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Abstract: In this paper, the influence of water glass types, the modulus of water glass, the alkali
content, the water consumption, and plant fibers on the mechanical strengths of alkali-activated blast
furnace slag powder (BFS) is investigated. Moreover, the fiber types and pretreatment on the plant
fibers and the measuring temperature on the performance of alkali-activated BFS are further consid-
ered. Results indicate that BFS activated by potassium silicate shows higher mechanical strengths
than that activated by sodium silicate. The alkali-activated BFS with alkali treatment on fibers is the
most advantageous. The modulus of alkali leads to decreasing the compressive strength. A total of
35% water consumption is the most beneficial to the specimens’ flexural and compressive strengths.
Samples with 14% potassium silicate show the maximum mechanical strength. Alkali-activated BFS
with 1% wheat straw fibers in addition by total volume represents the maximum mechanical strength.
The alkali-activated BFS with alkali treatment on fibers is the most advantageous. The addition of
potassium silicate can improve the flexural and compressive strengths by the maximum values of
30.4% and 16.8% compared to specimens with sodium silicate. A total of 35% water consumption can
increase the flexural and compressive strengths by 33.8% and 32.7%.

Keywords: water glass; alkali-activated; blast furnace slag powder; mechanical strengths; potas-
sium silicate

1. Introduction

Ordinary Portland Cement (OPC) is one of the most widely used cement-based build-
ing materials, which is consumed a lot in engineering construction [1]. The annual CO2,
SO2, and NOx emissions from OPC production around the world account for about 8%
of the global CO2 emissions [2]. During the entire production process of OPC, approxi-
mately 3.2 GJ (gigajoule) per ton is consumed [3–7]. The residual energy and hazardous
gas can accelerate the greenhouse effect. In order to postpone the acceleration, some new
energy-saving and environmentally protected cementitious materials need to be developed.

In recent years, fly ash, slag powder, and volcanic ash are used as cementitious mate-
rials in concrete [8–16]. These mineral admixtures can improve the mechanical strengths
when the curing temperature is higher than 40 ◦C and the curing age is higher than
28 days [17]. However, when the curing temperature and the curing age are lower than
40 ◦C and 28 days, respectively, the mechanical strengths are decreased by the addition of
mineral admixtures [18]. The alkali slag cement-based material has become a popular green
and environmentally friendly material studied at home and abroad [19,20]. This kind of ma-
terial shows excellent mechanical strengths when cured in several curing environments and
curing ages [21,22]. Prior researchers have developed alkali-activated mineral admixtures
with ultra-high mechanical strengths. As pointed out by prior researchers, the mechanical
performance of alkali-activated blast furnace slag (BFS) shows higher mechanical strength
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and durability than the alkali-activated fly ash [23–27]. Therefore, in this paper, the BFS
is applied in manufacturing the alkali-activated binder materials and the corresponding
properties should be intensively studied. In previous studies, sodium silicate is a common
activator in the alkali-activated cementitious materials. However, little attention has been
paid to the influence of types of activators on the properties of alkali-activated cementitious
materials [28,29].

Micro-fine steel fibers have been used for reinforcing the mechanical strengths of
alkali-activated BFS by prior researchers. However, most of the steel fibers sink to the
bottom of the samples during manufacture, leading to the uneven distribution of steel
fibers [30]. Mastali et al. [31] have reported that the polyvinyl alcohol fibers, basalt fibers,
and polypropylene fibers can improve the mechanical strengths of alkali-activated BFS, but
the corresponding heat resistance is poor.

Plant fibers can not only significantly improve the toughness of the matrix material,
inhibit the shrinkage of the material, and limit the crack propagation, but also make a
large use of industrial and agricultural wastes such as slag and wheat straw to recycle
resources [32]. As obtained in Zhu’s research, alkali-activated BFS with plant fibers shows
excellent heat resistance [33]. Although multiple performances of alkali-activated mineral
admixtures have been studied by several scholars [34–36], little attention has been paid to
the types of silicate, the type, dosages, and treatment methods of reinforced fibers.

In this study, the influence of silicate types and contents, the fibers’ volume, and
the effects of the fibers’ type on the flexural and compressive strength of alkali-activated
BFS are investigated. Moreover, the treatment method of the fibers and the modulus of
the silicate are considered. The scanning electron microscope is used for revealing the
inner mechanism of the mechanical properties. This research will provide a reference for
developing alkali-activated mineral admixtures with excellent mechanical performance
and durability in the future. As an inorganic adhesive, the alkali-activated BFS can be used
in the repair of road, beam, and column in the future.

2. Experimental
2.1. Raw Materials

The alkali-activated BFS powder in our study is composed of the BFS powder, sodium
silicate (Na2O·nSiO2), potassium silicate (K2O·nSiO2), sodium hydroxide (NaOH), and
water. Potassium silicate (K2O·nSiO2) and sodium silicate (Na2O·nSiO2) are provided by
Huida Chemical Plant (Tianjin, China). The baume degree, initial modulus, and density of
potassium silicate are 46.3, 2.76, and 1.465 g/cm3, respectively. The content of SiO2 and
K2O of potassium water glass are 28.15% and 15.98%, respectively. Sodium silicate shows
the baume degree, initial modulus, and density of 48.0, 2.3, and 1.495 g/cm3, respectively.
At the same time, the corresponding SiO2 and K2O of sodium water glass are 31.10% and
13.51%, respectively. NaOH is provided by Harbin Chemical Reagent Factory (Harbin,
China), with the purity of 99.3%.

NaOH and KOH are provided by Harbin Chemical Reagent Factory (Harbin, China),
with the purity of 99.4% and 99.1%, respectively.

The wheat straw fibers, rice straw fibers, and corn straw fibers are produced by Anshan
Changhong Fiber Factory (Anshan, China). The diameters of the fibers are 5, 3, and 7 mm,
while the lengths of the fibers are 3, 2.5, and 2 cm showing the aspect ratios of 18, 16.7, and
11.4, respectively. The densities of the fibers are 1.55, 1.0, and 0.25 g/cm3, with the tensile
strength of the fibers being 20, 8, and 12 MPa, respectively.

Polypropylene fibers (PP)s produced by Shandong Senhong Co., Ltd. (Taian, China)
have a diameter of 18~45 um, an average length of 12 mm, and show an aspect ratio of 267.
The density, the elastic modulus, and the tensile strength of PPs are 0.91 g/cm3, 42 GPa,
and 1600 MPa, respectively. Micro-steel fibers (MS) produced by Anshan Changhong Steel
Fiber Factory (Anshan, China) show a diameter of 0.22 mm, a length of 13 mm, and perform
an aspect ratio of 59.1. Additionally, the density and tensile strength of MS are 7.8 g/cm3

and 2870 MPa, respectively. Coarse steel fibers (CS) produced by Huaixing Steel Fiber
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Processing Plant in Taocheng District of Hengshui City ( Hengshui, China) have a diameter
of 2.5 mm and a length of 2~3 cm. At the same time, the aspect ratio, the density, and
the tensile strength of CS are 10, 7.8 g/cm3, and higher than 2150 MPa, respectively. The
morphology of fibers is shown in Figure 1. The technical indicators of applied fibers are
measured and provided by the manufacturers.
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Figure 1. The fibers used in alkali-activated BFS.

The S95 BFS powder with specific surface area of 475 m2/kg is provided by Liaoyuan
Jingang Company (Liaoyuan, China). The main activity indicators, the mass coefficient, al-
kaline coefficient, and activity coefficient of BFS powder are 1.91, 1.03, and 0.44, respectively.
The main chemical components of raw materials are shown in Table 1.

Table 1. Main chemical composition of BFS (%).

Types SiO2 AL2O3 CaO MgO Fe2O3 TiO2 MnO K2O

BFS 36.9 15.66 37.57 9.3 0.36 0.18 0.16 0.25

2.2. Specimens’ Preparation

The mass ratios of potassium silicate used in this study are 11.7%, 12.7%, 14.1%, 15.8%,
16.9%, and 17.8% by the total mass of alkali-activated BFS (see Table 2). At the same
time, the corresponding mass ratios of NaOH are 3.9%, 3.1%, 2.5%, 1.6%, 0.9%, and 0.4%,
respectively. First, NaOH is slowly poured into the water glass and stirred with a glass rod
until there are no obvious floccules. The mixture is allowed to stand for 1.5 h until the heat
release is finished. After that, the BFS powder and fibers are added to the cement slurry
mixer, and the water glass with adjusted modulus is added to the mixer and stirred at the
speed of 140 r/min for 1 min. Then, the weighted water is added to the mixer and stirred at
the same stirring speed for 6 min. When the mixing is finished, the mixture is poured into
steel molds of sizes 40 mm × 40 mm × 160 mm and 100 mm × 100 mm × 100 mm, and
then all specimens are formed by high-frequency vibration on the concrete vibration table.
The specimens are cured in a room with 20 ± 1 ◦C and relative humidity of 52.1% for 24 h.
Finally, all samples are moved to a standard curing room with a relative humidity of 98.1%
and a temperature of 20 ± 2 ◦C for the curing ages of 3, 7, and 28 days. The experimental
details can be found in Feng’s research [37].
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Table 2. The mixing proportions of alkali-activated BFS powder.

Modulus
Alkali

Content
(%)

BFS
(kg)

Water
Glass
Types

Water
Glass
(kg)

NaOH
(kg)

Water–
Binder
Ratio

Fiber
Types

Fiber
Volume

(%)

Fiber
Treatment

Method

1.0 14 1562.5 Potassium 339.6 84.2 32 - - -
1.0 14 1562.5 Sodium 393 97.3 32 - - -
0.8 12 1562.5 Potassium 267.7 89.2 35 - - -
1.0 12 1562.5 Potassium 291 72.1 35 - - -
1.2 12 1562.5 Potassium 323.7 57.2 35 - - -
1.6 12 1562.5 Potassium 361.7 35.7 35 - - -
2.0 12 1562.5 Potassium 388.9 21.1 35 - - -
2.4 12 1562.5 Potassium 409.5 8.3 35 - - -
1.0 8 1562.5 Potassium 199.1 47.7 35 - - -
1.0 10 1562.5 Potassium 248.8 59.6 35 - - -
1.0 12 1562.5 Potassium 291 72.1 35 - - -
1.0 14 1562.5 Potassium 348.4 83.4 35 - - -
1.0 16 1562.5 Potassium 398.2 95.3 35 - - -
1.0 18 1562.5 Potassium 447.9 107.2 35 - - -
1.0 20 1562.5 Potassium 497.7 241.2 35 - - -
1.0 22 1562.5 Potassium 547.5 131.1 35 - - -
1.0 12 1562.5 Potassium 291 72.1 28 - - -
1.0 12 1562.5 Potassium 291 72.1 32 - - -
1.0 12 1562.5 Potassium 291 72.1 35 - - -
1.0 12 1562.5 Potassium 291 72.1 38 - - -
1.0 12 1562.5 Potassium 291 72.1 42 - - -

1.0 12 1562.5 Potassium 291 72.1 35 Wheat
straw 1 -

1.0 12 1562.5 Potassium 291 72.1 35 Rice 1 -
1.0 12 1562.5 Potassium 291 72.1 35 Corn 1 -
1.0 12 1562.5 Potassium 291 72.1 35 PP 1 -
1.0 12 1562.5 Potassium 291 72.1 35 XS 1 -
1.0 12 1562.5 Potassium 291 72.1 35 CS 1 -
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 Acid
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 Acid
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 Alkali
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 Alkali
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 -
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 0.2 Alkali
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 1 Alkali
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 3 Alkali
1.0 12 1562.5 Potassium 291 72.1 35 Wheat 5 Alkali

The treatment method on the plant fibers is described as follows. The sulfuric acid
treatment and hydrochloric acid treatment are provided. The fibers are immersed in 10%
sulfuric acid solution or hydrochloric acid solution for 60 min, and then the fibers are
treated in deionized water for 2 min. After all these are finished, the treated plant fiber is
dried naturally in a cool place. The fibers with alkali treatment are shown as follows. The
plant fibers are immersed in 10% NaOH solution for 60 min, and then are moved in water
for 2 min.

2.3. Measurement Methods
Measurement of Mechanical Strength

The YAW-300 cement flexural and compressive constant stress testing machine pro-
duced by Beijing Longchen Weiye (Beijing, China), is used for the measurement of me-
chanical strengths. The maximum compressive strength and flexural strength were 300
and 10 KN, respectively. The measurement accuracy ranges from 1% to 100%. The loading
speeds for the compressive and flexural strengths are 2.4 and 0.05 kN/s, respectively. First,
the mortar specimen is placed on the YAW-300 automatic compression-folding testing
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machine and folded into two halves. Then, half of the fractured prism specimen is placed
in the middle of the compressive clamp, and the compression surface is the two sides of the
specimen during forming. The mechanical strengths of alkali-activated BFS are measured
in accordance with Chinese standard GB/T 17671-2021 [38]. The measuring process is
shown in Figure 2.
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Figure 2. Measurement of mechanical strengths.

2.4. Steps of Micro-Performance

The central crushing part of the sample is selected for scanning electron microscope
(SEM) measurement. The fragments are cut into small particles of about 5 mm, regular
shape and smooth surface by pliers. On a fixed metal plate, the sample is fixed with
conductive adhesive and vacuumed in a vacuum machine. After this, the samples are
used to obtain photographs of the scanning electron microscope by the FEI Sirion model
scanning electron microscope which is provided by Philips of Amsterdam, The Netherlands.
Instrument resolution is demonstrated by the following: when the voltage > 10 kV, 1.5 nm;
when the voltage is 1 kV, 2.5 nm; and when the voltage is 500 kV, 3.5 nm. The acceleration
voltage is 200 V~30 kV, the sample chamber diameter is 284 mm, and the analysis working
distance is 5 mm. This measurement is carried out following GB/T 17362-2008 [39]. Figure 3
shows the measuring process of the SEM. Table 3 shows the test device specifications and
standards corresponding to different experiments.

Table 3. The test device specifications and standards corresponding to different experiments.

Parameter Mechanical Strength Micro-Performance

Equipment YAW-300 FEI Sirion

Specification Flexural strength: 0~10 KN
Compressive strength: 0~300 KN Magnification: 74×~300,000×

Manufacturer Beijing Longchen Weiye, Beijing, China Philips of The Netherlands

Standard GB/T 17671-2021 GB/T 17362-2008
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3. Results and Discussion
3.1. Influence of Silicate Type

Potassium silicate and sodium silicate are used as alkali activators to excite BFS. The
flexural strength and compressive strength of the specimens are measured after standard
cured for 3, 7, and 28 days. The measuring results are illustrated in Figure 4. As shown in
Figure 4, the flexural strengths of the specimen mixed with potassium silicate are 3%, 24%,
and 30.4% higher than that of the specimen mixed with sodium silicate. The compressive
strength of the specimens mixed with potassium silicate cured for 3, 7, and 28 days is
4.4%, 3.3%, and 16.8% higher than that of the specimens mixed with sodium silicate.
It is obvious that potassium silicate is superior to sodium silicate in strengthening the
mechanical properties of the alkali-activated BFS [40,41]. When the amount of sodium
silicate is small, the reaction and the potential activity of slag cannot be thoroughly and fully
excited. Excessive dosage of sodium silicate will lead to a high concentration of OH− ions,
and the hydration products generated by the rapid reaction on the surface of slag particles
form a protective film, which prevents the further progress of the reaction and leads to slow
development of the strength in the later stage [42]. In the follow-up experimental results,
potassium water glass is selected as alkali activator.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 16 
 

 

the reaction and leads to slow development of the strength in the later stage [42]. In the 
follow-up experimental results, potassium water glass is selected as alkali activator. 

0 7 14 21 28
0

5

10

15

20  Sodium silicate
 Potassium silicate
 Sodium silicate
 Potassium silicate

Curing age（d）

Fl
ex

ur
al

 s
tr

en
gt

h 
(M

Pa
)

60

80

100

120

 C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
)

 
Figure 4. The mechanical strengths of alkali-activated BFS with different alkali activators. 

3.2. Influence of Modulus 
As reported in prior research, unreasonable water consumption will bring incon-

venience to the construction of alkali-activated BFS. According to prior research [43], the 
modulus 0.8~2.4 is reasonable to the mechanical properties of alkali-activated BFS. 
Therefore, in this study, this modulus range is taken as the potassium silicate, and the 
compressive strength of specimens is determined. The compressive strength of the 
specimens cured in the standard environment for 28 days is shown in Figure 5. The 
compressive strength decreases with the increasing modulus. The compressive strength 
of specimens with the modulus of 0.8 is 53% higher than the specimens with the modu-
lus of 2.4. This is ascribed to the fact that when the modulus increases, the alkali solution 
can not be able to fully activate the slag activity due to insufficient alkalinity, resulting in 
the reduction of compressive strength [44]. 

0.8 1.2 1.6 2.0 2.4
40

50

60

70

80

90

100

Potassium silicate modulus 

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

 
Figure 5. The compressive strength of alkali-activated BFS with different modulus. 

Figure 6 shows the flexural and compressive strengths of potassium silicate with 
modulus of 1.0 and 2.0. The curing age ranges from 3 to 28 days. As depicted in Figure 6, 
the flexural strengths of the specimens with modulus of 1.0 cured for 3, 7, and 28 days 
are 24.2%, 14.6%, and 15.9% higher than that of the specimen whose modulus is 2.0. 

Figure 4. The mechanical strengths of alkali-activated BFS with different alkali activators.



Coatings 2023, 13, 664 7 of 15

3.2. Influence of Modulus

As reported in prior research, unreasonable water consumption will bring inconve-
nience to the construction of alkali-activated BFS. According to prior research [43], the
modulus 0.8~2.4 is reasonable to the mechanical properties of alkali-activated BFS. There-
fore, in this study, this modulus range is taken as the potassium silicate, and the compressive
strength of specimens is determined. The compressive strength of the specimens cured
in the standard environment for 28 days is shown in Figure 5. The compressive strength
decreases with the increasing modulus. The compressive strength of specimens with the
modulus of 0.8 is 53% higher than the specimens with the modulus of 2.4. This is ascribed to
the fact that when the modulus increases, the alkali solution can not be able to fully activate
the slag activity due to insufficient alkalinity, resulting in the reduction of compressive
strength [44].

Coatings 2023, 13, x FOR PEER REVIEW 7 of 16 
 

 

the reaction and leads to slow development of the strength in the later stage [42]. In the 
follow-up experimental results, potassium water glass is selected as alkali activator. 

0 7 14 21 28
0

5

10

15

20  Sodium silicate
 Potassium silicate
 Sodium silicate
 Potassium silicate

Curing age（d）

Fl
ex

ur
al

 s
tr

en
gt

h 
(M

Pa
)

60

80

100

120

 C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
)

 
Figure 4. The mechanical strengths of alkali-activated BFS with different alkali activators. 

3.2. Influence of Modulus 
As reported in prior research, unreasonable water consumption will bring incon-

venience to the construction of alkali-activated BFS. According to prior research [43], the 
modulus 0.8~2.4 is reasonable to the mechanical properties of alkali-activated BFS. 
Therefore, in this study, this modulus range is taken as the potassium silicate, and the 
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specimens cured in the standard environment for 28 days is shown in Figure 5. The 
compressive strength decreases with the increasing modulus. The compressive strength 
of specimens with the modulus of 0.8 is 53% higher than the specimens with the modu-
lus of 2.4. This is ascribed to the fact that when the modulus increases, the alkali solution 
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the reduction of compressive strength [44]. 
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Figure 5. The compressive strength of alkali-activated BFS with different modulus. 

Figure 6 shows the flexural and compressive strengths of potassium silicate with 
modulus of 1.0 and 2.0. The curing age ranges from 3 to 28 days. As depicted in Figure 6, 
the flexural strengths of the specimens with modulus of 1.0 cured for 3, 7, and 28 days 
are 24.2%, 14.6%, and 15.9% higher than that of the specimen whose modulus is 2.0. 

Figure 5. The compressive strength of alkali-activated BFS with different modulus.

Figure 6 shows the flexural and compressive strengths of potassium silicate with
modulus of 1.0 and 2.0. The curing age ranges from 3 to 28 days. As depicted in Figure 6,
the flexural strengths of the specimens with modulus of 1.0 cured for 3, 7, and 28 days are
24.2%, 14.6%, and 15.9% higher than that of the specimen whose modulus is 2.0. Moreover,
as illustrated in Figure 6, specimens with modulus of 1.0 cured for 3, 7, and 28 days show
the compressive strength 10.1%, 27.1%, and 12.9% higher than that of the specimen with
modulus of 2.0. This is due to the improved hydration degree by the increased curing
age [45].
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3.3. Effect of Alkali Content

Figure 7 shows the flexural and compressive strengths of potassium silicate with
different dosages of alkali. As found in Figure 7, the flexural strength and compressive
strengths of the specimens with 14% alkali are 33.8% and 32.7% higher than those with 8%
alkali. Meanwhile, the flexural strength and compressive strength of the specimens with
14% alkali are 21.2% and 17.1% higher than those with 18% alkali content. Additionally, the
flexural strength and compressive strength of the specimens with 14% alkali content are
20.3% and 11.9% higher than those with 12% alkali. This is because the alkali is beneficial
in stimulating the activity of slag, enhancing the dissolution and recombination ability of
slag, forming more calcium silicate hydrate gel, and filling some pores’ inner specimens.
Therefore, the mechanical strengths are improved. When the alkali content is 14%, the
alkali solution is sufficient to stimulate the activity of slag. However, with the continuous
increase of alkali content, the production of calcium silicate hydrate gel will be inhibited,
leading to the increase of the number and sizes of pores, thus decreasing the mechanical
strength.
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The compressive strength of alkali-activated BFS with different dosages of potassium
silicate is shown in Figure 8. As illustrated in Figure 8, the compressive strength of
alkali-activated BFS first increases and then decreases with the increasing dosages of
potassium silicate. The compressive strength reaches the maximum value when the dosage
of potassium silicate is 12%. This can be ascribed to the reason that a small amount of
potassium silicate will lead to an incomplete reaction and the potential activity of BFS
can not be fully activated in the process of hydration [46,47]. Therefore, the compressive
strength is increased by the addition of potassium silicate, when the amount ranges from
8% to 12%. However, when the amount of potassium silicate increases from 12% to 22%,
the compressive strength decreases. The maximum value of compressive strength of the
specimens with 12% potassium silicate is 1.7 multiples of the specimens with 22% potassium
silicate. This is ascribed to the fact that with the increasing dosage of potassium silicate, the
activity of BFS is improved by adding more potassium silicate. However, when the dosage
is higher than 12%, because the excessive alkali reacts with CO2, forming carbonates on
the surface of hydration, this prevents a further reaction. Consequently, the mechanical
strengths decrease with the dosage of potassium silicate ranging from 12% to 22%.
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chanical strengths. However, the volume and quantity of pores’ inner alkali-activated 
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3.4. Effect of Water Consumption

Figure 9 shows the mechanical strengths of alkali-activated BFS with water consump-
tion increasing from 28% to 42%. As demonstrated in Figure 9, the flexural and compressive
strengths of alkali-activated BFS with 35% water consumption reach the highest, while
specimens with 42% water consumption show the lowest mechanical strengths. The flexu-
ral and compressive strengths of specimens with water consumption of 35% are 313% and
35.5% of the specimens with 42% water consumption. This is ascribed to the fact that the
addition of deionized water can increase fluidity of fresh alkali-activated BFS, leading to
increasing the transport of free alkali ions. More silicon oxide tetrahedron and aluminum
oxide tetrahedron formed, resulting in increasing the mechanical strengths. However, the
volume and quantity of pores’ inner alkali-activated BFS are increased by excessive water,
which decreases the mechanical strengths [48].
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3.5. Effect of Plant Fiber Types

Figure 10a shows the mechanical strengths of alkali-activated BFS with wheat straw
fibers, rice straw fibers, or corn straw fibers. As illustrated in Figure 10a, the mechanical
strengths increase with the rising curing ages due to the increased hydration degree by
curing age. The mechanical strengths of the specimens decrease in this order: alkali-
activated BFS with wheat straw > alkali-activated BFS with corn straw > alkali-activated
BFS without fiber > alkali-activated BFS with rice straw fibers. This is because the wheat
straw is well occluded with the substrate, which enhances the contact interface between
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fibers and the alkali-activated BFS matrix [49]. However, the density of corn stalk is
lower than the alkali-activated BFS matrix; therefore, the corn stalk floats on the surface of
alkali-activated BFS. Consequently, alkali-activated BFS with corn stalk shows the worst
mechanical strengths.
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Figure 10. Mechanical strengths of alkali-activated BFS with different fibers. (a) Plant fibers; (b) 
Polypropylene fiber (PP), fine steel fiber (XS), and coarser steel fiber (CS). 
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Figure 10. Mechanical strengths of alkali-activated BFS with different fibers. (a) Plant fibers;
(b) Polypropylene fiber (PP), fine steel fiber (XS), and coarser steel fiber (CS).

Figure 10b shows the mechanical strengths of alkali-activated BFS with PP, XS, or CS
fibers. As illustrated in Figure 10b, the mechanical strengths increase with the rising curing
ages due to the increased hydration degree by curing age. The mechanical strengths of
the specimens decrease in this order: alkali-activated BFS with XS > alkali-activated BFS
with CS > alkali-activated BFS with PP > alkali-activated BFS without fiber. XS and CS
have higher mechanical strength than wheat straw. However, due to their high density
and heavy mass, most of the steel fibers sink to the bottom of the specimen during the
coagulation process of alkali-activated BFS. The distribution is uneven, resulting in great
differences in the specimens.

3.6. Effects of Different Treatment Methods on Plant Fiber

The mechanical strengths of alkali-activated BFS with different treatment methods
on the plant fibers are shown in Figure 11. As observed in Figure 11, the mechanical
strengths show an ascending trend with the increasing curing age due to the increased
hydration degree. The mechanical strengths of alkali-activated BFS with different treatment
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methods on the plant fibers show the order of alkali-activated BFS with alkali treatment
> alkali-activated BFS with acid treatment > alkali-activated BFS without any treatment.
This is attributed to the fact that alkali treatment and acid treatment can improve the
bonding performance of fibers and alkali-activated BFS, leading to improve the mechanical
strengths [50]. Moreover, the alkali treatment and acid treatment lead to improving the
dispersing degree of fibers and enhancing the mechanical strengths of alkali-activated
BFS. In addition, the dispersing effect of alkali treatment on fibers is higher than the acid
treatment, resulting in increasing the mechanical strength [51].
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Figure 13 shows the alkali-activated BFS with 1% wheat straw fibers, rice straw fi-

bers, and corn stalk fibers, respectively. As illustrated in Figure 13a, strip substance can 
be found in the SEM photos of specimens with wheat straw fibers. As shown in Figure 
13b,c, the serrated substances are observed in the micro-structures. When the wheat 
straw fibers are mixed, the strip substances are well occluded with the other hydration 
substrate, the contact surface is serrated, and there is no gap at the junction of the transi-
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3.7. Effects of Plant Fiber Content

Figure 12 shows the mechanical strengths of alkali-activated BFS with wheat straw. The
wheat straw is treated by alkali and the specimens are cured in the standard environment
for 28 days. As depicted in Figure 12, the specimens with 1% fibers show the maximum
flexural and compressive strengths. When the volume ratio of fibers increases from 0.2%
to 1%, the flexural and compressive strengths increase by 26.9% and 16.3%, respectively.
Meanwhile, when the volume ratio of fibers ranges from 1% to 5%, the flexural and
compressive strengths increase by 58.3% and 66.1% respectively. This is ascribed to the
fact that when the volume of fibers is less than 1%, the increasing dosages of fibers can
effectively improve mechanical strength by bridging the inner cracks. However, excessive
fibers can agglomerate, leading to decreasing the mechanical strengths [52,53].
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straw fibers are mixed, the strip substances are well occluded with the other hydration 
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3.8. Scanning Electron Microscope

Figure 13 shows the alkali-activated BFS with 1% wheat straw fibers, rice straw fibers,
and corn stalk fibers, respectively. As illustrated in Figure 13a, strip substance can be found
in the SEM photos of specimens with wheat straw fibers. As shown in Figure 13b,c, the
serrated substances are observed in the micro-structures. When the wheat straw fibers are
mixed, the strip substances are well occluded with the other hydration substrate, the contact
surface is serrated, and there is no gap at the junction of the transition zone. However,
many serrated substances are found in the SEM photos of specimens with rice straw and
corn stalk, due to the fact that this type of fibers is prone to float on the surface of the matrix.
Consequently, alkali-activated BFS with wheat straw fibers shows the optimum mechanical
strengths.
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4. Conclusions

This study investigates the various influencing factors on the mechanical strengths of
alkali-activated BFS powder. The research conclusions can be derived as follows.

Alkali-activated BFS powder with potassium silicate exhibits better mechanical strengths
than the sodium silicate alkali-activated BFS powder. The flexural strengths of potassium
silicate alkali-activated BFS cured for 3, 7, and 28 days are 3%, 24%, and 30.4% higher
than those of the specimen mixed with sodium silicate. The compressive strengths of
sodium silicate alkali-activated BFS cured for 3, 7, and 28 days are 4.4%, 3.3%, and 16.8%,
respectively.

The modulus of alkali demonstrates a negative effect on the mechanical strengths
of alkali-activated BFS powder. Alkali-activated BFS with 14% alkali shows the highest
mechanical strengths. The flexural strength and compressive strength of the specimens
with 14% alkali are 33.8% and 32.7% higher than those with 8% alkali. Meanwhile, the
flexural strength and compressive strength of the specimens with 14% alkali are 21.2% and
17.1% higher than those with 18% alkali content.

The mechanical strengths of specimens with 35% water consumption are the highest,
while specimens with 42% water consumption show the lowest mechanical strengths. The
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flexural and compressive strengths of specimens with water consumption of 35% are 313%
and 35.5% of the specimens with 42% water consumption.

An amount of 1% wheat straw fibers by volume of the total alkali-activated BFS
powder and alkali treatment on fibers are the most favorable to the mechanical strength.

Strip substance has been found in the SEM photos of samples with wheat straw fibers,
while the serrated substances are observed in the micro-structures of specimens with rice
straw and corn stalk. The micro-structures of specimens with wheat straw fibers are the
densest.

The alkali-activated BFS with the optimum mixing proportion and the manufacturing
method can be applied in the repair of damaged buildings in the future. Nowadays, this
kind of material is prone to cracking when applied in actual engineering. The rubber
powder can be used to hinder the development of cracks. Such research will be conducted
in the future.
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