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ARTICLE INFO ABSTRACT

Keywords:
Slag and fly ash-based alkali-activated mate-

In this paper, a series of experiments were conducted to systematically and quantitively explore the effects of
control factors on the early age properties, i.e., workability and strength of slag and fly ash-based alkali-activated
rials paste (BFS/FA-AAP). The control factors on the workability (flowability and setting time) of BFS/FA-AAP include
Control factors the NayO/b ratio, the SiO3/NayO ratio, the w/b ratio, and the BFS/b ratio. The control factors on strength

Flowabilit

Sez:;’;glﬁln}:e (compressive strength and flexural strength) of BFS/FA-AAP further also include the curing condition and the
Strength curing age. The results show that a higher BFS/b ratio and NayO/b ratio could increase the strength while
Mix design decreasing the workability. A higher w/b ratio could increase the workability while slightly decreasing the

strength. Higher SiO2/NayO ratio increases both strength and workability. Despite that, higher Na;O/b ratio and
Si03/Nay0 ratio could hinder the strength development. Sealed curing condition is proved to be a simple but
efficient way to assure the steady strength development of BFS/FA-AAP. Although the strength of BFS/FA-AAP
could generally stabilize after 90 days, the strength development rate varies with different mix proportions. In
addition, a general methodology have been proposed to predict the compressive strength of BFS/FA-AAP and
verified with experiments. Finally, a mix design table is proposed for the preliminary design of BFS/FA-AAP
according to the principle of satisfying early age requirements.

1. Introduction

The application of alkali-activated materials as an alternative to
cement-based materials has substantial economic and environmental
benefits because it can reduce not only CO2 emission but also industry
waste disposal [1-4]. Previous researches have shown that a good
overall performance could be achieved when alkali-activated material is
made by blast furnace slag (BFS) and fly ash (FA), sodium hydroxide,
and sodium silicate [5-11]. Compared with cement-based material, slag
and fly ash-based alkali-activated materials (BFS/FA-AAM) has lots of
advantages, such as rapid strength gaining, low thermal conductivity,
high volume stability, fire resistance, and chemical erosion resistance.
Recently, BFS/FA-AAM has received more and more attention from the
academic field. A large number of researchers studied its fresh and
hardened properties.

The workability of the BFS/FA-AAM has a direct influence on
pumping and processing. Nedeljkovic et al. [12] reported that
BFS/FA-AAM with a higher FA content enables an enhancement in

* Corresponding author.

workability. Deb et al. [9] found that the decrease of alkali solution to
binder ratio from 0.4 to 0.35 reduces the workability. The research of
Oderji et al. [13] shows that when sodium silicate content is 8%, the
workability of BFS/FA-AAM is optimal. Vikas et al. [14] pointed out that
BFS/FA-AAM with the molarity of sodium silicate larger than 2.85 could
achieve better workability compared to that with a molarity of 1.99.
Fang et al. [15] reported that the workability of BFS/FA-AAM decreases
with an increase of sodium hydroxide molarity.

Appropriate setting time of BFES/FA-AAM is of great importance since
it affects the transportation, pouring process, and construction speed.
The study of Humad et al. [16] proved that BFS/FA-AAM with high FA
content is successful in delaying the setting times. Fang et al. [15] found
that a higher alkali solution to binder ratio prolongs the setting time of
BFS/FA-AAM. Samantasinghar and Singh [17] reported that the setting
times of BFS/FA-AAM drop rapidly with the concentration of sodium
hydroxide from 2 M to 16 M. Vikas et al. [14] reported that the setting
time of BFS/FA-AAM increases with the molarity of sodium silicate
(from 1.99 to 2.85). Ouyang et al. [18] pointed out that when the
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activator modulus changes, the influence of BFS content on the setting
time and workability of BFS/FA-AAM presents different trends.

Strength is the most valuable characteristic of BFS/FA-AAM as a
building material. Sajjad et al. [13] reported that the compressive
strength of BFS/FA-AAM could be improved by increasing BFS content.
According to the study of Oderji et 1. [13], the optimum concentration of
sodium silicate is 8% with consideration of compressive strength. The
optimum molarity of sodium silicate is found to be 1 in the study of
Ouyang et al. [18]. Fang et al. [15] found that the compressive strength
of BFS/FA-AAM increased with the decrease of alkali solution to binder
ratio, as well as the increase of molarity of sodium hydroxide. Similarly,
the research of Saha and Rajasekaran [19] shows that the compressive
strength of BFS/FA-AAM increases with the increase of sodium hy-
droxide concentration from 6 M to 16 M. Nevertheless, some researchers
report that there is an optimum value of sodium hydroxide concentra-
tion. For example, the result of Samantasinghar and Singh [17] indicates
that the optimum value of sodium hydroxide concentration is 8 M, while
the research of Singh et al. [20] shows that the optimum value is 14 M.
Rashad et al. [21] indicated that the tendency of flexural strength
development and compressive strength development in BFS/FA-alkali
activated mortar is similar, which are both influenced by the ratio of
fly ash and slag. Chi et al. [22] further proved it and found that the
flexural strength of BFS/FA-alkali activated mortar could be influenced
by the dosage of NayO. The results of Fang et al. [15] revealed that a
higher molar ratio of sodium silicate could improve the flexural strength
of BFS/FA-alkali activated mortar, while the sodium hydroxide to so-
dium silicate ratio does not influence it. Nath et al. [23] conducted ex-
periments and obtained the relationship between the flexural strength
and the compressive strength of BFS/FA-alkali activated concrete by
fitting the experimental data (f..; = 0.93 VI

All these researches have provided insights on how different influ-
encing factors affect the properties of the BFS/FA-AAM. Although
extensive research has been carried out, no single study exists which
systematically studies all the influencing factors on BFS/FA-AAM. Due
to the complexity of the system, there is not yet an unified definition of
influencing factors. For example, the molar ratio of sodium silicate and
the concentration of sodium hydroxide vary from different sources
which leads to a vague sodium silicate to sodium hydroxide ratio. Using
the alkali activator to binder ratio could lead to inconsistent results
because the reaction components and water in the activator have the
opposite effect. Nevertheless, the definition of the water to binder ratio
is different from the literature since water exists not only in additional
tap water but also in sodium hydroxide and sodium silicate solution.
Previously published studies on the effect of some factors are not
consistent. Because a combined effect exists, solely discussing the in-
fluence of a factor without considering the difference in other compo-
nents might lead to completely different conclusions.

The unclear definition of influencing factors and inconsistent results
further causes difficulties in forming an unified mix design method of
BFS/FA-AAM. Existing literatures have put forward some mix pro-
portions with good performance, most of which are based on extensive
experimental screening [24-30]. The mixtures are difficult to replicate
because not all the essential parameters are considered in the mix design
procedure, or the studies failed to give detailed design steps, and are
limited to specific experimental conditions [31]. Currently, the appli-
cation of FA/BFS-AAM has been mostly restricted by the lack of a mix
design methodology. The urgent task of popularizing BFS/FA-AAM is to
put forward a suitable, practical, and straightforward mix design
method.

Unlike cement material, the composition of BFS/FA-AAM is more
complex. It is more meaningful to study the mix proportion from the
perspective of chemical composition (control factors) rather than the
perspective of raw material content. Therefore, 5 most representative
factors are selected in this research as control factors of early properties
of BFS/FA-AAM which include the NayO/b ratio, the SiO5/Na5O ratio,
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the w/b ratio, the BFS/b ratio, and the curing age. It is known that
cement paste plays a decisive role in the compressive strength and
setting time of ordinary portland cement concrete. Likewise, the per-
formance of alkali-activated paste determines the compressive strength
and setting time of the alkali-activated concrete. Moreover, it is worth
noting that the workability of alkali-activated concrete depends not only
on water content but also on the proportion of other components in the
paste. Previous researches have shown that the workability of alkali-
activated concrete could change greatly with different mix proportion
of its paste [15,21,32,33]. Therefore, the workability of paste could be
an important indicator for designing the flowability of alkali-activated
concrete. The main purpose of this study is to understand how the
control factors influence the fresh and hardened properties of slag and
fly ash-based alkali-activated paste (BFS/FA-AAP). Another goal of this
paper is to establish evaluation methods for early age properties i.e.,
flowability, setting time, strength of BFS/FA-AAP according to the mix
proportion, and to build a mix design method of BFS/FA-AAP according
to the requirements of early age properties.

2. Experimental procedure
2.1. Materials

BFS from ECOCEM (Moerdijk, The Netherlands) and class F FA from
VLIEGASUNIE (Amsterdam, The Netherlands) were used as precursors
to prepare the BFS/FA-AAP in this study. BFS has a specific gravity of
2890 kg/m® and a 100% vitreous phase content, while FA has a specific
gravity of 2300 kg/m> and a vitreous phase content of 68%. The
chemical composition of the precursor determined by X-ray fluorescence
(XRF) is listed in Table 1. The basicity coefficient (Kb=(CaO + MgO)/
(SiO2+Al303)) of BFS is 0.95, and the quality coefficient (HM=(CaO +
MgO + Al;03)/Si03) of BFS is 1.6, indicating that this BFS has high
reactivity [34,35]. The aluminum saturation index (ASI = Al;03/(Na0O
+ Ko0+2Ca0)) of FA is 2.55, which represents that Al acts as both
network former and network modifier [36,37]. The particle distribution
of BFS and FA is detected by laser diffraction using a particle analyzer
Malvern Mastersizer 2000 E (See Fig. 1). The average particle sizes
(D50) of BFS and FA are 8.5 pm and 8.3 pm, respectively. The
morphology of BFS and FA particles is observed by a scanning electron
microscope (SEM) 505 Philips (see Fig. 2). BFS particles are irregular
while FA particles consist of spheres, cenospheres, and pherospheres
[38].

The activators used in this study are sodium silicate and sodium
hydroxide, both of which are from BRENNTAG (Deerlijk, Belgium). The
chemical composition of sodium silicate solution is 27.5 wt% SiO,, 8.25
wt% Nay0, and 64.25 wt% H,0. The sodium hydroxide used in this

Table 1

Chemical composition of BFS and FA measured by XRF (wt%).
Element BFS FA
SiO, 31.1 56.7
Ca0 40.9 3.74
Al,03 13.7 24
MgO 9.16 1.75
Fe,03 0.401 2.3
MnO 0.31 0.0579
CuO 0.0054 0.0149
Rb 0.0032 0.0109
SO3 2.31 1.04
ZrO, 0.119 0.103
SrO 0.0741 0.129
TioO 1.26 1.16
As 0.0006 0.0071
ZnO 0.003 0.0238
K0 0.685 -
NayO - 1.94

Other components 0 7.0234
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Fig. 1. Particle size distributions of BFS and FA.

study is hygroscopic pearls with 99% of NaOH. The final activators were
prepared by pre-dissolving sodium hydroxide in sodium silicate and tap
water according to the mix proportion a day before casting.

2.2. Mixture proportions and mixing protocols

Two experiments were designed to comprehensively investigate how
the control factors influence the early age properties of BFS/FA-AAP.
The control factors and levels considered are listed in Table 2. All ra-
tios in the table are mass ratios. “w” refers to the sum of water from both
activators and additional tap water. “b” refers to the sum of BFS and FA.
“NayQ” refers to the sum of Na,O in the activator from both sodium
hydroxide and sodium silicate. “SiOy” refers to silica equivalent in so-
dium silicate activator.

Specifically, experiment 1 is for studying the effect of Na,O/b, SiOy/
NapO ratio on the flowability, setting time, flexural strength, and
compressive strength of BFS/FA alkali-activated materials. Experiment
1 also studies the effect of curing conditions on flexural and compressive
strength of BFS/FA alkali-activated materials. The BFS/b ratio of 0.5 and
the w/b of 0.4, as the most commonly used parameters in the research of
BFS/FA-AAM, were used in experiment 1. For comparison, 2 sets of the
specimen with the same mix proportion were cured in different condi-
tions: the standard condition (>95% relative humidity, 20 + 2 °C) and
sealed condition (sealed 2 layers with plastic wrap, 20 + 2 °C) till the
testing day(1 d, 7 d, 28 d, 56 d, 90 d). Experiment 2 is for investigating
the effect of the BFS/b ratio and the w/b ratio on the flowability, setting
time, flexural strength, and compressive strength of BFS/FA alkali-

(a) BES
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activated materials. The Na;O/b ratio and the SiO5/Na5O ratio are 5%
and 1.5, respectively. The parameters are most frequently used in the
research of BFS/FA-AAM. All specimens were cured at the sealed con-
dition till the testing day (1 d, 7 d, 28 d, 56 d, 90 d).

According to Table 2, the BFS/FA-AAP mixtures were prepared in a
Hobart mixer by the following procedure: 1) All solid materials were
premixed for 2 min at a mixing speed of 140 rpm; 2) The alkali-activated
solution was then added and mixed for 1min at 140 rpm; 3) The layer of
material sticking to the mixing arm, the walls, and bottom of the mixing
bowl was scraped and recollected during the 30 s of rest. 4) The mix
continued to be mixed at 285 rpm for 1 min 30 s.

2.3. Testing program

From the addition of activator till 5 min, 15 min, 30 min, 45 min, 60
min, the flowability of BFS/FA-AAP was measured at each time point by
a mini-slump test [12] according to the following steps: 1) The fresh
mixture was poured into a slump cone (a top inner diameter of 38 mm, a
bottom inner diameter of 62 mm, and a height of 40 mm) that was
placed in the center of a flow table; 2) The cone was lifted and the di-
ameters of the subsided mixture were measured in two vertical di-
rections. The average value is recorded as flowability.

The initial and final setting times of BFS/FA-AAP were measured by
an automatic recording Vicat needle apparatus according to BS EN
196-3:2016. The setting time tests were conducted at 20 °C and 60%
relative humidity. Starting from the moment of adding alkali-activated
solution, the time at which the test needle of the apparatus sinks 6 +
3 mm from the bottom plate was recorded as the initial setting time, and
the time at which the test needle sinks into the BFS/FA-AAP no more
than 0.5 mm was recorded as the final setting time.

The compressive strength and flexural strength of BFS/FA-AAM were
tested according to EN 12390-4-2000. After proper mixing, the mixtures
were cast in molds (40 x 40 x 160 mm®) and immediately covered with
a plastic layer to avoid evaporation of water. All specimens were stored
in a room with a temperature of 20 °C and relative humidity of 60%. The
specimens were demolded after 1 day, then cured at the curing condi-
tions mentioned above till the testing day. The flexural strength is
measured by a three-point bending test. The two halves of the specimens

Table 2
Factors and levels considered.

Factors Levels (experiment 1) Levels (experiment 2)
NayO/b 2%; 4%; 6%; 8%; 10% 5%

Si0,/Na0 0;0.5;1;1.5; 2 1.5

BFS/b 0.5 0; 0.25; 0.5; 0.75; 1
w/b 0.4 0.3; 0.35; 0.4; 0.45; 0.5

Fig. 2. SEM images of BFS and FA particles.
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were then used for testing the compressive strength. The flexural
strength was calculated as an average value of 3 samples, and the
compressive strength was calculated as an average of 6 samples. The
standard deviation was calculated as well.

3. Results and discussion
3.1. Effect of control factors on the flowability of BFS/FA-AAP

3.1.1. The NaO/b ratio and the SiO3/Naz0O ratio

The effect of the NayO/b ratio and SiO3/NayO ratio on the 5 min
flowability of BFS/FA-alkali activated paste with 0.5 BFS/b and 0.4 w/b
is displayed in Fig. 3. Compared with the sample activated by sodium
hydroxide alone, the flowability of the sample with the introduction of
sodium silicate significantly improved by 60 %-90%. Moreover, the
flowability growth with SiO3/Nay0 ratio is found to be non-linear. For
example, compared with the flowability of the sample without SiOo, the
flowability of BFS/FA-AAP with SiO5/NayO ratio of 0.5 increases 40-60
mm. This is probably due to the thickening of the solution [39]. The
activated solution with a higher SiO,/Na5O ratio might provide a better
coating on the surface of the precursor particles. Since the rolling fric-
tion between the particles is reduced, the flowability might keep
increasing with the SiO5/NayO ratio till the wrapped solution reaches a
certain thickness, and the lubrication effect is fully satisfied. However,
when the SiO5/NayO ratio is between 0.5 and 2, the growth of flow-
ability with the SiO2/NayO ratio shows a steady and gentle trend. It is
mainly because the increase in total solution volume leads to a slightly
higher dispersion of the precursor particles. For example, the increase
rate of the solution to water ratio with SiO5/NayO ratio for BFS/FA-AAP
with NayO/b ratio of 2%, 4%, 6%, 8%, 10% is 0.07, 0.13, 0.20, 0.27,
0.33, respectively.

Similarly, the flowability of BES/FA-AAP increases with the increase
of NayO/b ratio due to the higher particle dispersion. The result shows
that the flowability of BFS/FA-AAP increases approximately 12 mm with
every 1% increase of the NayO/b ratio. However, the positive effects of
particle dispersion on flowability could be offset by rapid condensation.
When the NayO/b ratio surpasses 8%, the flowability drops markedly
with a higher NayO/b ratio. This is because a higher concentration of
OH™ accelerates the dissolution process. Due to the decomposition effect
of OH™, more ions available for polymerization could be dissolved in the
solution [39-41]. Besides, it is observed that this phenomenon is more
obvious when SiO; is introduced. This is mainly because the soluble Si in
the solution could further improve the condensation as a nuclear site

240
200
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Fig. 3. Effect of NayO/b ratio and SiO,/Na,O ratio on the flowability of BFS/
FA-AAP (BFS/b = 0.5; w/b = 0.4).
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[42]. With every 1% increase of the NayO/b ratio, the flowability de-
creases by 0%, 34%, 17%, 4%, 9% with the SiO/NayO ratio of 0, 0.5, 1,
1.5, 2, respectively. It indicates that the reaction rate is the highest when
the dissolution rate and the condensation rate reach a balance. It occurs
when the SiO5/NasO ratio is around 0.5-1, which shows the fastest
decline in flowability.

With the progress of the reaction, the mixtures with different NayO/b
ratios and SiOy/NayO ratios show different flowability decreasing rates.
As depicted in Fig. 4(a), no significant change in flowability over time is
observed when the sample is activated by only sodium hydroxide. In
comparison, the flowability of BFS/FA-AAP drops steadily with time
when sodium silicate is introduced in the solution. It demonstrates that
the reaction of BFS/FA-AAP activated by sodium silicate could be
stimulated because soluble Si attracts the released reaction ions [42]. In
addition, the result indicates that the flowability decreases faster with
time when BFS/FA-AAP has a higher Na;O/b ratio (see Fig. 4(b)). After
1 h, the flowability decreases by 12% and 39% when the Na;O/b ratio is
2% and 6%, respectively. In presence of silica, the flowability of the
mixtures at 15 min and after could not be tested when the NayO/b ratio
is 10%. This could be attributed to the fast reaction rates caused by the
higher concentration of OH™ and the existence of nucleation sites. As
time increases, the higher the NayO/b ratio, the more ions could be
released and absorbed by soluble Si. Hence, the flowability decreases as
the polycondensation of reaction products in the systems increases.

3.1.2. The BFS/b ratio and the w/b ratio

The effect of the BFS/b ratio and the w/b ratio on the flowability of
BFS/FA-AAP is presented in Fig. 5 (when NayO/b = 0.5; SiO2/Na0 =
1.5). With every 0.1 increase of the BFS/b ratio, the flowability value of
BFS/FA-AAP decreases by around 6 mm. The result reveals that
increasing the BFS/b ratio could reduce the flowability of BFS/FA-AAP.
As shown in Fig. 2, higher content of BFS is associated with more
irregular particles (BFS) and less spherical particles (FA). Accordingly,
due to the increase of surface area as well as the decrease of “lubrication
effect”, more water is required for BFS/FA-AAP with a high BFS/b ratio
to obtain appropriate workability.

Conversely, it can be seen that increasing the w/b ratio from 0.3 to
0.5 increases the flowability. This is consistent with the research of other
researchers [43,44]. With every 0.1 increase in the w/b ratio, the
flowability of BFS/FA-AAP increases by approximately 47 mm. In
addition, when the w/b ratio is around 0.4, BFS/FA-AAP is in a plastic
state (189-246 mm) in all the ranges of the BFS/b ratio. The “plastic
state” refers to the state in which the paste will neither lose its flow-
ability due to too little water nor has a bleeding problem due to too
much water.

The effect of the BFS/b ratio on flowability overtime for the samples
with 5% NapO/b, 1.5 SiO2/Nay0, and 0.4 w/b is shown in Fig. 6(a). The
flowability of BFS/FA-AAP with a BFS/b ratio of 0 declines slowly (only
1% per hour). However, when the BFS/b ratio is 1, the flowability of BFS
-AAP drops dramatically and could not be tested after 30 min. The huge
difference in flowability changes is due to the different reactivity of FA
and BFS at ambient temperature. Compared with BFS, FA has not only a
relatively lower glassy phase content but also lower content of network
modifiers (Ca) [34,35,45]. As a result, the flowability of BFS/FA-AAP
with a higher BFS/b ratio tends to decrease faster over time due to a
relatively higher reaction rate.

The flowability decreasing rate of BFS/FA-AAP with different w/b
ratios are similar, as shown in Fig. 6(b). It suggests a weak link exists
between the w/b ratio and the reaction rate. The result is consistent with
previous studies which revealed that water acts merely as an alkali
carrier in the alkali-activated reaction [46-49].

3.2. Effect of control factors on the setting time of BFS/FA-AAP

3.2.1. The Na,O/b ratio and the SiO5/Na0O ratio
The influence of the NayO/b ratio and SiO,/NayO ratio on the setting
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time of mixtures with 0.5 BFS/b and 0.4 w/b is shown in Fig. 7. When
the NayO/b ratio is 2%, BFS/FA-AAP begins to lose the plasticity at
around 4 h and starts to develop strength at about 9 h. In comparison,
when BFS/FA-AAP has higher alkali content (NayO/b ratio of 6% and
10%), the initial setting time and final setting time of BFS/FA-AAP
decrease by about 56% and 74%, respectively. The result reflects that
BFS/FA-AAP with a high NayO/b ratio tends to set faster, which is
associated with a faster reaction rate. The higher concentration of OH™
can lead to an more intense attack, which releases more available re-
action ions in the solution for further polymerization. The fact that
increasing the NapO/b ratio over 6% only slightly reduced the setting
time is because of the “retarding effect” of excess OH . When the con-
centration of OH™ is too high, the dissolution of Ca(OH); is reduced, and
a thin layer of Ca(OH); might form on the surface of BFS particles
[50-52]. Accordingly, the released Ca is less capable of reacting with Al
and Si and forming the CASH gel. Furthermore, excess OH™ also causes
Al-Si gel precipitation at the very early stage on the surface of the FA
particles, so the subsequent polymerization is hindered.

In addition, it is found that BFS/FA-AAP could have a slightly lower
initial setting time when SiO, is introduced in the system. This is
consistent with the rapid flowability decrease. More soluble Si added
into the reaction system could attract more released ions thus acceler-
ating the formation speed of reaction products. On the other hand, the
final setting time decreases significantly with the SiOy/NayO. It is
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Fig. 6. Effect of BFS/b ratio and w/b ratio on the flowability of BFS/FA-AAP with time.
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Fig. 7. Effect of the Na,O/b ratio and the SiO,/NayO ratio on setting time of
BFS/FA-AAP (BFS/b = 0.5; w/b = 0.4).

reasonable because more reaction products are generated in the alkali-
activated solution, thus the interparticle bonding is increased and the
creation of a denser and more homogenous structure could be acceler-
ated [53-55].

3.2.2. The BFS/b ratio and the w/b ratio

Fig. 8 illustrates the effect of the BFS/b ratio and the w/b ratio on the
setting time of the mixtures with 0.5 NayO/b and 1.5 SiO2/Nag0. When
the BFS/b ratio is O, It takes around 15 h and 4 d for the paste to reach
the initial setting time and final setting time, respectively. However, It is
observed that the final setting time of BFS/FA-AAP can be reached
within 3 h when the BFS/b ratio is 0.5, and an even shorter final setting
time when BFS/b is 1.0. The big difference in setting time proves that the
BFS/b ratio is the dominant control factor of setting time among the 4
control factors. Therefore, it is important to incorporate FA in BFS-AAP
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Fig. 8. Effect of BFS/b ratio and w/b ratio on setting time of BFS/FA-AAP
(NazO/b = 0.5; SiO5/Naz0 = 1.5).
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to reach a reasonable setting time at ambient curing temperature.

It can be seen that a higher w/b ratio slightly influences the setting
time of BFS/FA-AAP with low BFS content, while hardly influencing that
of BFS/FA-AAP with high BFS content. When the BFS/b ratio is 0, the
final setting time is increased by approximately 15 h with every 0.05
increase of the w/b ratio. On the contrary, when the BFS/b ratio of BFS/
FA-AAP is 0.5-1, the increase of final setting time is around 1 h with
every 0.05 increase of the w/b ratio. The influencing degree of water on
the reaction of BFS/FA-AAP mainly depends on the reactivity of the
precursors. If the glass phase content and network modifiers content of
the precursor is high, the impact of the dilution is negligible compared
with the rapid connection speed. Conversely, if the reactivity of the
precursor is low, the impact of diluting alkali-activated solution could be
amplified.

3.3. Effect of control factors on the strength of BFS/FA-AAP

3.3.1. The NazO/b ratio, the SiO2/Naz0 ratio, and curing condition

The effect of the NasO/b ratio and the SiO5/NasO ratio on the
compressive strength of mixtures with 0.5 BFS/b, 0.4 w/b, cured under
sealed condition for 90 d is presented in Fig. 9(a). Both the NayO/b ratio
and the SiOy/NayO ratios could remarkably influence compressive
strength. As shown in Fig. 9(a), the compressive strength of BFS/FA-AAP
first increases and then decreases with the increase of the Na,O/b ratio.
It reaches a peak when the NayO/b ratio is around 6 %—8%. For example,
when SiO2/Nay0O ratio is 1, the compressive strength of BFS/FA-AAPs
with NayO/b ratio of 6% and 8% reach 80 MPa, which is twice the
value of BFS/FA-AAP with a Na;O/b ratio of 2% and 1.2 times the value
of BFS/FA-AAP with a NayO/b ratio of 10%. It is obvious the higher
content of OH™ accelerates the destruction-coagulation period [34,56,
57]. The higher amount of released monomers have a higher tendency to
be connected. Nevertheless, too high OH™ could lead to a negative effect
on the strength because of the following reasons: 1) A Ca(OH); layer on
BFS particles hinders the formation of CASH gels. 2) The early precipi-
tated Al-Si gel on FA particles impacts subsequent polymerization. 3)
The efflorescence caused by excess Na reduces the density of the
microstructure [58,59], which was observed in the specimen with 10%
Nay0 in this study.

The compressive strength of BFS/FA-AAP shows an upward trend as
the ratio of SiO2/NagO increases in the range of 0-1. For instance, the
compressive strength of BFS/FA-AAP activated by only sodium hy-
droxide is around 20-30 Mpa. However, when the SiO5/Na,O ratio rises
to 1, the compressive strength of BFS/FA-AAP increases by 1.3-2.7
times. It illustrates that introducing SiO5 in activators significantly im-
proves the strength. The structure-forming element (Si) in the solution
could act as nucleation sites, which promotes the development of
strength from two aspects [57]. On the one hand, more reaction ions
from the precursor particles are dissolved into the solution because the
condensation on the nucleation sites keeps the undersaturation degree
of reaction ions at a high level. Inevitably, the reaction is accelerated. On
the other hand, since the reaction products could not only form on the
surface of BFS particles but also in the solution, a denser microstructure
could be generated. However, as the SiO2/Na5O ratio increases from 1 to
2, the increased tendency of strength is slowing down. This is because
the Si in the solution keeps continuously saturated. As a result, the Si
remaining on the precursor particles becomes a barrier, which hinders
the further dissolution of other reaction ions [42,60]. Besides, excess
SiO species could precipitate in the form of polymerized SiO4, which
might inhibit the precipitation of zeolite crystals and impact the sub-
sequent polymerization of NASH gel [61,62].

As depicted in Fig. 9(b), the effect of the Na;O/b ratio and the SiO2/
NayO ratio on the flexural strength is similar to their effect on
compressive strength. It is worth noting that the flexural strength value
fluctuates greatly, compared with the compressive strength value. In
general, the flexural strength of BFS/FA-AAP is approximately 1/9 of the
compressive strength.
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Fig. 9. Effect of Na,O/b ratio and SiO2/Nay0 ratio on strength of BFS/FA-AAP (BFS/b = 0.5; w/b = 0.4, cured under sealed condition for 90 d).
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Fig. 10. Strength level of BFS/FA-AAP with different combination of the Na;O/b ratio and the SiO»/Na,O (BFS/b = 0.5; w/b = 0.4, curing day = 90 d).

A polynomial fitting model is established to study the quantitative
effect of the Nap,O/b ratio and the SiO/NayO ratio on the compressive
strength of BFS/FA-AAP (see Fig. 10). The compressive strength is
distinguished by different colors. Each degree of compressive strength
(color) is related to a range of combinations of NasO/b ratio and SiOy/
NayO ratio. For example, a compressive strength higher than 80 MPa
could be obtained when an appropriate combination of NapO/b ratio
and SiO2/Nay0 ratio is adopted (the NapO/b ratio = 6 %-8%; the SiOy/
NayO ratio = 1.2-2). An equation of polynomial surface fitting based on
least squares is derived (see Eq. (1)). The R? of the equation is 0.88 and
the confidence coefficient is 95%.

In which: X; is the NayO/b ratio (%); Xz is the SiO3/NayO ratio; f, (X1,
X2,0.4, 0.5, 90) is the compressive strength of BFS/FA-AAP with the
w/b ratio of 0.4, the BFS/b ratio of 0.5, and sealed curing at ambient
temperature for 90 days.
Despite the specimens being cured in sealed condition (sealed, 20 +
2 °C), a batch of specimens was cured in a standard curing room (>95%
relative humidity, 20 + 2 °C) to investigate the effect of curing condition
on the strength of BFS/FA-AAP. The comparison of the compressive
strength of BFS/FA-AAP under two different curing conditions is shown

fo(Xy, X;,0.4,0.5,90)= — 1.33 +12.3X,; +42.68X, — 1.04X,? +2.37X, X, — 17.05X,* (@))
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Fig. 11. Comparison of the strength of BFS/FA-AAP under two different curing conditions.
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Fig. 12. Efflorescence when BFS/FA-AAP specimens are cured with high humidity.

in Fig. 11. Similar trends are found considering the effect of the Na;O/b
ratio and the SiO3/NayO ratio on the compressive strength of BFS/FA-
AAP. However, the compressive strength values associated with stan-
dard curing conditions fluctuate greatly and are generally 16% lower
than the compressive strength associated with the sealed condition.
The fluctuating and lower compressive strength is mainly caused by
the efflorescence. This is manifested in the appearance of white power
(NaHCOs) on the surface of specimens with a high Na,O/b ratio. It can
be observed that efflorescence occurs in BFS/FA-AAP specimens with a
NayO/b ratio higher than 6% after 14 days of exposure in high humidity
air (see Fig. 12(a)). In comparison, no efflorescence was detected in the
specimens curing with sealed conditions (See Fig. 12(b)). Under a high
humidity circumstance, the excess Na from the alkali activator could
leach out to the pore solution and react with atmospheric CO, and H,O

(see Egs. (2) and (3)) [63-65]. This shows that sealed curing could be a
promising method to ensure the steady strength development of
BFS/FA-AAP.

2NaOH + CO; < Na,COs + H,0 (2)

Na2C03 +H20 + COZ « 2NLIHCO3 (3)
3.3.2. The BFS/b ratio, the w/b ratio, and curing day

It is known that the strength of mortar is controlled by paste because
sand has a much higher strength compared with paste [66]. For
obtaining more stable compressive strength results, mortar specimens
were used to study the effect of the BFS/b ratio, the w/b ratio, and
curing day on the strength of BFS/FA-AAP. The mix proportion is shown
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in Table 2 (experiment 2). The sand/b ratio is 3. The results are shown in
Fig. 13. It is found that the strength of the sample decreases when the
w/b ratio increase from 0.3 to 0.5. With every 0.1 increase of w/b ratio,
the value of compressive strength and the flexural strength decrease by
around 14 MPa and 2 MPa, respectively. This indicates that a denser
microstructure is associated with less water content. Since water hardly
participates in the alkali-activated reaction, the excess water in the
materials could transform to pores, which could be harmful to strength
[67-70].

In comparison, the effect of the BFS/b ratio on the strength of BFS/
FA-alkali activated mortar is much larger than the effect of w/b
because it greatly determines the reaction mechanism. As shown in
Fig. 13(a), when the w/b ratio is 0.4 (good flowability), the compressive
strength of the sample with a BFS/b ratio of 0 is 13 MPa. Compared with
it, the compressive strength of the sample with a BFS/b ratio of 0.5 and 1
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strength of BFS/FA-alkali-activated mortar.

rise by 8 times (103 MPa) and 10 times (137 MPa), respectively. The
BFS/b ratio is a key factor in compressive strength because it greatly
determined the composition and structure of the reaction product. When
the BFS/b ratio increases, the increase of Ca/Si and Si/Al ratios gradu-
ally results in a larger amount of CASH gel, which has a higher space-
filling ability than NASH gel [18,71,72]. Due to the increasing
cross-linking degree of the reaction products, a more homogenous and
compacted structure is produced. Despite that, it is observed that the
increase of compressive strength with the BFS/b ratio is not linear but
tends to be logarithmic. With every 0.25 increase of the BFS/b ratio, the
compressive strength of BFS/FA-AAP increased about 54 Mpa, 30 MPa,
17 MPa, 8 MPa, respectively. It demonstrates that the two precursors do
not react separately but develop in synergy with each other to some
extent [39]. The addition of a certain proportion of FA will not greatly
impact the strength, but it provides the benefits of retarding setting time

0.8

0.6

0.4
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Fig. 14. Influence coefficient of compressive strength of BFS/FA-alkali activated mortar with different combinations of the BFS/b ratio and the w/b ratio (curing day

=90 d).
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and increasing the flowability of BFS/FA-AAM. With this consideration,
a reasonably designed BFS/FA ratio of BFS/FA-AAM is crucial for the
application.

Fig. 13(b) illustrates the effect of the BFS/b ratio and the w/b ratio
on the flexural strength of BFS/FA-alkali-activated mortar. The effect of
both factors on flexural strength is similar to their effect on compressive
strength. In general, the flexural strength of BFS/FA-alkali-activated
mortar is approximately 1/9 of the compressive strength.

Assuming the 90 days compressive strength of BFS/FA-alkali acti-
vated mortar with a NayO/b ratio of 5% and a SiO5/NaO ratio of 1.5 is
1, the influence coefficient of the BFS/b ratio and the w/b ratio could be
calculated, as presented in Fig. 14. The influence of the BFS/b ratio and
the w/b ratio on the compressive strength could be quantitatively
described by Eq. (4). The equation is derived by polynomial surface
fitting based on least squares. The R? of the equation is 0.89 and the
confidence coefficient is 95%.

Coe.(X3, Xy)= —137X;+1.04X, + 1 )

In which: X3 is the w/b ratio; X, is the BFS/b ratio.

Former studies have proved that the strength of BFS/FA-AAP de-
velops till 90 days. After that, the strength of BFS/FA-AAP remains
stable [12]. Assuming that the compressive strength of BFS/FA-AAP
reaches 100% at 90 days, the strength development of BFS/FA-AAP
with different control factors could be illustrated by Figs. 15-18.

As shown in Fig. 15, the compressive strength development degree
varies a lot with different BFS/b ratios. When the BFS/b ratio is 1, the
compressive strength of BFS/FA-alkali activated mortar develops loga-
rithmically. It reaches 34%, 71%, 91%, 99%, 100% at 1 d, 7 d, 28 d, 56

L(X1, X2, X5, X4, X5)=(— 1.33+12.3X; +42.68X, — 1.04X,> +2.37X, X, — 17.05X,%) - ( — 1.37X;5 + 1.04X, + 1)-0.2In(X; + 11.31)

d, 90 d, respectively, which indicates high early strength. However,
when the BFS/b ratio is 0, the compressive strength of BFS/FA-alkali
activated mortar increases nearly linearly with time. It is known that
higher alkaline earth cation (Ca, Mg) gives rise to the degree of frame-
work disorder, nonbridging oxygen atoms content as well as the for-
mation of little content of weak and reactive Al-O-Al bonds [73,74].
BFS with high higher alkaline earth cation content mainly plays a role in
the 28 days because the high dissolution rate accelerates the conden-
sation of reaction products on the BFS particles, thereby hindering the
further reaction. While FA with low alkaline earth cation content plays a
role for a longer reaction period. It can gradually release the reaction
ions and continually contribute to the strength till 90 days. As a result,
the higher the BFS/b ratio, the earlier the compressive strength de-
velops. It should be pointed out that the compressive strength devel-
opment speed of the sample with a BFS/b ratio of 0.5 is only slightly
lower than that of the sample with a BFS/b ratio of 1. It reaches 17%,
60%, 85%, 99%, 100% at 1 d, 7 d, 28 d, 56 d, 90 d, respectively. This
further illustrates that the FA can promote the BFS reaction by acting as
a coagulation nucleus [42]. More NASH gel is formed later and gradually
fills the pores. Furthermore, because of the exchange of Al and Ca in the
restructuration of CASH gel and NASH gel, a homogeneous structure is
produced [39,75].

The strength development of BFS/FA-alkali activated mortar with
different NagO/b ratios is presented in Fig. 16. When BFS/FA-alkali
activated mortar is activated by only sodium hydroxide, the compres-
sive strength development is similar regardless of the alkali concentra-
tion. However, when SiOs is introduced, the sample with a higher Na;O/
b ratio tends to have higher early strength. This is because the soluble Si
in the solution could keep the saturation degree of reaction ions (except
Si) at a low level. In the meantime, an activator with higher OH™ is more
capable of dissolving precursor particles.
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The effects of different SiO5/NasO ratios and w/b ratios on the
strength development of BFS/FA-alkali activated mortar is shown in
Figs. 17 and 18, respectively. The results show that the effect of SiOy/
NayO ratio and w/b ratio on compressive strength development of BFS/
FA-AAP is negligible.

Assuming the 90 days compressive strength of BFS/FA-alkali acti-
vated mortar is 1, an equation based on least squares is derived to
evaluate the compressive strength degree of BFS/FA-alkali activated
mortar at different ages (see Eq. (5)). The R? of the equation is 0.71 and
the confidence coefficient is 95%.

Coe.(Xs5) =0.2In(X;5 +11.31) (5)

In which: X5 is the curing day.

3.4. A mix design method of BFS/FA-AAP

3.4.1. Evaluation of early age properties

Based on the fitting results above, a strength predictive formula
could be obtained considering 5 control factors, including NayO/b ratio,
Si02/Nay0 ratio, w/b ratio, BFS/b ratio, and curing days (see Eq. (6)).
The formula is derived by multiplying Eq. (1) with the adjustment co-
efficient Egs. (4) and (5). It could be used to evaluate the compressive
strength of BFA/FA-AAP when the NapO/b ratio is between 0 % and
10%, the SiO5/Na>O ratio is between 0 and 2, the w/b ratio is between
0.3 and 0.5, the BFS/b ratio is between 0 and 1, and sealed curing at
ambient temperature.

(6)

In which: X; is the NayO/b ratio (%); X5 is the SiO5/Na5O ratio; X3 is
the w/b ratio; X4 is the BFS/b ratio; Xs is the curing days (d); f.(X1, Xz,
X3, X4, Xs5) is the compressive strength of BFS/FA-AAP that is sealed
and cured at ambient temperature (MPa).

To verify the strength predictive formula, 100 data points from 5
pieces of literature related to the compressive strength of BFS/FA-AAM
have been collected. All data in the literature are from mortar samples
cured under unsealed conditions. According to the mixed proportion
and the characteristic of the raw materials of each sample, the relative
control factors were first calculated. Afterward, the predictive
compressive strength of each sample was calculated by Eq. (6). The final
predicted results were obtained by multiplying the predicted value by an
unsealed curing reduction coefficient of 0.84 (the coefficient value could
be obtained from the results in section 3.3.1). Eventually, the final
predictive compressive strength results were compared with the real
experimental results (see Fig. 19).

The Pearson correlation coefficient of predictive value and test value
is 0.88, indicating that there is a high degree of linear positive correla-
tion between them. The error values could be obtained by subtracting
the test value from the predicted value. It is found that 59% of data
points have an error value within 10 MPa, and 90% of data points have
an error value within 15 MPa. A Wilcoxon signed-rank test is conducted
by SPSS to statistically evaluate the validity of predictive data. Ac-
cording to the test results, the median of the test value is 46 MPa, the
median of the predictive value is 47 MPa, and the median of error is
—1.34 MPa. The P-value of test value and predictive value is 0.75, which
indicates that the difference between the two groups is statistically
insignificant. The deviations mainly come from strength fluctuation
caused by unsealed curing (as illustrated in Fig. 11). In conclusion, Eq.
(6) could generally evaluate the compressive strength of BFS/FA-AAP.
However, to achieve high repeatability, further research should be
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Fig. 19. Verification of the compressive strength predictive formula.

conducted to reduce errors caused by the following possible reasons: 1)
the different chemical composition and particle size of precursors; 2) the
different curing conditions; 3) the different operations.

The predictive flexural strength of BFS/FA-AAP could be obtained by
dividing the predicted result of compressive strength by 9. Moreover, the
5 min flowability of BFS/FA-AAP and the setting time could be evalu-
ated by linear interpolation of the test results in sections 3.1 and 3.2.
Accordingly, the 3 most important properties of BFS/FA-AAP could be
calculated. And a mix design method could be proposed based on the
principle of satisfying the requirement of strength, flowability, and
setting time.

Table 3
BFS/FA-AAP design table.

3.4.2. A mix design method of BFS/FA-AAP

In order to carry out a simple approach for mix design of BFS/FA-
AAP, the BFS/FA-AAP design table is proposed (see Table 3). This
table could be used to do the mix design of BFS/FA-AAP considering
early properties (durability is not included). The AAP grade is the same
as the cement grade, which represents the compressive strength. For
example, 42.5 means that the compressive strength of BFS/FA-AAP after
hardening for 90 days (relatively stable strength) is 42.5 MPa. Besides, a
series of symbols are used to represent the different range of flowability
values. Light symbols mean high flowability, while dark symbols mean
low flowability. As a reference, the 5 min flowability of cement paste

Na,0/b (%)
Mix design of AAP AAP grade| BFS/b 2 4 6 [ 8 10
Si0,/Na,O
TR 0 0.89-2.45 % 0.90-2.71 0% 1.18-2.71 ®oAn
Note: with every 0.1 increase 025 0.782 AD 031-0.72M%0 | 020-0.52 ®AD® | 027-0.56 0Ac | 0.48-0.80 e Ame
of w/b ratio, compressive |, 5 3 (5T 035060 me%® | 0.04-026 mk 0-0.16 + 0.05-023 x®4 | 026044 eAm
strength decreases by 14 Mpa,
fowability increases by 47 075 | 016038 Ane 0-0.07 m 0-0.07 % 0.14-027 Am
o 1 0.06-0.22 oA 0.06-0.17 m
. ) 0.25 0.722.34 Ao 0.52-0.96 0ADO 0.56-0.96 0O | 0.80-1.25 *©AD®
Setting time (min)
- ' 42.5 (Ca0) |23 0.692.09 ® 0260.53 ®AL | 0.16-0.38 $%x® 0.23-0.44 0 0.44-0.66 » A
Initial>45  Final<600 0.75 0.38-0.65 #% 0.07-0.24 m® % 0-0.14 m 0.07-021 ® 027042 oA
Initial>240  Final>600 1 022040 Am 0-0.08 A 0-0.08 & 0.17-0.29 A
5 min flowability 0.25 0.96-2 Ao 0.96-3 A0 1.25-2.65 ®oA
Note: flowability increases 0.5 0.53-0.90 @ 0.38-0.64 AD® 0.44-0.68 oA 0.66-0.92 m & *x®©
with Si0,/Na,O ratio 323 (0 =5 0.65-1.12 % 0.24-0.44 X®4A 0.14-031 &% 021-0.37 A 042059 o
e 80-90 mm 1 0.40-0.62 & 0.08-0.22 Am 0-0.13 A 0.08-0.20 &% 0.29-041 e
A 90-100 mm 0.5 0.90-2.16 o 0.64-0.99 & 0.68-0.99 A 0.92-1.28 ©AD
 100-110 mm 62.5 (C60)| 0.75 1.12-1.66 *® 0.44-0.68 I 0.31-0.49 ®4 0.37-0.54 D0 0.59-0.78 o A
& 110-120 mm 1 0.62-0.94 & 0.22-0.38 #% 0.13-026 m 0.20-032 ® 0.41-0.54
* 120-130 mm 0.5 0.99-2.34 0 0.99-1.55 A 1282.61 Do
® 130-140 mm 72.5 (C70)| 0.75 0.68-1.04 & 0.49-0.72 Do 0.54-0.75 o 0.78-1 mex
A 140-150 mm 1 0.94-1.84 ®% 0.38-0.57 *® 0.26-0.41 &% 0.32-0.46 A 0.54-0.69 ®
I0 150-160 mm 0.5 1.55-2.07 0
@ 160-170 mm 82.5 (c8oy| 0.75 1.04-2.02 60 0.72-1.01 oA 0.75-1 oA 1-1.30 @A
0 170-180 mm 1 0.57-0.80 A 0.41-0.57 ® 0.46-0.62 I 0.69-0.86 Am
A 180-190 mm 0.75 1.01-2.32 Ao 1-1.40 Ao 1.30-2.59 AD®
92.5 (C90)
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with cement grade 52.5 and w/b ratio of 0.5 is 118 mm. According to the
setting time, BFS/FA-AAP could be classified into 2 categories. The
green part in the table represents BFS/FA-AAP with the initial setting
time higher than 45 min and the final setting time lower than 600 min,
which is the same as the setting time of normal cement. While the blue
part is associated with the BFS/FA-AAP with an initial setting time
higher than 240 min and a final setting time higher than 600 min. It is
worth noting that the w/b ratio in Table 3 is 0.4. Based on that, with
every 0.01 increase of w/b ratio, the compressive strength is expected to
decrease by around 1.4 MPa, the flowability is expected to increase by
approximately 4.7 mm, the initial setting time and final setting time are
expected to decrease by 1.4% and 4.5%, respectively.

The selection of a mix proportion depends on the requirements for
early performance, as well as the availability and the price of raw ma-
terials. For example, a BFS/FA-AAP with compressive strength of 42.5
MPa, the flowability of 145 mm, initial setting time higher than 45 min,
and final setting time lower than 600 min could be designed by the
following process:

1) According to the requirements of the compressive strength and the
setting time, all mix proportions in the green parts of the AAP 42.5
interval could be pre-selected as potential mixes.

2) According to the requirement of flowability, all mixes with a symbol:

A\ could be further selected. Considering no mix in the pre-selected

area meets this requirement. The w/b ratio should be adjusted based

on the suggestion on the left side of the table.

Before adjusting the w/b ratio, a mix proportion should be selected

in the preselected range based on the principle of enlarging the

content of easily available, cheap, and environmentally friendly raw
materials. Considering the higher availability of BFS and the eco-
nomic benefit of using an activator with a lower alkali concentration,

the mix proportion to be adjusted should be: BFS/b ratio of 0.75,

NapO/b ratio of 4%, SiO2/NayO ratio of 0.24. It has suitable strength

and setting time but a lower flowability (125 mm).

For increasing the flowability of the selected mix by 20 mm, the w/b

ratio should increase to 0.44. For compensating the compressive

strength loss (around 6 MPa), the following measurements could be
taken: a) increase the BFS/b ratio (with every 0.1 increase of the

BFS/b ratio, the compressive strength increases by 10 MPa, the

flowability decreases by 6 mm); b) increase the NayO/b ratio (when

the NapO/b ratio is lower than 6%, with every 1% increase of it, the
compressive strength increases by 9 MPa, the flowability increases
by 12 mm); c) increase the SiO2/NagO ratio (when the SiO2/NayO
ratio is lower than 0.5, with every 0.1 increase of it, the compressive

strength increases by 6 Mpa, the flowability increases by 12 mm).

Therefore, the final mix proportion could be: BFS/b ratio of 0.75,

NaO/b ratio of 4%, SiO5/Na50 ratio of 0.34, w/b ratio of 0.42.

3

~

4)

4. Conclusions

This paper investigated the effect of control factors on the early age
properties of BFS/FA-AAP, i.e., strength development, flowability
development, and setting time. The predictive methods of these prop-
erties are derived by fitting the experimental data. A mix design table is
proposed for designing BFS/FA-AAP. According to the results, the main
conclusions could be extracted as follow:

(1) At the early stage, a higher SiO3/NayO ratio, lower BFS/b ratio,
and higher w/b ratio could lead to higher workability. Within the
normal design range, the influence ranking is: BFS/b ratio > w/b
ratio > SiO2/NapO ratio. As time goes by, the workability of BFS/
FA-AAP with a higher Nap,O/b ratio and BFS/b ratio decreases
dramatically due to the high reaction rate.

The setting time of BFS/FA-AAP increases with the increase of w/
b ratio and increases with the decrease of Na,O/b ratio, BFS/b
ratio, and SiO2/NayO ratio. Within the normal design range, the

(2

—
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order of the influence is: BFS/b ratio > NayO/b ratio > SiO,/
NayO ratio > w/b ratio.

(3) The compressive strength of BFS/FA-AAP increases with the in-
crease of BFS/b ratio, the decrease of w/b ratio, and the appro-
priate combination of the Na,O/b ratio and the SiO/Na50 ratio.
Generally, the BFS/FA-AAP with a NayO/b ratio of 6 %-8% and a
SiOy/Nay0 ratio of around 1-2 could reach the highest
compressive strength. Among all factors, the BFS/b ratio con-
tributes the most to the compressive strength, while the w/b ratio
has the least influence on compressive strength. Compared with
normal curing, sealed curing could enhance the compressive
strength of BFS/FA-AAP by about 35%.

(4) The flexural strength of BFS/FA-AAP has relatively larger fluc-
tuation than the compressive strength of BFS/FA-AAP. Besides,
the flexural strength of BFA/FA AAP is generally 1/9 of the
compressive strength.

(5) The predictive compressive strength formula of BFS/FA-AAP
derived in this research is proved to be effective by verification.
The flowability and setting time could be calculated as well.
Accordingly, the 3 early age properties of any BFS/FA-AAP
within the range of this study could be evaluated.
Considering the satisfaction of the 3 early properties, The BFS/
FA-AAP could be preliminary designed according to the mix
design table, which included most of the mix proportion combi-
nations. Afterward, the adjustment could be made by under-
standing how different control factors influence workability and
strength, which have been clarified in this paper.
In future research, A BFS/FA-based alkali-activated concrete mix
design method is expected to be built since the conventional
concrete code is not applicable. Besides, more secondary influ-
encing factors (such as the chemical composition and particle size
of precursors, the curing temperature, etc.) need to be studied to
modify the predictive method.

(6

-
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