. Because BFS contains a more 
substantial amount of Ca and Mg and less Al than FA. Therefore, the dissolution 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 is characterized by the second heat evolution 
peak. During the dissolution, the FA particles could act as nuclea sites, capturing the reaction 
ions released by BFS. 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 before a Si layer could be 
created on the surface of BFS. In the third stage, a period of reduced heat production rate occurs. 
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The accumulation of reaction products on the surface of BFS forms shells and prevents the 
further reaction of unreacted BFS. The dissolution of BFS is gradually stopped. In the meantime, 
the FA particle is still mainly under the destruction period. The reaction ions releasing rate is 
faster than the reaction products forming rate, because of its relatively lower reactivity and the 
amber curing temperature.  
    After the induction periods, sufficiently high content of reaction ions exist in the solution 
around FA particles in the fourth stage, leading to the polycondensation of a large amount of 
NASH gels. The generated NASH and CASH gels 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[21]. An exchange of Al and Ca ions proceeds in the restructuration 
of CASH and NASH gels. In the fifth stage, the reaction produces shell gradually formed on 
the surface of the FA particle, and the dissolution is therefore ceased. A thermodynamically 
stable CASH gel will be created if time is long enough[21].  

(a) (b) 
Figure 1: (a) A theoretical heat evolution rate curve of BFS/FA-AAM; (b) Reaction 

process of BFS/FA-AAM 

2.2 Reaction products 
    Both micro and nanostructure research has shown that a complex mix of amorphous CASH 
and NASH gels are formed at an early age (28d) [5][25]. The results from NMR analysis show 
that the higher content of FA is associated with higher polymerization. More Q4 and Q3 units 
are detected when the BFS/binder ratio was 10% ( binder refers to the sum of the mass of BFS 
and FA). While reaction products with Q1 and Q2 units, but without Q3 and Q4 units were 
observed when the BFS/binder ratio was 30-50%[26].  
    When the pH is higher than 12, CASH gels are preferentially formed instead of NASH gels. 
As time goes by, the Ca in the solution gradually distorts the Si-O-Al bonds and create new Si-
O-Ca bonds, because of the polarizing effect. Therefore, higher Ca content and lower Al content
is gradually found in the structure. As a result, NASH turns into (N,C)ASH gel with a more
depolymerized structure. On the other hand, the released Al form NASH is taken up by CASH
in bridge positions to build a 2-dimensional structure with higher cross-linking. Ultimately, a
single CASH gel (most thermodynamically stable) could be formed[27]. A series of secondary
products with crystalline phase are accompanied, such as hydrotalcite, tetracalcium aluminate
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hydrate, katoite, stratlingite and zeolitic phase (including hydroxysodalite, zeolite P, Na-
chabazite, zeolite Y and faujasite)[28][29][30][31][32][33]. 

3. CONTROL FACTORS AND MECHANISMS

3.1 BFS/binder ratio
    As shown in Fig. 2(a), There is a strong linear relationship between the BFS/b ratio and 28 d 
strength[34][35][36][37]. The results indicate that the higher the content of BFS, the higher the 
strength. It seems that FA has little help on the development of strength. This is probably 
because of the low reactivity of FA. As discussed in the reaction mechanism, the formation of 
NASH gels is later than the formation of CASH gels. In this age, the hollow sphere particle of 
FA create lots of pore in the materials, since the time is insufficient for the precipitate of reaction 
products to fill the hollow space. The pores created by FA cause stress concentrations in the 
material and thus result in a decrease of strength. 90d of curing age is suggested for BFS/FA-
AAM. 

The effect of the BFS/binder ratio on the reaction process is shown in Fig. 2(b). The increase 
of the content of BFS is associated with an increase of Ca and a decrease of Al in the reaction 
system. Since the Ca-O-Si bonds are weaker than Al-O-Si bonds. It may lead to faster 
dissolution and a higher value of the first peak. As the reaction process advances, an induction 
period may occur before the second peak, because the number of nuclei sites is reduced, and 
the Si layer may form on the surface of BFS, which hinders the further dissolution of reaction 
ions. The induction period between the second and the third peak may be shortened or may 
even disappear. Because less NASH is formed, the value of the third peak may decrease.  

(a) (b) 

Figure 2: Effect of BFS/binder ratio on BFS/FA-AAM: (a) effect on strength; (b) effect 
on reaction process 

3.2 Na2O/binder ratio 
    The effect of Na2O/binder ratio on BFS/FA-AAM is shown in Fig. 3[38][39][40]. The strength 
first increases and then decreases with the Na2O/binder ratio. Higher content of OH- increases 
the dissolution of BFS and FA, associated with a higher value of the first peak. At the same 
time, a higher amount of free ions and a high amount of catalyzer (Na+) improve the formation 
rate of CSH gels. The second peak may be advanced or may even merge with the first peak. 

binder
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The destruction coagulation period of NASH is accelerated since the higher content of released 
monomers has a higher tendency to be connected. To a certain extent, the third peak may 
increase with the Na2O/binder ratio. 
    However, when the Na2O/binder ratio exceeds a specific value, the third peak 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 gels. 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 
optimum value of Na2O/binder ratio in BFS-AAM and FA-AAM is 5.5%-8% and 7%-10%, 
respectively, while the optimum value of Na2O/binder ratio in BFS/FA-AAM is still unknown. 

(a) (b) 

Figure 3: Effect of Na2O/b ratio on BFS/FA-AAM: (a) effect on strength; (b) effect on 
reaction process 

3.3 SiO2/Na2O ratio 
    The effect of the SiO2/Na2O ratio on BFS/FA-AAM is shown in Fig. 4[38][39][40][41]. With the 
increase of SiO2/Na2O, the strength first increases, then decreases. The first peak may decrease 
because the undersaturation degree of Si is lower in the solution, and the dissolution of Si is 
hindered. The second peak may increase because with more structure-forming element (Si) 
available in the solution, the reaction products could not only form on the surface of BFS 
particles, but also in the solution. Therefore, a denser microstructure could be generated. The 
third peak may be advanced because the dissolved Al is absorbed by Si in the solution, instead 
of being precipitated on the surface of FA particles. The dissolution of reaction ions is 
accelerated, and the formation of NASH gels advanced with more monomers for 
polymerization. More Si-O-Si bonds are formed, which are stronger than Si-O-Al bonds, 
leading to a higher degree of polymerization.  
    However, when the SiO2/Na2O ratio exceeds a particular value, the strength begins to 
decrease. Excess SiO2/Na2O could hinder the further dissolution of reaction ions since the Si 
layer may form on the surface of the precursor particles. Less dissolution of reaction ions 
eventually prevents the formation of CASH. On the other hand, excess SiO2 species could form 
polymerized SiO4 and precipitation, which may depress the precipitation of zeolite crystals and 
hinder the polymerization of FA in the subsequent process. To obtain the highest strength, the 
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optimum value of SiO2/Na2O ratio in BFS-AAM and FA-AAM is 0.85-1.4 and 0.6-1, 
respectively, while the optimum value of SiO2/Na2O ratio in BFS/FA-AAM is still unknown. 

(a) (b) 

Figure 4: Effect of SiO2/Na2O ratio on BFS/FA-AAM: (a) effect on strength; (b) effect 
on reaction process 

3.4 Other factors 
The relationship between the l/b ratio ( the mass ratio of alkaline activated solution and binder) 

and the compressive strength and workability is shown in Fig. 5[34][36][42][43]. The study indicates 
that l/b has little effect on the strength of AAM. One significant difference between OPC and 
AAM is that the formation of reaction products requires no water. Water nearly reacts during 
the creation of CASH. In FA-AAM, water is consumed in the dissolution stage while release 
again in the polymerization process. Obviously, water is not chemically bound to the structure 
of the matrix[44]. From the reaction mechanism point of view, less water leads to a slightly 
higher compressive strength. But its effect is negligible, compared with the effect of control 
factors on the strength. 

Nevertheless, water content is still an important factor in considering the workability of 
BFS/FA-AAM. With the increase of the l/b ratio, the dimensional flowability is increased. 
Water demand is affected by several factors, including particle size and shape distribution and 
specific surface area[45]. It is recommended to use the w/b ratio ( the mass ratio of water and 
binder) instead of the l/b ratio to obtain more precise results for further study.   

(a) (b) 

Figure 5: Effect of l/b ratio on BFS/FA-AAM: (a) effect on strength; (b) effect on flowablity 
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4. CONCLUSIONS

In this paper, a theoretical foundation of the strength development of BFS/FA-AAM is built.
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. For further study of mix design, 
a quantitative relationship between these factors and strength is required.  
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