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Abstract: In recent years, manufactured sand produced
from crushed rock has been used as fine aggregate instead
of natural sand in construction and industrial fields to
minimize the impact of natural sand depletion in nature
and society. In this research, the mechanical properties
and durability of alkali-activated sustainable mortar using
manufactured sand and different sodium silicate (solution)
to precursor ratios (SSPR; 0.60, 0.65, 0.70, 0.75, and 0.80) by
weight were investigated. Metakaolin and fly ash were
used as precursor, sodium silicate (solution) and sodium
hydroxide were used as alkali-activator, and manufactured
sand made from broken limestone was used to completely
replace river sand as fine aggregate to prepare metakaolin/fly
ash (MK/FA) alkali-activated sustainable mortar to ensure
sustainable development. The compressive, tensile, and flex-
ural strengths, anti-permeability, and crack resistance of
MK/FA alkali-activated sustainable mortar were tested. The
impact of different SSPRs on the mechanical properties and
durability of alkali-activated sustainable mortar was ana-
lyzed. Quadratic function fitting models of tensile strength
to compressive strength and flexural strength to compressive
strength were proposed. Furthermore, the statistical effects of
each parameter were explored using analysis of variance and
F-test of statistical analysis. The experimental results indicate
that the SSPR has a remarkable effect on themechanical prop-
erties and durability of MK/FA alkali-activated sustainable
mortar. When the SSPR is in the range of 0.6–0.8, the com-
pressive, tensile, and flexural strength of the alkali-activated
sustainable mortar initially increased and then decreased;

however, there is an opposite trend in water penetration
depth and crack index. MK/FA alkali-activated sustainable
mortar exhibits best compressive strength, tensile strength,
flexural strength, anti-permeability, and cracking resistance
of 40.2MPa, 3.38MPa, 4.3MPa, 41.3mm, and 245mm, respec-
tively, at SSPR of 0.7. The experimental findings of this study
can provide theoretical guidance for practical engineering of
alkali-activated sustainablemortars usingmanufactured sand.
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1 Introduction

In the last decades, the rapid acceleration of urbanization
and industrialization has led to an increasing use of nat-
ural river sand and other construction materials for infra-
structure construction [1]. According to statistics, about
5 billion tons of sand has been used annually for the
preparation of concrete and mortar, and most of them
are natural river sand, which has made natural river
sand the most consumed natural resource on earth after
fresh water and fossil fuels [2–5]. The uncontrolled mining
of natural river sand has caused the exhaustion of river
sand resources in many countries. And, the indiscrimi-
nate mining of river sand has resulted in irreversible
impacts on the natural environment, ecosystem, and human
society [6,7].

With the concept of sustainable development on the
rise, using manufactured sand instead of natural sand in
construction and industry has become a possibility to alle-
viate the depletion of river sand resources [8–10]. Manu-
factured sand is made from rock, gravel, and municipal
construction waste through mechanical crushing. It is of
interest to a wide range of construction industry practi-
tioners because of its renewable nature, wide source, and
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low price. A lot of research results have shown that the use
of manufactured sand to replace river sand as fine aggre-
gate for preparing concrete or cement composites has
yielded good results [10–13]. Shen et al. [2] presented a
successful example of clean production of digital control
manufactured sand for the Hechi-Baise Expressway. They
found that the workability of the manufactured sand con-
crete was improved by an average of 16.19%, the strength
was increased by an average of 7.1%, and it had excellent
chloride ion penetration resistance. Khyaliya et al. [14] stu-
died the impact of replacing river sand (0–100%) with
marble waste as fine aggregate on mechanical and dur-
ability properties of mortar. Results revealed that the com-
pressive strength improved from 2.84 to 7.04 MPa at 50%
replacement. Furthermore, the appropriate amount of stone
powder content in manufactured sand has a certain influ-
ence on the properties of concrete or mortar [9,10,15–19]. For
example, Ji et al. [20] discovered that the compressive
strength, tensile strength, and modulus of elasticity of man-
ufactured sand concrete gradually increased with the increase
in the content of fine stone powder. Hence, it is feasible to use
manufactured sand instead of natural sand in the construction
industry.

As a new, eco-friendly, and sustainable alternative
to ordinary cement construction material, geopolymer is
receiving increasing attention in the construction industry
due to its wide range of sources, good mechanical proper-
ties, and excellent durability [21–35]. Geopolymer is usually
produced by polymerizing industrial by-products rich in
silica and alumina as precursor (i.e., metakaolin [MK],
bottom ash, fly ash [FA], blast furnace slag, etc.) with
alkali-activator solution. Studies have demonstrated that
the use of geopolymer as new building materials can sig-
nificantly reduce greenhouse gas emissions and energy
consumption [36–41]. Moreover, it has been shown that
geopolymer using two or more raw materials has higher
performance than that using only one raw material [42–45].
Generally, alkali-activator solution is prepared using sodium
silicate and sodium hydroxide. Soluble alkali-activator solu-
tion can enhance the hydration reaction during polymeriza-
tion and promote the formation of the new hydrated phase
[46]. In the preparation of geopolymer, activator to pre-
cursor ratio is an extremely critical factor for the formation
of stable geopolymer, which determines the workability,
fresh properties, mechanical properties, and durability of
the mixtures [46,47]. Kanagaraj et al. [47] revealed that the
ratio of alkali-activator to binder significantly affected the
properties of geopolymer. When the alkali-activator to binder
ratio was 0.36–0.74, the density, slump, and compressive
strength all increased and the water absorption reduced.
Although many researchers have analyzed the impact of

activator to binder ratio on the reaction mechanism, mechan-
ical properties, and durability of geopolymer mortar, there
are still insufficient research works on the influence of
sodium silicate to precursor ratio (SSPR) on the properties
of MK/FA alkali-activated sustainable mortar using manufac-
tured sand.

In order to achieve sustainable development in the
construction industry, this study used manufactured sand
to completely replace natural sand in preparing MK/FA
alkali-activated sustainable mortar. The effect of SSPR on
the performance of alkali-activated sustainable mortar
was investigated. The compressive, tensile, and flexural
strength, anti-permeability, and crack resistance of alkali-
activated sustainable mortar were investigated by various
tests. In addition, the relation of tensile strength to com-
pressive strength and flexural strength to compressive
strength of alkali-activated sustainable mortar was pro-
posed. Finally, statistical analysis (analysis of variance
and F-test) was used to determine the influence of SSPR
on the performance of alkali-activated sustainable mortar
based on the test data of this study. The results of this study
can provide a reference for the engineering application of
alkali-activated sustainable mortars with manufactured sand.

2 Materials and methodology

2.1 Materials

In this study, MK/FA alkali-activated sustainable mortar
was prepared using MK, FA, sodium silicate, sodium hydro-
xide, manufactured sand, and water. MK and FA were used
as precursor for the preparation of MK/FA alkali-activated
sustainable mortars. MK with an average particle size of
approximately 1.2mm was sourced from Chenxing Industrial
Co. Ltd, Shijiazhuang City, China. Class I FA was supplied by
the power plant in Luoyang City, China. The main chemical
compositions of the two raw materials are presented in
Table 1. The alkali-activator was composed of sodium silicate
(Longxiang Ceramics Co. Ltd, Zhengzhou City, Henan Pro-
vince, SiO2/Na2O = 3.2, specific gravity of 1.38 g·cm−3, 34.3%
solid content) and sodium hydroxide (Jinhai Xinwu Fine
Chemical Co. Ltd, Ningxia, China, 99% purity). Manufactured
sand was sourced from broken limestone which is manu-
factured by Changshen Manufactured Sand Co. Ltd, Xin-
xiang City, China. And a certain amount of stone powder
was produced in the production process of manufactured
sand. Themoderate dosage of stone powder not only improves
the workability of the mix, but also improves the compressive
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strength of the geopolymer [18,19]. In this study, the content of
stone powder (by mass) is 6%. Table 2 demonstrates the phy-
sical performance of the manufactured sand blended with
stone powder.

2.2 Mixing proportions and specimen
preparation

MK and FA were at first dried in a drying oven for 24 h to
clean the water from the surface. Then, the raw materials
were mixed in a certain ratio to prepare the cementitious
material. The MK/FA ratio has a remarkable impact on the
mechanical performance of geopolymer mortar [26,44,48,49].
In the previous study, the best mechanical properties of the
geopolymer mortar were obtained at a MK/FA ratio of 7:3
[3,21]. In this study, the precursor consisted of 70% MK and
30% FA (by weight). Manufactured sand was dried in the
natural state to remove the free water adhering to the sur-
face. The weight ratio of precursor to manufactured sand
was consistently 1. Flaky sodium hydroxide was added to
the sodium silicate solution having a molar ratio of 3.2
and both were mixed thoroughly under the assistance of a
mechanical stirrer. The ratios of sodium silicate to precursor
(by weight) were 0.60, 0.65, 0.70, 0.75, and 0.80. More details

about the mixing proportions of the MK/FA alkali-activated
sustainable mortar are provided in Table 3.

Initially, the alkali-activated solution was prepared
24 h before casting and the prepared alkali-activated solu-
tion was stored at the room temperature. The dried com-
pound mixture was first mixed with manufactured sand
and stirred for 3 min. Then, the prepared alkali-activator
was added to the mixture and stirred for 2–3min until
proper fluidity was obtained. After testing the workability
of themixture, themixture was immediately moved tomolds
of different sizes, vibrated, and left at room temperature for
1 day. Eventually, the demolded specimens were cured in a
standard maintenance box at 20 ± 2°C for 28 days. MK/FA
alkali-activated sustainable mortar fabrication is illustrated
in Figure 1.

2.3 Experimental methods

2.3.1 Mechanical properties

The cubic compressive strength test (cube specimen: 70.7 ×
70.7 × 70.7 mm), splitting tensile strength test (cube spe-
cimen: 70.7 × 70.7 × 70.7 mm), and flexural strength test
(prism specimen: 40 × 40 × 160mm) were performed on

Table 2: Physical performance of manufactured sand blended with stone powder

Properties Fineness modulus Stone powder (%) Apparent density (kg·m−3) Water absorption (%)

Values 2.8 6 1,820 4.5

Table 1: Chemical compositions of MK and FA (wt%)

Chemical composition SiO2 Fe2O3 Al2O3 SO3 CaO and MgO Na2O and K2O Other

MK 53.0 1.3 43.0 — ≤0.8 ≤0.7 ≥1.2
FA 51.5 6.7 18.5 0.21 12.5 4.4 6.19

Table 3: Mix proportions of alkali-activated sustainable mortar

Mix ID Precursor (kg·m−3) Water (kg·m−3) Alkali-activator (kg·m−3) Manufactured sand (kg·m−3)

MK FA Na2SiO3 NaOH

N-0.60 429 184 189 368 56.9 613
N-0.65 429 184 145 399 64 613
N-0.70 429 184 100 430 71.2 613
N-0.75 429 184 70 460 78.2 613
N-0.80 429 184 50 491 85.4 613
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28th day following the Chinese standard JGJ/T 70-2009
[50], GB/T 7897-2008 [51], and GB/T 7897-2008, respectively.
A pressure testing machine with a range of 2,000 kN con-
trolled by a microcomputer (Hualong Testing Instruments
Co., Ltd, Shanghai City, China) was used to test the different
sizes of specimens. The loading rate was 1 kN·s−1 for the
cubic compressive strength test and splitting tensile strength
test and 50 N·s−1 for the flexural strength test. Mechanical
strength test was completed until damage occurred to the
specimen. Three samples were prepared for each mixing
proportion and the average of the three specimen strengths
was used as the final strength for each test.

2.3.2 Anti-permeability

The water penetration resistance test using Chinese stan-
dard GB/T 50082-2009 [52] was performed using a circular
table body mold with an internal diameter of 175 mm at the
top, 185 mm at the bottom, and a height of 150 mm. The
impermeability tester is presented in Figure 2. Six speci-
mens were cast for each set of ratios. The day before the
test started, the samples were taken out from the mainte-
nance room, and the water and dirt on the surface of the
specimens were cleaned. The specimens were sealed with
cement and butter in a mass ratio of 2.5:1. The sealed speci-
mens were installed on the anti-permeability instrument,
and the valve was opened to make the water pressure
stable at 1.2 MPa within 24 h. Finally, the specimens taken
out from the anti-permeability instrument were put on the
machine for the splitting test, and the water penetration
height values on the splitting surface of the specimen were
recorded.

The average depth of water permeability for each
mixing proportion after 28 days of curing in this study
was calculated by Eqs (1) and (2):
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where, hj is the j-th testing spot of i-th sample water pene-
tration height (mm); h¯i is the average water penetration
height of the i-th sample (mm); h¯ is each set of 6 samples of
average water penetration height (mm).

2.3.3 Crack resistance

A standard mold of 910 mm in length, 600 mm in width,
and 20 mm in height was used for the crack resistance test
referring to Chinese standard JC/T 951-2005 [53]. A two-
layer PVA film was placed at the bottom of the mold to
reduce the influence of the bottom of the mold on the
shrinkage and deformation of the specimen. A light round
steel frame with a diameter of 8 mm is placed inside the
mold. The test room conditions should be controlled at the
temperature of 20 ± 3°C and relative humidity of 60 ± 5%.
A rag was used to clean the surface of the mold before
casting the specimens. The mixture was cast homoge-
neously along the edge of the mold toward the center. After
casting, the fan was switched on at once to cool the speci-
mens. The wind speed of the fan should be controlled
at 4.5 ± 0.5 m·s−1. Meanwhile, iodine tungsten lamps with
a power of 1,000W were switched on to illuminate the

Figure 1: Process flow diagram of alkali-activated sustainable mortar. Figure 2: Appearance of impermeability tester.
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specimen for 4 h. Figure 3 illustrates the diagram of the test
arrangement.

The number, length, and width of cracks on the surface
of the specimens after 24 h were measured and recorded.
The average cracking index of the two specimens was used
as the cracking index (W) for each group of specimens in
this study. W can be described as Eq. (3).

( )∑= ⋅W A l ,i i (3)

where W is the specimen cracking index; Ai is the weight
value corresponding to each crack, and more details are
listed in Table 4; li is the length of each crack on the surface
of the specimen.

3 Experimental results and
discussion

3.1 Mechanical properties of alkali-activated
sustainable mortar

3.1.1 Cube compressive strength

The impact of SSPR on the compressive strength of alkali-
activated sustainable mortar is presented in Figure 4. It can
be found that the compressive strength of the alkali-activated

sustainable mortar depends on the SSPR to some extent. The
compressive strength of alkali-activated sustainable mortar
showed a trend of increasing first and then decreasing as
the SSPR increased from 0.6 to 0.8. When the SSPR was 0.7,
the maximum compressive strength of alkali-activated sus-
tainable mortar was 40.2MPa. However, when the SSPR
was 0.6, 0.65, 0.75, and 0.8, the compressive strength of
alkali-activated sustainable mortar decreased by 33.3, 19.4,
8.5, and 17.7%, respectively, compared with the maximum
value.

A similar finding was gained by Ishwarya et al., who
revealed that the compressive strength of FA/slag geopo-
lymer pastes at 28 days first increased and then gradually
decreased as the amount of activator increased [37]. More-
over, Kanagaraj et al. [47] investigated the effect of alkali-
activator to binder ratios on the properties of geopolymer

Figure 3: Schematic diagram of the test arrangement.

Table 4: Weight (A) corresponding to the crack width (d)

d (mm) d < 0.5 0.5 ≤ d < 1 1 ≤ d < 2 2 ≤ d < 3 3 ≤ d

A 0.25 0.5 1 2 3
Figure 4: Effect of SSPR on compressive strength.
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with conventional sand, and they discovered that the com-
pressive strength of geopolymers improved from 37.3 to
44.4 MPa as the alkali-activator to binder ratio increased
from 0.36 to 0.74. The maximum compressive strength of
the geopolymer using conventional sand is slightly higher
than that of the geopolymer mortar using manufactured
sand, which may be due to the irregular shape of the man-
ufactured sand and the fact that the surface contains many
open pores [54].

Figure 5 exhibits the damage patterns of the alkali-
activated sustainable mortar at SSPR of 0.6, 0.7, and 0.8,
respectively. It can be clearly seen that the damage of the
specimens with a high SSPR is more severe than that of the
specimens with a low SSPR. The mechanism of the influ-
ence of SSPR on the compressive strength of alkali-acti-
vated sustainable mortar is discussed below.

The reaction of MK/FA geopolymer mortar is a polymer-
ization reaction with multiple depolymerization and con-
densation, where the alkali-activator provides the necessary
alkaline environment [46,55]. Meanwhile, the alkali-acti-
vator also plays an important role in regulating the flow of
the mixture. The low ratio is accompanied by a low Si-Al
molar ratio, which means that the Si content in the alkali-
activator is insufficient, resulting in the polymerization reac-
tion of the MK/FA geopolymer mortar becoming incomplete.
Moreover, the low compressive strength of alkali-activated
sustainable mortars may also be due to the low content of
alkali in the alkali-activator [54,56,57]. The insufficient alkali
dosage in the alkali-activator does not provide an optimal
alkali environment for the geopolymer reaction, resulting in
the inability to generate a sufficient amount of N–A–S–H gels
in the geopolymer reaction. The appropriate amount of
sodium silicate solution can dissolve, depolymerize, and poly-
condense the silicate and aluminate oligomers sufficiently
to produce –Si–O–Al–O–Si– and –Si–O–Al–O–Si–O–Si– in
the matrix. These reticular structures are cross-linked to

each other, making the internal structure of MK/FA alkali-
activated sustainable mortar much denser, thus improving
the compressive strength of alkali-activated sustainable mortar
[58]. With the increase in the SSPR, the excess Na2SiO3 in the
alkali-activator cannot react with the free SiO2 in the paste,
resulting in the formation of hardened crystals in the geopo-
lymer mortar. Simultaneously, the excess alkali in the alkali-
activator may also interact with CO2 and H2O in the air to
generate sodium carbonate crystals precipitated on the surface
of the silica-aluminate, thus affecting the denseness of the
alkali-activated sustainable mortar.

3.1.2 Splitting tensile strength and flexural strength

The effect of SSPR on the tensile strength and flexural
strength of alkali-activated sustainable mortar is depicted
in Figures 6 and 7, respectively. It can be clearly found that
the tendency of tensile strength and flexural strength of
alkali-activated sustainable mortar is consistent with that
of compressive strength. When the SSPR increased from 0.6
to 0.7, the tensile and flexural strength of MK/FA alkali-acti-
vated sustainable mortar both increased, and the strength
gradually decreased as the ratio continued to increase.
When the SSPR was 0.7, the tensile and flexural strength
of MK/FA alkali-activated sustainable mortar reached the
maximum values of 3.38 and 4.3 MPa, respectively. Never-
theless, when the ratio was 0.6, 0.65, 0.75, and 0.8, the tensile
strength decreased by 39.5, 27.9, 14, and 23.3%, respectively,
compared with the maximum values, and the flexural
strength decreased by 42, 25.1, 4.1, and 17.8%, respectively,
compared with the maximum values.

The mechanism of the influence of the SSPR on the
tensile and flexural strengths of alkali-activated sustainable
mortar is similar. Specifically, when the ratio is below 0.7,
the low strength of alkali-activated sustainable mortar can

Figure 5: Damage state of specimens when SSPRs are (a) 0.6, (b) 0.7, and (c) 0.8, respectively.
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be attributed to the insufficient amount of alkali-activator,
which leads to the inability to generate an amount of gels in
the geopolymer mortar. When the ratio exceeds 0.7, the
excess Na2SiO3 in the geopolymer mortar prevents the
binder from fully polymerizing, which causes a reduction
in the strength of the alkali-activated sustainable mortar.

3.1.3 Relationship of splitting tensile, flexural, and
compressive strengths

In previous studies, many researchers have concluded that
there is a relation between compressive strength and tensile
strength, and compressive strength and flexural strength of

geopolymer mortar [57,59–62]. Currently, there are various
fitting models that have been used by researchers to model
the relationship of compressive, tensile, and flexural strengths
of geopolymer mortar or concrete based on experimental
data, i.e., quadratic function fitting model, power function fit-
ting model, and exponential function fitting model, and so on.
In this study, the quadratic function fittingmodel was used for
alkali-activated sustainable mortar. According to the experi-
mental results, the functional expressions of tensile, flexural,
and compressive strength of MK/FA alkali-activated sustain-
able mortar are illustrated in Eqs (4) and (5).

= − + −f f f0.0034 0.334 4.59,

t

c

2

c

(4)

= − +f f f0.0035 0.108 2.97,

f

c

2

c

(5)

where, ft represents the splitting tensile strength; ff repre-
sents the flexural strength; and fc represents the compres-
sive strength.

Figure 8a and b demonstrates the relation of tensile
strength to compressive strength and flexural strength to
compressive strength of alkali-activated sustainable mortar,
respectively. It can be clearly found that there is an excellent
connection between tensile strength, flexural strength, and
compressive strength of MK/FA alkali-activated sustainable
mortar. In addition, it is also found that the tensile strength
of MK/FA alkali-activated sustainable mortar increases slowly
with the increase in the compressive strength, while the flex-
ural strength increases sharply with the increase in the com-
pressive strength. The equation’s correlation coefficient (R2)
indicates the total degree of variation of the dependent vari-
able of the regression equation, which better explains the
correlation of the fitted equation. Generally, the correlation
of the regression equation is considered to be better when
R2 is closer to 1. In this study, the R2 of tensile strength vs
compressive strength of alkali-activated sustainable mortar is
0.945, and the R2 of flexural strength vs compressive strength
is 0.944. Hence, the quadratic function fitting equation
derived from the experimental data can better reflect the
relation of tensile strength to compressive strength and flex-
ural strength to compressive strength of alkali-activated sus-
tainable mortar.

3.2 Durability of alkali-activated sustainable
mortar

3.2.1 Anti-permeability

Figure 9 demonstrates the influence of SSPR on the anti-
permeability of MK/FA alkali-activated sustainable mortar.
It can be obviously found that the SSPR has a remarkable

Figure 6: Effect of SSPR on splitting tensile strength.

Figure 7: Effect of SSPR on flexural strength.

Influence of sodium silicate to precursor ratio on alkali-activated mortar  7



effect on the anti-permeability of the alkali-activated sus-
tainable mortar. Specifically, the water penetration depth
of alkali-activated sustainable mortar decreased as the SSPR
increased from 0.6 to 0.7, and then gradually increased
when the SSPR exceeded 0.7. The anti-permeability of
the alkali-activated sustainable mortar was lowest with a
mean water permeability depth of 41.3 mm at a SSPR of
0.7. However, at SSPR of 0.6, 0.65, 0.75, and 0.8, the mean
permeability depth increased by 53.3, 32.2, 23, and 42.1%,
respectively, compared to the minimum value. Similarly,
Atabey et al. [63] discovered that the permeability depth of
the specimens decreased with the increase in the sodium

ratio in the alkali-activated solution, especially the speci-
mens with a higher depth of permeability at a Na ratio of
6%. Hedegaard and Hansen [64] proposed that the material
can be considered impermeable with the maximum perme-
ability depth below 50mm. In this work, the average perme-
ability depth and a maximum permeability depth of the
specimens with a SSPR of 0.7 meet the above results. The
reason for the low permeability depth can be attributed to
the volcanic ash effect of fly ash and the dense effect of MgO
[65–68]. Hence, the MK/FA alkali-activated sustainable mortar
with a SSPR of 0.7 can be considered as a waterproofing
material in practical construction projects.

3.2.2 Crack resistance

The effect of the SSPR on the crack resistance of alkali-
activated sustainable mortar is depicted in Figure 10. It
can be found that the effect of the SSPR on the crack resis-
tance of alkali-activated sustainable mortar is consistent
with the impermeability of alkali-activated sustainable
mortar. When the ratio increased from 0.6 to 0.8, the
cracking index of alkali-activated sustainable mortar initi-
ally decreased and then increased. When the SSPR was
0.7, the cracking index of alkali-activated sustainable
mortar was the smallest at 245 mm, and the specimen
had the strongest crack resistance. When the ratio of
sodium silicate to precursor was 0.6, 0.65, 0.75, and 0.8,
the cracking index of the specimens increased by 55.9,
32.2, 45.3, and 82.4%, respectively, compared with the
minimum value.

Figure 8: Relationship of tensile, flexural, and compressive strength: (a) relation between tensile and compressive strength; (b) relation between
flexural and compressive strength.

Figure 9: Effect of SSPR on the impermeability.
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3.2.3 Mechanism for durability of alkali-activated
sustainable mortar

Anti-permeability and crack resistance are important indi-
cators to evaluate the durability of geopolymers or concrete.
In this study, the anti-permeability and crack resistance of
MK/FA alkali-activated sustainable mortar are principally
correlated with the matrix structure and internal pore struc-
ture of the mixes [66,69–73].

In MK/FA alkali-activated sustainable mortar, the refine-
ment of the slurry’s pore structure is mainly through the
volcanic ash reaction of fly ash and gelation produced during

the polymerization reaction [66,74]. When the SSPR is at a
low level (below 0.7), there is an insufficient amount of alkali-
activator in the matrix, especially the dosage of alkali,
resulting in lower solubility of fly ash particles [75]. Mean-
while, the lower dose of alkali is not able to provide an
optimal environment for the polymerization reaction, which
results in an incomplete geopolymer reaction. When the
SSPR is 0.7, the proper amount of alkali promotes the depo-
lymerization and condensation reaction of the geopolymer
and accelerates the generation of gels. In addition, it pro-
motes the volcanic ash reaction of fly ash, which makes
the microstructure of the paste much denser and more
robust. When a higher SSPR is used, the dissolution rate of
the raw material can be accelerated and the depolymeriza-
tion and condensation reactions can be accelerated in a
higher amount of alkali environment, but it also leads to
the creation of zeolite-like structures [76]. Simultaneously,
the excess −

OH ions in the MK/FA alkali-activated sustain-
able mortar paste negatively affect the activation process
during the geopolymer reaction, resulting in a weak internal
structure of the geopolymer paste [62].

4 Statistical analysis

Analysis of variance in statistical analysis was used to
statistically process the experimental data in this study
to evaluate more graphically and clearly the influence
of SSPR on the mechanical and durability properties of

Figure 10: Effect of SSPR on the crack resistance.

Table 5: Analysis of variance for different parameters

Parameters Nsample NLevel Control
factors

Sum of
square
(SSLevel/
SSerror)

Degrees
of
freedom

Mean
square
(MSLevel/
MSerror)

Calculated
F-ratio

Critical
F-ratio
(α = 0.05)

Significance
level

Critical
F-ratio
(α = 0.025)

Significance
level

Compressive
strength

15 5 SSPR 279.47 4 69.87 9.42 3.48 Significance 4.47 Significance
Error 74.22 10 7.42 — — —

Total 353.69 14 — — — —

Tensile
strength

15 5 SSPR 3.64 4 0.91 10.96 3.48 Significance 4.47 Significance
Error 0.83 10 0.083 — — —

Total 4.47 14 — — — —

Flexural
strength

15 5 SSPR 3.95 4 0.99 4.78 3.48 Significance 4.47 Significance
Error 2.07 10 0.207 — — —

Total 6.02 14 — — — —

Depth of
water
penetration

30 5 SSPR 1414.76 4 353.69 26.47 2.76 Significance 3.35 Significance
Error 333.96 25 13.36 — — —

Total 1748.72 29 — — — —

Cracking
index

10 5 SSPR 39269.37 4 9817.34 6.67 5.19 Significance 7.39 Insignificance
Error 7356.23 5 1471.25 — — —

Total 46625.6 9 — — — —

Influence of sodium silicate to precursor ratio on alkali-activated mortar  9



MK/FA alkali-activated sustainable mortar. Analysis of var-
iance adopts the form of the sum of squares to determine
the effect of test factors on test indicators, and it is widely
used in a variety of fields [3,77–79]. The F-test in the
hypothesis test was also used to test the significance level
of SSPR on various properties of alkali-activated sustain-
able mortar. In the F-test, SS

Level

represents the difference
between the sample mean and the total mean of the data;
MS

Level

represents the mean square of SS

Level

; N
Level

repre-
sents the number of factors; SS

error

represents the differ-
ence between the sample value and the sample mean;
MS

error

represents the mean square of SS

error

; N
sample

repre-
sents the all specimen counts.

The analysis of variance results for different SSPRs on
the compressive strength, tensile strength, flexural strength,
anti-permeability, and crack resistance of alkali-activated
sustainable mortar are listed in Table 5. In this study, F-tests
were conducted for the test parameters using significance
levels α = 0.05 and α = 0.025, respectively. A higher level of
significance represents a higher probability of the overall
parameter falling in that interval to make an error. The
calculated F-ratio is greater than the critical F-ratio at a
significance level of 0.05, which implies that the SSPR has
a remarkable effect on the mechanical and durability prop-
erties of alkali-activated sustainable mortar in the range of
0.6–0.8. At a significance level of 0.025, the calculated F-
ratios for compressive, tensile, flexural strength, and anti-
permeability of the alkali-activated sustainable mortar are
all greater than the critical F-ratios, except for the calculated
F-ratio for crack resistance. This indicates that the influence
of the SSPR on the crack resistance of MK/FA alkali-activated
sustainable mortar may become significant when the SSPR
is beyond the test range at a significance level of 0.025.
Hence, further experimental and theoretical studies are
needed for related issues in future work.

5 Conclusion and potential work

In this study, the effect of SSPR on the mechanical proper-
ties and durability of the MK/FA alkali-activated sustainable
mortar was investigated. In addition, statistical analysis
was used in this study to evaluate the significant level of
SSPRs on the mechanical and durability properties of MK/FA
alkali-activated sustainable mortar. The conclusions obtained
are as follows:
1) The strengths of MK/FA alkali-activated sustainable mortar

initially increased and then decreased as the SSPR varied
from 0.6 to 0.8. The highest compressive, tensile, and flex-
ural strength of 40.2, 3.38, and 4.3MPa, respectively, were

obtained at a ratio of 0.7 of sodium silicate to precursor.
Moreover, the relation of tensile strength to compressive
strength and flexural strength to compressive strength of
MK/FA alkali-activated sustainable mortar can be better
characterized by the quadratic function fitting models.

2) The results demonstrated that the water penetration
depth and cracking index of MK/FA alkali-activated sus-
tainable mortar first decreased and then increased
when the SSPR was in the range of 0.6–0.8. In addition,
MK/FA alkali-activated sustainable mortar exhibited the
best anti-permeability and crack resistance at a ratio of
0.7 of sodium silicate to precursor, and the permeability
depth and crack index of alkali-activated sustainable
mortar were 41.3 and 245 mm, respectively.

3) The analysis of variance and F-test results revealed that
the SSPR had a significant effect on the compressive
strength, tensile strength, flexural strength, anti-perme-
ability, and crack resistance of MK/FA alkali-activated
sustainable mortar at the significance level α = 0.05.

Based on the research of this work, considering the
influence of the external environment on the structure, pos-
sible future work is as follows. The effect of SSPR on the
mechanical properties and durability of the specimens in
terms of compressive, tensile, erosion, penetration, high tem-
perature, and impact resistance at the microscopic level is
recommended for further study and analysis in future work.
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