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ARTICLE INFO ABSTRACT

Keywords: Although the application of blast furnace slag and fly ash-based alkali-activated concrete (BFS/FA-AAC) has both
Slag and fly ash-based alkali-activated concrete economic and environmental benefits, it is limited by the lack of a straightforward mix design method. In this
Slump paper, an experiment was conducted to investigate the effect of control factors, including the NayO/binder ratio,
l;};:;iy the SiOy/NayO ratio, the BFS/binder ratio, the water/binder ratio, and the water content on the workability
Mix design (slump and rheology) of BFS/FA-AAC, and the effect of control factors include the NayO/binder ratio, the SiOy/

NapO ratio, the BFS/binder ratio, the water/binder ratio, and the curing time on the compressive strength of
BFS/FA-AAC. As a result, the influence degree and mechanism of each control factor on the performance of BFS/
FA-AAC were quantitively explored and the accuracy of an empirical compressive strength formula was vali-
dated. Based on that, a practical mix design method of BFS/FA-AAC was eventually established. It is found that
the mixture composition and content of paste can significantly influence the workability of BFS/FA-AAC. The
compressive strength of BFS/FA-AAC is determined by control factors when the water content is within 160-195
kg/m®. The mechanical predictive method of BFS/FA-AAC is proven of high accuracy. The mixture designed by

this methodology exhibits satisfied fresh and hardened performance as well as high environmental benefits.

1. Introduction

Alkali-activated concrete (AAC) is a potential replacement for Port-
land cement concrete (PC concrete) [1-3], which is mainly produced by
the alkali activation of silica and alumina-rich materials using alkaline
activators. As the most common industrial by-products, blast furnace
slag (BFS) and fly ash (FA) have rich silica-alumina sources, which show
great utilization value as precursors in AAC. The utilization of them can
not only contribute to the ecological cycles (reducing carbon footprint)
but also reduce the economic pressure on waste disposal [4,5].

Previous research has shown a good synergy of BFS and FA in AAC,
providing both preferable mechanical properties and durability,
compared to AAC produced by a single precursor. Besides, BFS/FA-AAC
possesses lots of advantages, such as rapid strength gaining, low thermal
conductivity, high volume stability, fire resistance, and chemical erosion
resistance [6-16]. Since the 1950s, BFS/FA-AAC has received more and

more attention from both academic and industry fields and its applica-
tion has developed rapidly.

However, compared with PC concrete, the AAC application
achievements were accomplished through long exploration. The first
and biggest difficulty comes from mix design. Normally, the final BFS/
FA-AAC mixture for an industrial application or academic research is
determined by proposing a series of empirical mixing proportions and
screening out the mixture with the best performance through extensive
labour-consuming tests [17-23]. The fault tolerance rate of this method
is rather low due to the relatively long curing time of BFS/FA-AAC.
Previous research has found that it takes 90 days for the compressive
strength of BFS/FA-AAC to reach stable [24-27]. Therefore, at least
another 90 days is needed to redesign the mix proportion and redo the
tests, which is time-consuming [28,29]. Despite that, the redesign is not
guaranteed since the effects of different factors on the properties of
BFS/FA-AAC have not been systematically investigated yet. Therefore,
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even though BFS/FA-AAC has good application prospects, its wide-
spread utilization is still restricted. Nowadays, the urgent task of
popularizing BFS/FA-AAC is to put forward a suitable, practical, and
straightforward mix design method.

The effect of certain factors of BFS/FA-AAC on the fresh and hard-
ened properties has been studied to some extent and some guidance
regarding the mix design of BFS/FA-AAC was proposed by literature. T.
Phoo-ngernkham et al. studied the effect of NaOH concentration (from 5
M to 15 M), alkaline activator solution to fly ash ratio (from 0.45 to
0.60), the coarse aggregate size (average value from 7 mm to 16 mm) on
the slump, and 28 d compressive strength of high calcium FA-AAC, and
proposed a mix design procedure [30]. M. Talha Junaid et al. investi-
gated the influence of water to solid ratio (from 0.23 to 0.29), alkaline
activator to fly ash ratio (from 0.3 to 0.55) on the slump, and 7
d compressive strength of FA-AAC and presented mix design graphs
[20]. N. Li et al. studied the effect of water to binder ratio (from 0.4 to
0.5), fly ash to binder ratio (from 0.2 to 0.4), excess paste thickness
(from 52 pm to 66 pm), NagO to binder ratio (from 4% to 7%), modulus
in sodium silicate (from O to 2) on the slump, and 28 d compressive
strength of BFS/FA-AAC and proposed mix design guidance [31]. Ali
Rafeet et al. studied the effect of paste volume (from 0.3 to 0.33), BFS
content (from 0 to 0.7), and water to solid ratio (from 0.35 to 0.48) on
the slump and 28 d compressive strength of BFS/FA-AAC and put for-
ward several guidelines for the mix design [19].

These researches deepened the understanding and provided pre-
liminary suggestions for the mix design of BFS/FA-AAC. However, the
proposed guidance could be incomparable, due to the restricted research
mix proportion range and curing time, overlapping of some important
influencing factors, and omission of differences in attributes of the raw
materials with different resources (eg: concentration of NaOH, the molar
ratio of NaySiOs, the reactivity of BFS and FA). Besides, the relatively
broad suggestions might have limited guidance on the specific calcula-
tion of mix proportion. Moreover, despite the independent research, it is
also unrealistic to generalize mix design methods of BFS/FA-AAC from
the accumulated research literature due to the non-uniformed mix
design parameters of different literature. In general, the unavailability of
mix design methods of BFS/FA-AAM nowadays is primarily attributed to
the instability of raw material characteristics, the complexity of multiple
raw material combinations, as well as the unreproducible and incom-
parable current research results due to the lack of unified design factors.

A critical awareness for developing a practical mix design method for
BFS/FA-AAC is to have a systematic investigation process based on
representative design factors and range. This requires solving the
correlative problems one by one progressively under the unified
research system. Previous research has summarized the raw materials
requirements for stable performance of BFS/FA-AAC and proposed
control factors of BFS/FA-AAC from the reaction mechanism aspect
[32]. By investigating the influence of the control factors on the fresh
and hardened properties of blast furnace slag and fly ash-based-alkali
activated paste (BFS/FA-AAP), the workability and mechanical prop-
erties evaluation methods and mix design methods of BFS/FA-AAP were
proposed, which lays a stable foundation for further exploration of the
combined effect of BFS/FA-AAP and aggregates in BFS/FA-AAC [29].
Based on that, the effect of a larger number of components and their
characteristics (BFS, FA, NaOH, Na,SiOs, water, aggregates, concen-
tration of NaOH, the molar ratio of NaySiOs, the reactivity of BFS and
FA) incorporated in the reaction systems of BFS/FA-AAC could be
simplified into two subsets: BFS/FA-AAP and aggregates, which simul-
taneously influence the fundamental performance (workability and
mechanical properties) of BFS/FA-AAC. With this research concept, the
combined influence of BFS/FA-AAP and aggregate on the performance
of BFS/FA-AAC is the key to the current research.

The effect of BFS/FA-AAP and aggregate on the properties of BFS/
FA-AAC has been proceeding studied and reported in literature. Hung
et al. found that both slump and mechanical properties of BFS/FA-AAC
increase with the AAP/aggregate ratio of 0.4-0.7, and decrease with the
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fine aggregate/coarse aggregate ratio of 0-0.8 [33]. S. Haruna et al.
reported that the AAP/aggregate ratio of BFS-AAC from 0.35 to 0.57 is
proportional to its slump, while inversely proportional to its compres-
sive strength [34]. A. Rafeet et al. found that the influence of the paste
volume from 30% to 33% on the compressive strength of BFS/FA-AAC is
negligible. But the slump of BFS/FA-AAC improves significantly with
higher paste volume [19]. Vinai et al. noted that the slump and
compressive strength of BFS/FA-AAC increase with higher paste volume
(from 0.29 to 0.43) [35].

From the above research, it can be concluded that the AAP/aggregate
ratio could improve the slump. However, there is no unified under-
standing of its influence of it on compressive strength. The possible
reason could be derived from the PC concrete design concept: too high
paste content could lead to segregation (an uneven aggregate distribu-
tion), and shrinkage problems, while too low paste content could lead to
insufficient aggregate bonding and the introduction of harmful pores in
the microstructure. Given that, the paste content boundary of BFS/FA-
AAC is of great importance for the mix design of BFS/FA-AAC, though
it has not been studied yet.

Except that the paste content design of BFS/FA-AAC is restricted by
the lack of a comprehensive study, there is not yet quantitive research on
the effect of all control factors on the fundamental properties (slump and
compressive strength) of BFS/FA-AAC, which makes it difficult to
accurately adjust the mix proportion of BFS/FA-AAC after the trial test.
Given these deficiencies, a systematic exploration of the effect of control
factors on the fundamental properties of BFS/FA-AAC is critical.

In this paper, an experiment is conducted to investigate the work-
ability and compressive strength of BFS/FA-AAC with various mix pro-
portions. The research objectives are: 1) to clarify the effect of the
control factor (the NaoO/b ratio, the SiO5/Na5O ratio, the w/b ratio, the
BFS/b ratio, water content) on the slump and rheology of BFS/FA-AAC;
2) to explore the paste content boundary of BFS/FA-AAC and to un-
derstand the influence of control factors (the Na,O/b ratio, the SiOy/
NayO ratio, the w/b ratio, the BFS/b ratio, and curing time) on the
compressive strength of BFS/FA-AAC; 3) to establish a practical mix
design method for BFS/FA-AAC serving in ordinary environments (no
risk of corrosion or attack according to EN 206) and to verify it by a case
study.

2. Materials and methods
2.1. Materials

The precursors used in this research were BFS and class F FA from
ECOCEM (Moerdijk, The Netherlands) and VLIEGASUNIE (Amsterdam,
The Netherlands), respectively. The quantitative X-ray diffraction and X-
ray fluorescence analysis techniques show that the vitreous phase con-
tents of BFS and FA are 100% and 68%, respectively. And the specific
gravities of BFS and FA are 2890 kg/m® and 2300 kg/m?, respectively.
The chemical composition of BFS and FA are shown in Table 1 and the
particle distributions of BFS and FA are presented in Fig. 1.

Sodium hydroxide pearls and sodium silicate solution from
BRENNTAG (Deerlijk, Belgium), were used with tap water to prepare the
alkali activator. The concentration of sodium hydroxide is 99%. The
sodium silicate solution includes 27.5 wt% SiO,, 8.25 wt% Na50O, and
64.25 wt% H30. The densities of sodium hydroxide and sodium silicate
are 2130 kg/m® and 1350 kg/m?, respectively.

The aggregates used in this study were medium size (aggregate 1:
8-16 mm), small size (aggregate 2: 2-8 mm) coarse aggregate, and 0-4
mm river sand. The saturated and surface-dried particle densities are
2619 kg/m°>, 2589 kg/m®, and 2644 kg/m?3, respectively. The loose bulk
densities are 1548 kg/m>, 1559 kg/m?>, and 1652 kg/m?, respectively.
The fineness modulus of sand is 2.92. Specifically, the particle distri-
butions of coarse aggregates and sand are presented in Fig. 1. The
aggregate grading used in this research is A16, which is an aggregate
size distribution suggested in the European standard: EN 206 (see
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Table 1

Chemical composition of BFS and FA measured by XRF (wt%).
Element BFS FA
SiO, 31.1 56.7
CaO 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
ZrOy 0.119 0.103
SrO 0.0741 0.129
TioO 1.26 1.16
As 0.0006 0.0071
ZnO 0.003 0.0238
K,0 0.685 -
NaO - 1.94

Other components 7.0234
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Fig. 2).

2.2. Mixture proportions and mixing protocols

To understand the effects of different control factors on the perfor-
mance of BFS/FA-AAGC, in total 27 groups of the sample were prepared.
The mix proportions of BFS/FA-AAC are presented in Table 2. The final
activators were prepared by pre-dissolving the sodium hydroxide pearls
in sodium silicate solution and tap water according to the mix

Table 2
Mixture proportion.
Group Na,O/b Si0y/ w/ BFS/ Water content Aggregate
(%) NayO b b (kg/m>)

1 4 0 0.4 1 160 Al6
2 4 0 0.4 1 180
3 4 0 0.4 1 195
4 4 0.5 0.5 1 160
5 4 0.5 0.5 1 180
6 4 0.5 0.5 1 195
7 4 0.5 0.4 1 160
8 4 0.5 0.4 1 180
9 4 0.5 0.4 1 195
10 4 0.25 0.4 1 160
11 4 0.25 0.4 1 180
12 4 0.25 0.4 1 195
13 2 0.5 0.4 1 160
14 2 0.5 0.4 1 180
15 2 0.5 0.4 1 195
16 4 0 0.4 0.5 160
17 4 0 0.4 0.5 180
18 4 0 0.4 0.5 195
19 4 0.5 0.4 0.5 160
20 4 0.5 0.4 0.5 180
21 4 0.5 0.4 0.5 195
22 4 0 0.4 0.75 160
23 4 0 0.4 0.75 180
24 4 0 0.4 0.75 195
25 4 0.5 0.4 0.75 160
26 4 0.5 0.4 0.75 180
27 4 0.5 0.4 0.75 195

proportion a day before casting. The BFS/FA-AAC mixtures were pre-
pared in a concrete mixer by the following procedure: 1) All solid ma-
terials were premixed for 1 min; 2) The alkali-activated solution was
then added and mixed for 1 min; 3) The layer of mixture sticking to the
mixing arm, the walls, and bottom of the mixing bowl was scraped and
recollected during 1 min of rest. 4) The mixture continued to be mixed
for another 2 min.

After proper mixing, each mixture was cast in 3 cubic molds (150 x
150 x 150 mm®) and immediately covered with a plastic layer to avoid
moisture loss. All specimens were then stored in a room with a tem-
perature of 20 °C and relative humidity higher than 90%. The samples
were demolded after 1 day, sealed with 2 layers of plastic wrap, and then
cured at ambient curing conditions (20 + 2 °C, 60% relative humidity)
till the compressive strength testing day (1 d, 7 d, 28 d, 90 d).

2.3. Testing program

The slump and rheology of BFS/FA-AAC were tested immediately
after mixing. The number of repetitions in slump and rheology tests is 3
and 2, respectively. The slump value was obtained according to BS EN
12350-2:2009. The fresh BFS/FA-AAC was poured into a cone-shaped
apparatus and then compacted. The slump value was obtained by
measuring the distance dropped by the mixture, after lifting the slump
cone apparatus upwards. The rheology of BFS/FA-AAC is characterized
by static yield stress, dynamic yield stress, and plastic viscosity, which
were determined by the shear history-dependent. The measurement was
conducted by a four-bladed propeller ICAR rheometer that consists of a
vane (height and diameter of 130 mm), a container (diameter of 286
mm, volume of 20 L), and a calculation software that calculates the
Bingham model parameters (dynamic yield stress and plastic viscosity)
based on Reiner-Riwlin equation [36]. The revolution of the stress
growth test is 0.025 rev/s, and the shear protocol is shown in Fig. 3.

The compressive strength of BFS/FA-AAC was measured on the
testing day according to BS EN 12390-3:2009. In this research, the
compressive strength value of BFS/FA-AAC was recorded as an average
of 3 samples and the standard deviation was calculated.
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3. Results and discussions
3.1. Effect of control factors on the workability of BFS/FA-AAC

It is known that the workability of Portland cement concrete (PC
concrete) primarily depends on the maximum aggregate size, aggregate
grading, and water content. From the same physical point of view, the
performance of BFS/AF-AAC could achieve the best result when the
maximum aggregate size meets the structural requirements and the
aggregate grading is continuous, as suggested in EN 206.
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Nevertheless, a notable difference between the PC concrete mix
design and BFS/FA-AAC mix design regarding slump should be
emphasized in the paste design. According to American standards and
European standards (ACI 211.1-91 and EN 206), the slump design of a
PC concrete is directly associated with the water content and maximum
aggregate size. The latter is usually designed by the dimension of a
construction structure. It illustrates that the paste/aggregate ratio plays
a dominant role in the mix design of PC concrete regarding slump. In
contrast, the influence of the w/b ratio and the chemical composition of
cement are ignored. More specifically, for putting forward a practical
mix design method of PC concrete regarding slump, a simplified corre-
lation between slump, water content, and maximum aggregate size was
derived, with an assumption that changes in the mix proportion of the
cement paste will not affect the slump PC concrete [37]. However, this
assumption is no longer practical in the BFS/FA-AAC design, since the
performance of BFS/FA-AAP (which is determined by the control fac-
tors) is observed to have considerable influence on the slump of
BFS/FA-AAC. It will be discussed subsequently.

The effect of the NayO/b ratio on the slump of BFS/FA-AAC is pre-
sented in Fig. 4(a). According to the experimental results, the slump of
BFS/FA-AAC tends to increase with a higher NayO/b ratio under low
alkali concentration circumstances. Specifically, with every 1% increase
in the NayO/b ratio, the slump value increases by around 62 mm. This is
mainly because of the increase in the total alkali solution volume (the
sum of Na»O, SiO,, and water). The increase in Na;O content could lead
to an increase in SiOy content, which eventually rise the total alkali
solution volume in the paste. Therefore, precursor particles in the paste
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Fig. 4. Effect of the Na;O/b ratio on the workability of BFS/FA-AAC.



B. Sun et al.

tend to be more dispersed. The observation suggests that the influence of
the NayO/b ratio on the flowability of AAP could be reflected in the
slump of concrete.

The rheology results of BFS/FA-AAC provides further interpretation
for the slump decrease with a higher NayO/b ratio. As illustrated in
Fig. 4(b—d), the BFS/FA-AAC mixture with every 1% increase of NaO/b
ratio is associated with approximately 56% (1665 Pa) lower static yield
stress and 55% (282 Pa) lower dynamic yield stress, despite the plastic
viscosity does not change drastically. It indicates that the stress required
for a BFS/FA-AAC mixture to initiate and maintain flowing is relatively
lower when BFS/FA-AAC has a higher NayO/b ratio. This is could be
attributed to the rise of the solution to binder ratio caused by the
addition of NagO and SiO5 components. The more dispersed precursor
particles could reduce the friction thus leading to better workability.

The slump value of BFS/FA-AAC remarkably rises with the increase
of the SiOy/NayO ratio. As indicated in Fig. 5(a), the slump value in-
creases by approximately 24 mm with every 0.1 increase in the SiOy/
NayO ratio. The proportional relationship was observed in previous
research as well [38-41].

Besides, the rheology results demonstrated that the effect of the
Si02/Nay0 ratio on the slump of BFS/FA-AAC can not be ignored. As
presented in Fig. 5(b-d), with every 0.1 increase in the SiO2/Na5O ratio,
the plastic viscosity of the BFS/FA-AAC mixture increased by around
10% (38 Pa.s), the static yield stress decreased by 4% (92 Pa), and the
dynamic yield stress decreased by 8% (43 Pa) when the water content is
195 kg/m®. It suggests that BFS/FA-AAC mixture with a higher SiO,/
NayO ratio is easier to initiate and maintain flowing compared with that
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activated by solely NaOH. However, the velocity of the mixture defor-
mation under shear stress could be reduced when increasing the Si
concentration in the alkali activator. On the one hand, increasing the
viscosity of the alkali-activated solution creates a thicker coating on the
surface of precursor particles, which further reduces the internal friction
between particles [29,42]. On the other hand, the resistance offered by
the BFS/FA-AAC mixture to flow freely could be higher due to the
growth of the internal friction between the precursor particle and so-
lution and between solution and solution. The opposite effect was
observed for BFS/FA-AAC with a water content of 160 kg/m>. The
plastic viscosity, static yield stress, and dynamic yield stress of
BFS/FA-AAC with a SiO/NagO ratio of 0.25 are slightly lower than
those of BFS/FA-AAC with a Si02/Na20 ratio of 0.5. Further studies are
recommended to explore the possible interaction effect between the
Si02/Naj0 ratio and water content on the rheology of BFS/FA-AAC.

The increase of the BFS/b ratio significantly impacts the slump of
BFS/FA-AAC (see Fig. 6(a)). With every 0.1 increase in the BFS/b ratio,
the slump value of BFS/FA-AAC decreases by about 8-20 mm. It is worth
mentioning that the effect of the BFS/b ratio on the slump decline rate of
BFS/FA-AAC should be highly regarded. According to previous research,
the slump of BFS/FA-AAC might drop rapidly over time when a high BFS
content is adopted in the mixture [29].

A similar phenomenon was observed in the rheology results. As
illustrated in Fig. 6(b—d), a 0.5 increase of the BFS/b ratio in the BFS/FA-
AAC mixture remarkably increases the plastic viscosity by about 67%
(226 Pa.s) and increases the static yield stress by 77% (1762 Pa). This
could be attributed to the particle shape difference between BFS and FA.
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Fig. 5. Effect of the SiO2/NayO ratio on the workability of BFS/FA-AAC.



B. Sun et al.

300
250 4 R
——
P
200 - s
z -7
é 150 4 e
-9
£
2 100 4
2 —=—BFS/b=0.5
50 — & BFS/b=0.75
BFS/b=1
0 T T
160 180 200
Water content (kg/ms)
(a) Slump
5000
—s— BFS/b=0.5
- — & BFS/b=0.75
= 1 BFS/b=1
&
2 3000
-
>
= 2000
@
S
o
E=! -~ - _ _
glom- --....5\“
= .
0 T T T T
160 180 200
Water content (kg/ms)

(c) Static yield stress

Cement and Concrete Composites 140 (2023) 105076

500

—=— BFS/b=0.5
— & BFS/b=0.75

- 400 4 BFS/b=1

<

i&' 300 4

z

wn

=)

173

£ 200

>

2

7]

= 100 4

-

0 | T
160 180 200
Water content (kg/ms)
(b) Plastic viscosity
1200

—=—BFS/b=0.5

1000 — & BFS/b=0.75

= BFS/b=1

&

2 800

z

=

= 600

)

-

2 4004

£

E

g 200

a

0 T T
160 180 200
Water content (kg/ms)

(d) Dynamic yield stress

Fig. 6. Effect of the BFS/b ratio on the workability of BFS/FA-AAC.

Compared with spherical FA particles, BFS particles have an irregular
shape which both increases the particle surface area and reduces the
“ball-bearing effect”. Accordingly, the BFS/FA/AAC mixture with a
higher BFS/b ratio has less tendency to initiate flowing and higher
resistance during flowing.

The effect of the w/b ratio on the slump of BFS/FA-AAC is demon-
strated in Fig. 7(a). It is observed that the slump value of BFS/FA-AAC
increases by around 6 mm with every 0.01 increase of the w/b ratio.
Previous research suggests that the w/b ratio might have little influence
on the slump of BFS/FA-AAC decrease over time [29].

The increase of the w/b ratio in the BFS/FA-AAC mixture also
significantly decreases the plastic viscosity and reduces both static yield
stress and dynamic yield stress. It is reasonable since a higher w/b ratio
increases the distance between the precursor particles, thus reducing the
friction between them.

As highly paste-coated aggregates reduce internal friction thus
resulting in a higher slump of BFS/FA-AAC. The slump value of BFS/FA-
AAC significantly increased by around 27 mm with every 10 kg/m> of
water content. Besides, reductions in plastic viscosity, static yield stress,
as well as dynamic yield stress were observed for BFS/FA-AAC mixture
at higher water content, regardless of the mix proportion variation in the
paste.

3.2. Effect of control factors on the compressive strength of BFS/FA-AAC

Generally, the compressive strength of a material is controlled by
porosity. Similarly, the compressive strength of PC concrete is

determined by the porosity of each constituent phase, which includes
the paste porosity, aggregate porosity, and interfacial transition zone
porosity [43]. According to American and European standards (ACI
211.1-91 and EN 206), the compressive strength is directly associated
with the paste porosity, which is controlled by cement type and w/c
ratio, while the effect of the aggregates and transition zone is ignored.
This simplified correlation is derived under the understanding that the
aggregate porosity is normally much lower than the other phases. And
the effect of interfacial transition zone porosity is neglectable though it
could be the “weak link™.

This design assumption is even more practical in BFS/FA-AAC when
the strength of the selected aggregate is higher than that of the paste
because the interfacial transition zone in BFS/FA-AAC is no longer the
weakest region [44]. Compared with the transition zone of PC concrete,
the aggregate-paste interface of both BFS-AAC and FA-AAC has been
detected to be denser, more cohesive, and uniform [45,46]. On the one
hand, the soluble Si in the alkali activator increases the bonding between
aggregate and paste [47]. On the other hand, reaction products with a
lower Ca/Si ratio are generated instead of the expansive (Al-free) gels
[48-50], which results in fewer cracks in the transition zone.

This inference is further verified by the experimental results in this
research, as presented in Fig. 8. A Kolmogorov-Smirnov test was con-
ducted to evaluate the statistical distribution of the experimental data in
this paper. The significant factor of data regarding slump and
compressive strength is 0.265 and 0.384, respectively, both higher than
0.05. This show that both slump and compressive strength value in this
research do not fit a normal distribution. Therefore, a Wilcoxon signed-
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Fig. 7. Effect of the w/b ratio on the workability of BFS/FA-AAC.

rank test is used instead of a parametric statistical test. The Wilcoxon
signed-rank test is a non-parametric statistical hypothesis test used
either to test the location of a set of samples or to compare the locations
of two populations using a set of matched samples. It was carried out by
SPSS to quantitatively evaluate the accuracy of the predictive formula
(PF) [29] of BFS/FA-AAP (see Eq. (1)) on the prediction of the
compressive strength of BFS/FA-AAC. The PF is applicable for evalu-
ating the compressive strength of BFA/FA-AAP when the Na20/b ratio
is between 0 % and 10%, the SiO5/Na50 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. The prediction interval of the
compressive strength is 95%.

fe(X1, Xa, X3, X4, X5) = (—1.33 + 12.3X| + 42.68X, — 1.04 x %+ 237 x 1 x
» — 17.05 x %) (—1.37X5 + 1.04X4 + 1)-0.2In(X5 + 11.31) (€8]

In which: X; is the NayO/b ratio (%); X» is the SiO2/Na,0 ratio; X3 is
the w/b ratio; X4 is the BFS/b ratio; X5 is the curing time (d); fc(X;, Xo,
X3, X4, Xs) is the compressive strength of BFS/FA-AAP that is sealed and
cured at ambient temperature (MPa)

The results show that the experimental compressive strength of BFS/
FA-AAC is highly close to the PF-predicted compressive strength. Ac-
cording to the results of the Wilcoxon signed-rank test of the compres-
sive strength over 7d, the median of the test value, and the PF predicted
value is 39 MPa, and 38 MPa, respectively. The differences between
them were obtained by subtracting the test value from the predicted
value. The median of the difference between the test value and the PF

predicted value is —0.78 MPa. The P-value of the test value and PF
predicted value is 0.77. The prediction interval of the compressive
strength is 95%. It indicates that the difference between the two groups
is statistically insignificant. However, regarding the 1 d compressive
strength, the median of the test value, and the PF predicted value are 13
MPa, and 27 MPa, respectively. The median of the difference between
the test value and the PF predicted value is 13.02 MPa. The P-value of
the test value and PF predicted value is 0. The prediction interval of the
compressive strength is 95%. It indicates that there are statistically
significant differences between the two groups. This shows that the 1
d compressive strength of BFS/FA-AAC is technically and theoretically
unpredictable, which could be attributed to the relatively long setting
time of BFS/FA-AAP. Previous studies have shown that the BFS/FA-AAP
with a low BFS/b ratio might require more than 3 d (less than 7 d) for the
strength to start developing [29]. In conclusion, PF is proven with high
accuracy in predicting the compressive strength of BFS/FA-AAC after 7
d. Most importantly, it implies that the compressive strength of
BFS/FA-AAC is primarily determined by the performance of the
BFS/FA-AAP.

Moreover, it can be further inferred that the control factors of BFS/
FA-AAP directly determine the compressive strength of BFS/FA-AAC
when the water content is within the research range of this study, as
presented in Fig. 8. Within 160-190 kg/m?, the effect of water content
on the compressive strength of BFS/FA-AAC is negligible. The stable
performance of BFS/FA-AAP suggests that the possible segregation,
shrinkage, insufficient aggregate bonding, and harmful pores introduc-
tion problems in BFS/FA-AAC are negligible with reasonable paste
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content. Under this circumstance, the control factors contribute to the
compressive strength of BFS/FA-AAC with different degrees and influ-
ence mechanisms, which will be discussed subsequently.

The effect of the control factors on the compressive strength of BFS/
FA-AAC is shown in Fig. 9. When the NayO/b ratio is from 2% to 4%, the
compressive strength of BFS/FA-AAC (SiO2/NaO = 0.5, w/b = 0.4,
BFS/b = 1, curing time = 90 d) increases by approximately 9 MPa with
every 1% increase in the NayO/b ratio. This is mainly because the alkali
content determines the dissolution rate. Due to the decomposition effect
of OH™, the higher the NayO/b ratio, the more ions could be dissolved in
the solution, which facilitates further polymerization [42,51,52]. The
higher amount of released monomers thus has a higher tendency to be

connected, which accelerates the coagulation period. It is worth noting
that the compressive strength of BFS/FA-AAC might decrease with the
NayO/b ratio when it surpasses 6% [29]. At higher alkali environment,
the participation of the Ca(OH); layer on the BFS particle surface and
the Al-Si gel on the FA particle surface could hinder further reaction of
precursors thus reducing the compressive strength of BFS/FA-AAC [53,
54].

The compressive strength of BFS/FA-AAC (NaxO/b = 4%, w/b = 0.4,
BFS/b = 1, curing time = 90 d) increases by 6 MPa with every 0.1 in-
crease of the SiO/NayO ratio when the SiO/Na5O ratio is within 0-0.5.
The introduction of SiO, in activators significantly improved the
strength because the structure-forming element (Si) in the solution could
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Fig. 9. Effect of the control factors on the compressive strength of BFS/FA-AAC.



B. Sun et al.

act as nuclei sites, which promotes the strength development from two
aspects: 1) The dissolution is accelerated since the condensation on the
nuclei sites keeps the undersaturation degree of reaction ions (except Si)
at a high level. 2) A homogenous and denser microstructure is simul-
taneously produced because the reaction products could form not only
on the surface of precursor particles but also in the solution. It is worth
noting that the compressive strength development of BFS/FA-AAC could
be reduced with a higher SiO2/Na5O ratio, because the precipitation of
excess SiOy species could hinder the zeolite crystalization and poly-
merization in the subsequent reaction process [29].

It is found that the compressive strength of BFS/FA-AAC (NayO/b =
4%, SiO2/NaO = 0, w/b = 0.4, curing time = 90 d) substantially
increased with the BFS/b ratio. This is due to the different chemical
compositions of BFS and FA. The increase in BFS content (higher Ca/Si
and Si/Al ratios) could lead to a higher dissolution rate of the reaction
system because Ca-O-Si bonds are weaker than Al-O-Si bonds [42].
Eventually, it leads to the formation of a lower polymerization degree
and higher cross-linking chain reaction product (more CASH gel and less
NASH gel). Because CASH gel has a higher space-filling ability than
NASH gel [55-57], a more homogenous and compact structure is
produced.

The compressive strength of BFS/FA-AAC drops with the w/b ratio.
According to the linear fitting results, the compressive strength of BFS/
FA-AAC (NapO/b = 4%, SiO2/Nag0 = 0.5, BFS/b = 1, curing time = 90
d) slightly decreases by about 1.4 MPa with every 0.01 increase of the
wy/b ratio. It indicates that the water has less impact on the compressive
strength of BFS/FA-AAC, compared with other control factors. It is
consistent with previous research demonstrating that the effect of water
on the strength of BFS/FA-AAP is much smaller than its effect on the
strength of PC concrete [29]. This is because the formation of reaction
products in BFS/FA-AAP requires nearly no water!!%7 1691711 Although
water helps as an alkali carrier in the reaction process, its existence
could reduce the density of the microstructure due to the increasing
harmful pores. Therefore, BFS/FA-AAC with less water is associated
with higher density and a slightly higher compressive strength [29,58,
59].

A higher compressive strength of BFS/FA-AAC (NaxO/b = 4%, SiOy/
NapO = 0.5, BFS/b = 0.5, w/b = 0.4) is associated with longer curing
time since it provides more time for the reaction. It is worth noting that
compressive strength development with curing time could show a
different trend when the mixture proportion of BFS/FA-AAC changes. In
general, the higher the BFS, and NayO content, the earlier the
compressive strength could develop [29].

3.3. A mix design method of BFS/FA-AAC

3.3.1. Mix design principle

From the above results, a mix design method could be eventually
established. It is known that the main mix design objective for a con-
struction material serving in ordinary environments is to strike a balance
between cost, fresh properties, and hardened properties (compressive
strength is considered an indicator of durability) [37]. Besides that, a
practical mix design method of BFS/FA-AAC should meet the following
principles:

1) A straightforward mathematical model should be proposed, so as to
calculate the mix proportion of BFS/FA-AAC more conveniently.

2) All mix design assumptions should be consistent with the realistic
material characteristics of BES/FA-AAC.

3) A robust correspondence should exist between the designed mix
proportions and the designed ultimate performance, regardless of
different operational origins.

4) The concept of cost management should be reflected in the mix
design method for efficient application in engineering.

5) The mix design method of BFS/FA-AAC should respect the conven-
tional design habits of PC concrete (build on the current
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classification of raw materials, performance indicators, etc, and
closely related to the PC concrete design standard), considering that
BFS/FA-AAC is a potential substitute for PC concrete.

3.3.2. Mix design procedure

Based on the mix design principles, a mix design procedure is pro-
posed, as demonstrated in Fig. 10. With a simplified mix design method
of BFS/FA-AAP [29], the understanding of the reactivity requirement of
raw materials [32], and the awareness of how different control factors
influence the workability and compressive strength of BFS/FA-AAC, a
mix design method of BFS/FA-AAC is eventually established. Following
the mix design procedure, a mix proportion satisfying the expected
performance could be derived step by step, which will be further
discussed.

3.3.2.1. BFS/FA-AAP design. The first step for designing a BFS/FA-AAC
mix is to set up the required mechanical properties, i.e., compressive
strength, and fresh properties like setting time, and workability of BFS/
FA-AAC based on the construction type. Afterwards, the mixture pro-
portion of BFS/FA-AAP could be designed according to Table 3, based on
the principle of satisfying these required early properties, following the
instructions of the previous study [29]. Considering the mix design of
BFS/FA-AAP is a balance between economic, strength, setting time, and
workability, several rules should be emphasized during the selection: 1)
A lower NayO/b ratio and a higher corporation of the readily available
precursor is suggested for the economical benefit; 2) A higher SiOy/-
NayO ratio, and/or a higher w/b ratio, and/or a lower BFS/b ratio are
suggested for obtaining high flowability; 3) A higher BFS/b ratio and/or
a higher NayO/b ratio is suggested for the AAP that requires rapid
coagulation, and vice versa.

3.3.2.2. Raw materials selection. Except for a proper mix design, the
high quality of the raw materials is also of great importance for
achieving the performance shown in Table 3, which means the poly-
merization process should not be affected by the low reactivity of pre-
cursors. Unlike cement, the physical and chemical characteristics of BFS
and FA vary from origin. The different glassy phase content, particle
size, and chemical composition would inevitably influence the reactivity
of the precursors. For selecting qualified precursors in the application of
BFS/FA-AAC, the physical and chemical requirements of BFS and FA are
presented in Table 4. Besides, it is worth mentioning that the aggregate
strength should be larger than the BFS/FA-AAP strength, and the
maximum aggregate size should not exceed 1/5 of the minimum spacing
of the formwork, 1/3 of the thickness of the concrete slab, and 3/4 of the
minimum spacing of reinforcement. Furthermore, the grading curves of
aggregate in EN 206 are also suggested for the selection of aggregates.

3.3.2.3. Mix proportion calculation. The quality of the aggregate phase
has no direct influence on the compressive strength of BFS/FA-ACC
when it has higher strength than BFS/FA-AAP. However, its content in
concrete could greatly influence the cost and workability of BFS/FA-
AAC. The design of aggregate content is mainly a balance between them.

The slump value and cohesion of BFS/FA-AAC, as the two most
representative indicators of workability, are closely related to the con-
tent and characteristic of aggregates. Generally, the slump of BFS/FA-
AAC increases with: 1) a larger maximum aggregate size (it is worth
noting that the potential cracking problem caused by excess maximum
aggregate size as in PC might no longer exist in BFS/FA-AAC due to a
denser internal transition zone); 2) a higher content of larger size
aggregate (within the suggested grading curves in EN 206); 3) a
smoother surface of aggregate; 4) a higher paste/aggregate ratio (eg:
water content within 160-195 kg/m> when the maximum aggregate size
is 16 mm). The cohesion of BFS/FA-AAC increases with a higher fine/
coarse aggregate ratio and a higher paste/aggregate ratio.

However, it is not suggested to pursue high workability by over-
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Fig. 10. Mix design procedure of BFS/FA-AAC.

raising the paste/aggregate ratio since the cost of BFS/FA-AAP is much
higher than aggregate. Therefore, the principle of designing the aggre-
gate phase of BFS/FA-AAC is to increase the aggregate content as much
as possible without sacrificing the workability [60]. Previous re-
searchers have found that the finer the sand, and the larger the
maximum size of aggregate, the higher the volume of aggregate is
allowed in 1 m® concrete with still satisfied workability (see Table 5).
With this concept, the maximum aggregate size could be designed by the
dimension of structure and Table 4. After that, the dry bulk volume of
coarse aggregate could be decided by the fineness modulus of the
selected sand and Table 5.

After determining the mixture proportion of BFS/FA-AAP and the
dry bulk volume of coarse aggregate, the mass of different components
in 1 m® of concrete could be designed by the closest packing theory, as
shown in Fig. 11. After the largest size coarse aggregate fills the designed

10

dry bulk volume of 1 m concrete, assuming that each smaller size coarse
aggregate fills the pores volume left by the previous filling, the mass of
coarse aggregate could be calculated by Egs. (2 and (3). Subsequently,
the sand will fill the pores volume left by filling the smallest size of
coarse aggregate to create the closest packing of aggregate in the 1 m>
concrete for the largest economical benefits. And the remaining volume
in the 1 m® concrete will be filled with BFS/FA-alkali activated mortar
for adjusting the workability of the BFS/FA-AAC. The mass of sand could
be calculated by Eq. (4). A sand/coarse aggregate ratio (f) is introduced
for adjusting the workability of BFS/FA-AAC. The higher the p value
(associated with the sand percentage in the BFS/FA-alkali activated
mortar), the higher the cohesion and the lower slump that BFS/FA-AAC
could achieve. Considering the grading curves principle of EN 206, the
value could be calculated by conversion, as suggested in Table 6. The
mass of BFS, FA, NaOH, Na,SiO3 and water could be calculated by Egs.
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Table 3
BFS/FA-AAP table [29].
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Na,0/b (%)
Mix design of AAP [AAP grade| BFS/b 2 4 6 | 8 10
Si0,/Na,O
Ww/b=0.4 0 0.89-2.45 % 0.90-2.71 oo 1.18-2.71 $0AD
Note: with every 0.1 increase 0.25 0.78-2 Al 0.31-0.72 O®o 0.20-0.52 @ AD® 0.27-0.56 oA 0.48-0.80 e Am®
of w/b ratio, compressive 325 0.5 0.35-0.69 m®*x® 0.04-0.26 m& % 0-0.16 ® 0.05-0.23 *@ A 0.26-0.44 e Am
strength decreases by 14 MPa, 0.75 | 0.16-0.38 Am® 0-0.07 m 0-0.07 % 0.14-027 Am
flowability increases by 47 mm 1 006-022 o A 006017 m
0.25 0.72-2.34 Ao 0.52-0.96 oAD< 0.56-0.96 0o 0.80-1.25 x@ AL ®
Setting time (min)
0.5 0.69-2.09 ® 0.26-0.53 @A 0.16-0.38 # %@ 0.23-0.44 O® 0.44-0.66 ® A
Initial>45 Final<600 42.3 0.75 0.38-0.65 ®% 0.07-0.24 m@% 0-0.14 m 0.07-0.21 ® 0.27-0.42 @ A
Initial>240  Final>600 1 0.22-0.40 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 Ao 1.25-2.65 ®oA
Note: flowability increase with 0.5 0.53-0.90 & 0.38-0.64 AD® 0.44-0.68 oA 0.66-0.92 mn & *®
Si0,/Na,0 ratio 523 0.75 0.65-1.12 % 0.24-0.44 *® A 0.14-0.31 &% 0.21-0.37 AID 0.42:0.59 o
© 80-90 mm 1 0.40-0.62 & 0.08-022 Am 0-0.13 A 0.08-0.20 ®% 0.29-0.41 @
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
m 100-110 mm 62.5 0.75 1.12-1.66 *® 0.44-0.68 I 0.31-0.49 @A 0.37-0.54 D®o 0.59-0.78 @ 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 1.28-2.61 O®
@ 130-140 mm 72.5 0.75 0.68-1.04 0.49-0.72 O® 0.54-0.75 o 0.78-1 m&*
A 140-150 mm 1 0.94-1.84 &% 0.38-0.57 x® 0.26-0.41 ®% 0.32-0.46 & 0.54-0.69 ®
I 150-160 mm 0.5 1.55-2.07 o
® 160-170 mm 82.5 0.75 1.04-2.02 0 0.72-1.01 oA 0.75-1 oA 1-1.30 ®A
o 170-180 mm 1 0.57-0.80 & 0.41-0.57 ® 0.46-0.62 IO 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®
0 190-200 mm 925 1 0.80-1.16 AID 0.57-0.77 & 0.62-0.80 & 0.86-1.06
< 200-210 mm 0.75 1.40-2.22 oAn
>102.5
% 210-240 mm 1 1.16-1.90 O 0.77-2.57 0® 0.80-2.82 & 1.06-2.84 *@ A
Table 4 Table 5

Requirement of raw materials [32].

Material ~ Physical properties

Chemical properties

BFS Optimal: 4000-5500
cm? /g

Glassy phase >90%

FA 80 %-90% particle <
45 pm
Glassy phase >50%

.. . CaO + MgO
Basicity coefficient (kb) 505 7 ALO; >
Quality coefficient (kq)
CaO + MgO + Al,O03
SiOz + TiO2
CaO
<2
SiOy —
Al,O3
01<—2<06
— Si0y —

>1.4

05<

S<25%
TiO2 <4 %
Reactive SiO5 > 25 %

SiO2
Al;03 215
Fez03 <10 %
Ca0 <10%
S03 < 3%
LOI < 5%
Free lime <1%
Free moisture <3%

Reactive

Dry bulk volume of coarse aggregate per unit volume of concrete (ACI

211.1-91).

Maximum size of

Dry bulk volume of rodded coarse aggregate per unit volume

aggregate of concrete for fineness modulus of sand of:

mm in. 2.40 2.60 2.80 3.00

10 3 0.50 0.48 046 0.44
8

125 1 059 057 055 0.53
2

20 3 0.66 0.64 0.62 0.60
4

25 1 071 069 067 0.65

40 1 1 075 073 071 0.69

2

50 2 0.78 0.76 0.74 0.72

70 3 0.82 080 078 0.76

150 6 0.87 085 0.83 0.81

Aggregate
FA-AAC

Aggregate strength: should be larger than the required strength of BFS/

Aggregate grading: EN 206

Maximum aggregate size: should not exceed 1/5 of the minimum
spacing of the formwork, 1/3 of the thickness of the concrete slab, and
3/4 of the minimum spacing of reinforcement.

(5)-(9) according to the mixture proportion of BFS/FA-AAP.In which: m
is the required mass of material in 1 m> of concrete; p is the apparent
particle density of aggregates, which could be obtained by aggregate
characterization; v, is the dry bulk volume of coarse aggregate per
volume of concrete, which could be obtained from Table 5. v, is the void
ratio of aggregates, which could be obtained by aggregate character-
ization; C is the concentration of the equivalent (water, Nas0O, SiO5) in
sodium silicate activator; p is the sand/coarse aggregate ratio, which
could be obtained by Table 6.

11
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-+ ey
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Step 1

Vi

(b) Step 2

': Coarse aggregate 1

Fig. 11. The closest packing model of BFS/FA-AAC.

my =p,; @ (1= Ve )ovy

My =P, & (1 —Vew2) ® Vear ® Vi

=pep,evye(l—veeve)

mges  BFS
Mpps + Mga b

Myasios @ Csioz _ Na,O . SiO,
Mpps + Mg b Na,O
0.775mya0n + MNawsios ® Crwo _ N2y O
Mgps + Mg b

0.225my,0n + Myazsios ® Cw + My~ W

Mpps + Mpp b
E E+E+@+%+m+m+ﬂzl
Par P2 Py Pers  Pra Pxaom  Pnasios Pw
Table 6

The sand/coarse aggregate ratio (EN 206).

Maximum Sand/coarse aggregate ratio (v/v) for maximum sand size (mm) of:
aggregate size 1 2 3 4 5

(mm)

8 0.27-1.33  0.43-2.45 0.92-3.55 1.56-5.67 2.23-7.33
16 0.14-0.96  0.27-1.63  0.41-2.15 0.56-2.85 0.67-3.35
32 0.09-0.72  0.16-1.13  0.22-1.44  0.30-1.86  0.79-4.00
63 0.06-0.64  0.12-0.96  0.18-1.13  0.23-1.44  0.52-2.70

3.3.2.4. Rules of thumb. To verify the performance of the preliminary
designed mixture, a trial test should be carried out. Based on section 3.2,
the predictive formula could evaluate the compressive strength of BFS/
FA-AAC above 7 d with high accuracy. Therefore, the most representa-
tive and easily available characteristics: slump value and 7 d compres-
sive value are considered performance indicators of BFS/FA-AAC. Only
when they are tested to be higher than the required slump value and the
required 7d strength (approximately 0.58 of the required 90
d compressive strength [29]), respectively, can the mixture be consid-
ered qualified.

Otherwise, the corresponding measurements should be taken to
adjust the mixture proportion. Previous research has revealed that
despite the differences in other ratios, not only the compressive strength
but also the slump of BFS/FA-AAC shows a similar growth rate with the
change of certain factors, as shown in Fig. 12. The data regarding the
slump and compressive strength is obtained by the experiments of this
paper and the previous research [29]. The rate of change of slump or
compressive strength with each factor is derived by linear fitting. It is
worth striking that the 7 d compressive strength is 0.58 multiplied by the
90 d rate of change value. According to these experimental results, a

¥ : Coarse aggregate 2

12

1)-&1..‘4-&”.1“

(c) Step 3 (d) Step 4

e:Sand [J:BFS/FA-AAP

©))]
(€))

4

©)]
©
@
®

©)]

“rule of thumb” is proposed to adjust the trial mixture proportion, as
follows:

When the test slump value is lower than the required slump value,
several rules could be adopted, as follows:

1) When the water content of BFS/FA-AAC is within 160-195 kg/m3,
with every 1 kg/m3 increase (or decrease) of water in the mixture,
the slump value could increase (or decrease) by 2.7 mm (see Fig. 12
(a and b)). The deviation is 0.9 mm.

2) When the Aggregate grading curve is below the C curve and above
the A curve in EN 206, the slump of BFS/FA-AAC could be increased
by increasing the maximum particle size of the aggregate or using the
spherical aggregate. The cohesion and the water retention of BFS/
FA-AAC could be improved by increasing the fine aggregate/coarse
aggregate ratio.

3) When the w/b ratio is between 0.3 and 0.5, with every 0.01 increase
(or decrease) of the w/b ratio, the slump of BFS/FA-AAC is expected
to increase (or decrease) by 6 mm, and the compressive strength of
BFS/FA-AAC is supposed to decrease (or increase) by 0.8 MPa (see
Fig. 12(c and d)). The deviation of the slump and compressive
strength is 5 mm and 0.29 MPa, respectively.

4) Except for the measurements above, the slump of BFS/FA-AAC could
be improved as well by adding air-entraining admixture or re-select a
mixture from Table 3 with a lower BFS/b ratio.

Likewise, if the required 7 d compressive strength is not achieved,
the adjustment of the mixture could be conducted according to the
compressive strength prediction as follows:

1) When sodium silicate is included in the mixture and the Na;O/b ratio
is lower than 6%, with every 1% increase (or decrease) of the Na,O/b
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® Mix (BSF/b=0.5-1 Na,0b=2%-4%, $i0,/Na,0=0-0.5, w/b=04-0 5)
Linear fitting L] :
250 a
,E n " n
£ 200 - e
-
E.. y=2.7x-342 .
5 150
7
100 1
L]
-
50| 1
n
[}
n
0 T T T T
150 160 170 180 190 200
Water content (kg/ms)
(a) 5 min slump
300
= water demand (160-195 kg/m3)
250 Linear fitting "
L]
E 200 =
g
-
'E,:.. 150 y=617x-95 -
= H
100+
50
0 T T T
0.35 0.40 0.45 0.50 0.55
w/b
(¢) 5 min slump
300
= water demand (160-195 kg/m3)
Linear fitting
2504
-
—~ 2004 n
£
g
=, 150
£
=
@ 1004
50
L]
0 T T T T T
0.35 1 2 3 4 5 6

Na,O/b (%)

(e) 5 min slump

Compressive strength (MPa)

Compressive strength (MPa)

Compressive strength (MPa)

Cement and Concrete Composites 140 (2023) 105076
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Fig. 12. Rules of thumb.

ratio, the compressive strength of BFS/FA-AAC could increase (or
decrease) by 5 MPa, and the slump could increase (or decrease) by
62 mm (see Fig. 12(e and f)). The deviation of the slump and
compressive strength is 14 mm and 1.79 MPa, respectively.

When sodium silicate is not included, or the Na;O/b ratio is higher
than 6%, with every 0.1 increase (or decrease) of the BFS/b ratio, the
compressive strength of BFS/FA-AAC could increase (or decrease) by
6 MPa, while the slump could decrease (or increase) by 17 mm (see
Fig. 12(g and h)). The deviation of the slump and compressive
strength is 8 mm and 0.47 MPa, respectively. Besides, if the SiOy/

13

NayO ratio is lower than 0.5, with every 0.1 increase (or decrease) of
the SiOy/NayO0 ratio, the compressive strength of BES/FA-AAC could
increase (or decrease) by 4 MPa, and the slump could increase (or
decrease) by 24 mm (see Fig. 12(i and j)). The deviation of the slump
and compressive strength is 6 mm and 1.79 MPa, respectively.

3.3.3. A mix design case

A mix design case was conducted to illustrate the proposed mix

design method above. Assuming that the columns of a building that are
exposed to a normal environment (no durability problems) would be
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Fig. 12. (continued).

made of BFS/FA-AAC. The size of the column sections and the spacing of
the reinforcement require a slump of class S3 (100-150 mm) and a
maximum aggregate size of 16 mm. The compressive strength at
maturity (90 d) requirement is C 40. The BFS/FA-AAC could be designed
by the following steps:

Step 1: According to the compressive strength requirement, slump
requirement, and construction type (setting time meets normal
construction requirements), the mix proportion of BFS/FA-AAP
could be designed by Table 3. The trial mix proportion of BFS/FA-
AAP could be: BFS/b ratio of 0.75, NayO/b ratio of 4%, SiO2/NasO
ratio of 0.34, w/b ratio of 0.42 (see the detailed design process in the
previous research) [29].

Step 2: According to the construction type and the availability of the
raw materials, the BFS, FA, sodium hydroxide, sodium silicate, sand,
and coarse aggregate could be prepared following the requirements
of Table 4. In this case study, the characteristic of the selected raw
materials is depicted in Section 2.1.

Step 3: According to the closest packing theory (most economy), the
mass of different components (BFS, FA, NaOH, Na,SiO3, additional
water, aggregate 1, aggregate 2, sand) in BFS/FA-AAC could be
calculated according to Table 5, Table 6, and Egs. (2)-(9). The dry
bulk volume of coarse aggregate per unit volume of concrete is 0.57,
obtained by linear interpolation. The sand/coarse aggregate ratio
could be 0.56, which is the lowest value when the maximum sand
size and the maximum aggregate size are 4 mm and 16 mm,
respectively. This is for obtaining a preferable slump value

14

considering the required high slump class (S3). The detailed calcu-
lation process is presented as follows:

m,; = 1548 x 0.57 = 882.360 kg

1548
my, = 1559 x 0.57 x (1 —m) =363.392 kg
882.360 363.392
ms_0.56><2644><( 2619 2530 )—706.661kg

mggs = 237.786 kg
mgpa = 79.262 kg
myaon = 14.843 kg
Myasios = 15.679 kg

m, = 119.780 kg

Step 4: According to the experimental (the first trial test) results, the
slump value is 0 mm (too dry). Based on Fig. 10, higher water content
is required for obtaining better workability. By increasing the water
content to 160 kg/rn3, the mixture proportion could be adjusted as
follows:
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1
MpEgg :ﬂ x 0.75 =285.714 kg

0.42
160
My =52 x (1-0.75) =95.238 ke
(;GT(; x 0.04 x 0.34
Mgsios =—————-—— = 18.840 kg

0.275

160 80 1
MNaOH = (0.04 X 02~ 18.840 x 0.0825) X ) X 095 17.835 kg

17.835 x 0.99 x 18

m,, = 160 — 18.840 x 0.6425 — 20 = 143.923 kg
m— (1 285.714 95238 18.840 17.835 143.923 « 0.56
S 2890 2300 1350 2130 997 1+40.56
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required compressive strength is 23 MPa), respectively, and both
meet the requirements. As a result, the determined mixture propor-
tion of BFS/FA-AAC is presented in Table 7.

The case study not only demonstrates the feasibility of the BFS/FA-
AAC mix design method, but also proves the accuracy of the compres-
sive strength prediction method [29], and the environmental values of
using BFS/FA-AAC. The comparison between the tested compressive
strength and the PF-predicted compressive strength is presented in
Fig. 13. The error between them is approximately 2 MPa, which further
validates the accuracy of the PF model (prediction intervals: the Na,O/b
ratio of 0 %-10%, the SiO,/Na,O ratio of 0-2, the w/b ratio of 0.3-0.5,
the BFS/b ratio of 0-1, and sealed curing at ambient temperature, the
prediction interval of the compressive strength is 95%.). Besides, the
economic and environmental values of BFS/FA-AAC and PC concrete
with similar performance were compared (see Table 7). The cost and the

x 2644 = 657.788 kg

261
619 =821.336 kg

m ( 285.714 95.238 18.840 17.835
al = -

2890 2300 1350 2130 997 2644

1 1
my, = (@ — m) x 821.336 x 1559 =338.260 kg

Step 5: According to the experiments (the second trial test) results,
the slump and 7 d compressive strength of the designed BFS/FA-AAC
are 115 mm (the required slump is 100-150 mm) and 31 MPa (the

Table 7
Final mix proportion and its economical and environmental value compared to
PC concrete.

Price GWP (kg Ref. mix [61] Case-mix
(EUR/kg)  CO; eq) (kg/m>) (kg/m®)

Cement I 0.093 8.44 x 391 0
[62] 107! [63]

BFS 0.077 1.69 x 0 286
[64] 1072 [63]

FA 0.035 5.26 x 0 95
[64] 1073 [63]

NaOH pearls 0.354 1.6 [65] 0 18
[62]

Na,SiO3 solution 0.79 [62, 1.14 [63] 0 19
64]

Water 0.001 1.55 x 181 144
[62] 10~* [63]

Superplasticizer 0.274 7.49 x 0.782 0
[66] 107 [63]

Air entraining admixture  1.58 [67] 7.49 x 0.782 0

107" [63]

Sand 0.009 2.4 x 572 658
[62] 1072 [63]

Aggregate 8-16 mm 0.023 2.4 x 635 821
[62] 1073 [63]

Aggregate 2-8 mm 0.023 1.55 x 795 338
[62] 1072 [63]

Slump (mm) N/A N/A 110 115

Compressive strength at N/A N/A 49.5 51.3

maturity (MPa)
Cost (EUR/m%) N/A N/A 76 79
GWP (kg CO, eq/m®) N/A N/A 335 60

143.923 657.788)
1+¢

2619—1548)x1559

1548 %2589

global warming potential (GWP) per unit volume of concrete were
calculated by the raw materials price and GWP value collected from the
literature. The cost of 1 cubic meter of the mixture is the sum of the
prices of each raw material. And the GWP value of 1 cubic meter of the
mixture is the sum of the GWP of each raw material. GWP of a chemical
substance is defined as the ratio of the time integral of the radiation
effect over a period of time from the start of the release of 1 kg of the
substance to the time integral of the release of 1 kg of reference gas
(CO») under the same conditions. The results show that the cost and
GWP of 1 cubic meter of the case study BFS/FA-AAC mixture are 79 EUR
and 60 kg CO, eq, respectively. Although the price of the case study
BFS/FA-AAC mix is similar to that of PC concrete, its GWP is 82% lower
than that of PC concrete. It indicates that the utilization of BFS/FA-AAC
proposed in the case study has promising environmental benefits.

50 4 I Tested value | ey
Predicted value
g:; |
% 40 4
g
an
E 30 4
w2
o]
E 20
&
=
£ 10
S
Q
0
@ 28 90
Curing time (d)

Fig. 13. Comparison between tested and predicted compressive strength of
the case.
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4. Conclusions

In this paper, the control factors and their effect on the slump and
compressive strength of BFS/FA-AAC were investigated. A practical mix
design method for BFS/FA-AAC serving in ordinary environments was
proposed and a case study was carried out to further validate the mix
design method. Accordingly to the research, the main conclusion could
be extracted as follow:

(1) Unlike the design of PC concrete, the mixture composition of the
paste should be highly concerned in the slump design of BFS/FA-
AAC. The slump of BFS/FA-AAC might be influenced by water
content, maximum aggregate size, aggregate grading, and the
mixture composition of the paste (the Na,O/b ratio, the SiOz/
Na,O ratio, the BFS/b ratio, and the w/b ratio).

(2) The water content (within 160-195 kg/rn3) are found to have
little influence on the compressive strength of BFS/FA-AAC. A
wider range of water content is suggested to be investigated in the
future study to further explore the boundaries of the paste con-
tent in BFS/FA-AAC that ensure stable performance (without
affectable segregation, shrinkage, insufficient aggregate bonding,
and harmful pores introduction problems caused by too large or
too small paste/aggregate ratio).

(3) Within the water content of this study, the compressive strength

of BFS/FA-AAC is determined by the control factors, including

the Na,O/b ratio, the SiO,/Na,O ratio, the BFS/b ratio, the w/b

ratio, and the curing time.

A straightforward mix design calculation method of BFS/FA-AAC

serving in ordinary environments is established. Besides, a series

of measurements considering slump and compressive strength are
proposed for further adjusting the BFS/FA-AAC mixture in the
trial test.

The BFS/FA-AAC mixture designed by the mix design method not

only meets the expected fresh and hardened properties but also

has high environmental benefits.

(6) The mechanical predictive method of BFS/FA-AAC shows high
accuracy. The difference between the predicted compressive
strength in the case study and the tested compressive strength is
about 2 MPa.

(7) In future research, the proposed mix design method could be
improved by investigating the effect of control factors on the
durability and sustainability of BFS/FA-AAC, so as to develop
regulations regarding long-term performance. The influence of
chemical composition, particle size distribution, and glassy con-
tent of precursors on the performance of BFS/FA-AAM is sug-
gested for systematic investigation, and a modified predictive
method is expected to be proposed.

(4
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