
Research Article

Peng Zhang, Xuemei Zhang, Yamin Zhang, Yuanxun Zheng*, and Tingya Wang

Gray correlation analysis of factors influencing
compressive strength and durability of nano-SiO2

and PVA fiber reinforced geopolymer mortar

https://doi.org/10.1515/ntrev-2022-0493
received April 23, 2022; accepted October 18, 2022

Abstract: To investigate the mechanical properties and
durability of nano-SiO2, polyvinyl alcohol (PVA) fiber-
modified fly ash (FA), and metakaolin (MK)-based geo-
polymer mortar (FMGM), tests of compressive strength,
electrical flux, freeze–thaw cycles, and sulfate dry and
wet cycles were conducted. Based on the experimental
results, combined with Dunn’s gray correlation theory
analysis method, a mathematical analysis of the effect
sensitivity of the contents of the four mixtures on the
mechanical properties and durability of FMGM was car-
ried out. The method of gray correlation analysis can
solve the mathematical problem with partial unclear
and uncertain information, and the method requires
less data and less computation compared with other
mathematical analysis method. The results showed that
the gray correlation degree between the content of MK
and the electric flux value is higher than the that of other
comparison sequence and each reference sequence, while
the gray correlation degree between the PVA fiber dosage
and the loss rate of compressive strength is lower than that
of other comparison sequence and each reference sequence.
The influence of the four mixture contents on the compres-
sive strength and mass loss rate was in the following
decreasing order: MK and FA, PVA fiber, and nano-SiO2.
In addition, the influence of the four material mixture con-
tents on the electric flux value and compressive strength
loss rate was consistent in the following decreasing order:

MK and FA, nano-SiO2, and PVA fiber. Furthermore, the
mechanical properties and durability reached the optimum
when the PVA fiber content was 0.6% and the dosage of
nano-SiO2 was 1.0%. The results of this study can provide a
new method for the analysis and evaluation of mechanical
properties and durability of nano-SiO2 and PVA fiber-rein-
forced FMGM in future.

Keywords: gray correlation, geopolymer mortar, mechan-
ical properties, durability

1 Introduction

Since the reform and opening up, due to rapid economic
development, China has emerged as a major energy-pro-
ducing and consuming country, and its carbon emissions
have been the highest in the world. Despite the global
economy being affected by the epidemic in 2020, the total
global carbon emissions remained high, reaching 32.28
billion tons, with China accounting for the highest share
(30.7%). The cement industry is currently the second-
largest industry in terms of carbon emissions, behind
only the steel industry, and the production of cement
mortar or concrete releases large amounts of carbon
dioxide into the environment [1,2]. This is a serious viola-
tion of China’s policy of “double carbon” peaking by
2030, and carbon neutrality by 2060. It has been reported
that each ton of cement production consumes nearly 100kg of
standard coal and emits approximately 1,000kg of carbon
dioxide; therefore, the massive use of cement will lead to
increasingly serious problems of resource consumption, energy
waste, and environmental pollution [3]. Traditional cement-
based composites have disadvantages such as easy cracking,
poor durability, low strength, and insufficient water retention
[4,5]. Therefore, the development of a green and environmen-
tally friendly cementitious material that can be used as an
alternative to cement has become an urgent need [6,7].

Geopolymers are a class of new non-metallic material,
proposed by Professor Davidovits in 1978, with inorganic
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SiO2 andAlO4 tetrahedra as themain composition. Geopolymers
represent a new calcium-free aluminum-silica cementi-
tious material with a three-dimensional shelf-like struc-
ture [8]. Compared with traditional silicate cement and
concrete, a geopolymer has better workability, mechanical
properties [9,10], and durability [11,12]. Geopolymers are
environment friendly as their preparation process does not
require the “two grinding and one burning” process [13],
which saves a considerable amount of resources and
energy and prevents NOX, SOX, and CO generation and
substantial CO2 emissions [14]. In addition, geopolymer
materials have advantages such as fast hardening, high
early strength, low shrinkage, low permeability, high-tem-
perature resistance, good thermal insulation, and adjus-
table thermal expansion coefficient [15]. Geopolymers
have higher strength, lower water absorption, and lower
porosity than ordinary silicate cement [16]. Chithambaram
et al. [15] studied the thermodynamic properties of geo-
polymer mortar manufactured using slag powder instead
of fly ash (FA) and found that geopolymer mortar exhibits
a dense structure, early curing, and increased strength.
Sreevidya et al. [17] studied the strength of FA geopolymer
mortar and found that the highest 28 days compressive
strength of the specimens was obtained when the
exciter/FA mass ratio was 0.416. Bingol et al. [18] stu-
died the durability of alkali-activated slag geopolymer
mortar and found that the corrosion resistance of alkali-
activated slag geopolymer mortar in corrosive media was
significantly higher than that of cement mortar. Geo-
polymer mortars, given their excellent characteristics, have
broad application prospects in the construction of roads and
bridges, water conservancy, and other fields [19].

The drawbacks of brittleness, low toughness, and
low deformation resistance exhibited by both geopolymer
and cement mortars can be mitigated by adding certain
high-performance fibers to geopolymer mortars [20]. The
fiber materials [21] commonly used in mortars are poly-
propylene alcohol fibers [22,23], steel fibers [24,25], glass
fibers [26], polyvinyl alcohol (PVA) fibers [27,28], etc.
PVA fibers exhibit high tensile strength and modulus of
elasticity, good adhesion with cementitious materials,
good hydrophilicity, and nontoxicity. In addition, PVA
fibers exhibit good acid and alkali resistance, which
can improve the durability of the material [29]. Du and
Li [30] showed that PVA fiber-reinforced high-strength
concrete has excellent mechanical properties. Wang et al.
[31] showed that the durability and ductility of rubber con-
crete improves with PVA-fiber reinforcement. PVA fiber
incorporated into geopolymer mortars can improve the
toughness of the material [32], changing the damage
mode of the material from brittle to ductile [33]. Therefore,

the use of PVA fibers in geopolymermortars improves their
properties, making them suitable for many applications [34].

Nanomaterials are favored by scholars all over the
world because of their small-size effect, quantum effect,
and interfacial effect, which can enhance traditional con-
struction materials in terms of their structure and physico-
chemical properties. Nano-SiO2 has many advantages,
such as being non-toxic, odorless, and non-polluting, in
addition to having a small particle size. The application of
nanomaterials in mortars or concretes can play the role of
nano-filling and nano-enhancement, improve the perfor-
mance of the interfacial transition zone in mortar, optimize
the microstructure of mortar, and reduce the porosity while
enhancing the impermeability [35], mechanical properties
[36,37], and durability [38,39] of the matrix. With the
maturity of nano-SiO2 modification technology for cement-
based materials, many scholars have studied the properties
of nano-SiO2 incorporated into geopolymer-based construc-
tion materials. Li [40] studied high-strength concrete with
bulk FA mixed with nano-SiO2 and found that it exhibited
increased compressive strength and improved pore distribu-
tion compared to concrete without nano-SiO2. Xiao et al. [41]
studied the effect of nano-SiO2 on different microstructures
and impermeability of graded concrete and found that the
microstructure was the densest and the impermeability was
the strongest when the Fuller exponent was 0.4–1.0. Related
studies have shown that the incorporation of an appropriate
quantity of nano-SiO2 in geopolymer mortar can improve its
microstructure and durability properties such as frost resis-
tance, permeability resistance, acid rain erosion line, and
washout resistance, as well as increase the strength of the
geopolymer mortar [42].

Environmental differences between regions and harsh
environments have caused serious damage to exposed
buildings, such as impact, abrasion, carbonization, freeze–
thaw damage, and salt–freeze damage. These damages
directly or indirectly cause cracks, corrosion, decline in
load-bearing capacity and durability, and other effects.
Offshore projects and structures are subjected to damage
owing to harsh marine environment [43–46]. Many build-
ings have suffered freeze–thaw damage due to the exis-
tence of large cold zones, especially in the north [47].
The degradation of building materials due to freeze–thaw
cycles is an important durability issue for cementitious
materials and structures in cold regions [48]. Severely
cold places have a high demand for geopolymer mortars
as repair and reinforcement materials [49]. Owing to their
excellent durability, geopolymer mortars are more energy
efficient than cement-based materials, and the incorpora-
tion of nano-SiO2 and PVA fibers can enhance the tough-
ness of the matrix and durability of the material [50–53].
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Therefore, it is necessary to study the mechanical proper-
ties and durability of geopolymer mortars incorporated
with nano-SiO2 and PVA fibers and reveal the mechanism
of nano-SiO2 and PVA fibers that enhance the mechanical
properties and durability of geopolymer mortars.

There are many ways to analyze the experimental
data involving the mechanical properties and durability
parameters of nano-SiO2, PVA fiber-reinforced FA, and
metakaolin (MK)-based geopolymer mortar (FMGM). Most
conventional methods of system analysis are traditional
mathematical and statistical analyses, including regression
analysis [54], analysis of variance [55], and principal com-
ponent analysis [56]. Among these, regression analysis is
the most widely used. Its types include linear, multi-factor,
single-factor, stepwise, and non-stepwise. Regression is
best suited in the case of a small number of variables,
with a large amount of statistical data that exhibit typical
distribution patterns, such as linear, exponential, logarithmic,
and normal distributions. The results are not intuitive when
the amount of information is insufficient. However, for experi-
ments on the mechanical properties and durability of nano-
SiO2 and PVA fiber-reinforced FMGM, there are certain
limitations on the acquisition of experimental data. (1) It
is difficult to obtain a large amount of valid data under
exactly the same experimental conditions due to the influ-
ence of human and environmental factors. (2) It is difficult
to maintain a certain distribution pattern of experimental
data [57]. For such data, if traditional mathematical and
statistical analysis methods are used, it is likely that the
system is found unsolvable, or that the conclusion devi-
ates from the facts and is misleading.

Gray correlation analysis is an important method of
the gray system theory [58,59] that requires less data and
computation [60–62]. Gray correlation analysis theory
has been widely used in the evaluation and analysis of
various properties of concrete [63–66]. Lai et al. [67] eval-
uated concrete structure crack patterns and found that
the Mahalanobis distance and gray correlation analysis
can effectively classify the dataset and identify the con-
crete resultant crack types. Arici and Kelestemur [68]
used the Taguchi theory-based gray correlation analysis
method to obtain the optimal parameter classes that
satisfy the mortar performance. With the exploration of
social development, the economy, and other abstract sys-
tems, gray correlation theory is gradually being improved
and has beenwidely used in the analysis of water resources,
the economy, agriculture, and other fields. Gray correlation
theory has now become a new theoretical tool for the ana-
lysis, modeling, prediction, decision making, control, and
transformation of objective systems. Gray correlation ana-
lysis can not only compensate for the shortcomings of

conventional system analysis methods but also has the
advantages of a simple calculation process, small calcula-
tion volume, and intuitive results that are suitable for prac-
tical engineering applications. Therefore, in this study,
using the method of gray correlation analysis, comparison
and reference sequences were established to calculate the
weight ranking for the influence of the four mixture con-
tents on the mechanical properties and durability evalua-
tion indices of FMGM. The quantities of alkali exciter, FA,
water reducer, MK, water, quartz sand, PVA fiber, and
nano-SiO2 were used as the comparison sequence. The elec-
tric flux value, compressive strength loss rate, mass loss rate
index under sulfate attack, and compressive strength of the
material were used as the reference sequence. Based on the
calculation results, the effect sensitivity of the contents of
the four mixtures on the mechanical properties and dur-
ability of FMGM was analyzed.

2 Experimental procedure

2.1 Raw materials and mix design

In this study, a control variable method was chosen in the
mix design, that is, the water–cement ratio, cement–sand
ratio, water–glass modulus, and admixture were fixed,
while the admixture of nano-SiO2 or PVA fiber was changed.
The water–cement ratio (the ratio of water to cementitious
material mass contained in the water and alkali exciter)was
0.65, and the cement–sand ratio was 1:1. FA, in the same
amount, was used to replace 30% of the kaolinite mass, and
the alkali exciter solution was prepared by mixing sodium
hydroxide, water glass, and water. The content of Na2O is
8.2%, and the content of SiO2 is 26.1% in water glass. The
water glass has the gravity of 1.38 g/cm3 and solid content of
34.4%. The initial modulus of the water glass was 3.2, which
was adjusted to 1.3 by adding sodium hydroxide flakes, and
then, the mass fraction of sodium oxide in the solution was
adjusted to 15% by adding water. The concentration of the
NaOH is 99.0%. The chemical and physical composition of
kaolinite is listed in Tables 1 and 2. The primary FA used
was produced by Datang Luoyang Thermal Power Co., Ltd.

Table 1: Chemical composition of MK

Chemical
composition

SiO2 Al2O3 Fe2O3 CaO
+ MgO

K2O
+ Na2O

Content (%) 54 ± 2 43 ± 2 ≤1.3 ≤0.8 ≤0.7
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The main chemical and physical properties of the FA are
listed in Tables 3 and 4. The quartz sand used was of extra-
fine quality from the Gongyi Yuanheng Water Purification
Material Plant, with a particle size range of 75–120 μm. The
modulus of the sodium silicate solution used in the test was
3.2, the specific gravity was 1.38 g/cm3, the solid content was
34.3%, and the purity of sodium hydroxide was 99.0%.
The PVA fibers were produced by Kuraray Co., Ltd. The
apparent density of nano-SiO2 was 54 g/L, pH was 6.21,
average particle size was 30 nm, heating reduction and cau-
tery reduction were 1.0%, specific surface area was 200m2/g,
and content was 99.7%. The water-reducing agent had a
water reduction rate of 21%, pH value of 4.52, fixed content
of 24.56%, and density of 1.058 g/cm3. The volume doping of
the PVA fibers used in this study was in the range of 0–1.2%,
varied in increments of 0.2%. The nano-SiO2 contents were
varied in the range of 0–2.5%, in increments of 0.5%. The
nano-SiO2 content was determined as the ratio of the amount
of nano-SiO2 to the amount of MK and FA.

2.2 Preparation of mixture

During the mixing procedure of geopolymer mortar, the
precursor was first dry mixed with quartz sand for 2 min.
The sand was spread on a plate and dried in an oven at
70°C for 24 h prior to mixing. After that, both PVA fiber
and nano-SiO2 (NS) was added to the mixer in 2 batches,
stirring for 2 min each time. Then, the mixed solution of
alkaline solution and super plasticizer was added to the
dry mixture. The prepared alkaline solution should be set
for 1 day before use. After thoroughly mixing, the fresh

mortar was molded. In this study, 22 groups of specimens
with different nano-SiO2 and PVA fiber content were tested.
The molded specimens were cured in ambient environment
(about 28°C) for 24 h and then transferred to a curing room
(20 ± 2°C, 95% humidity) for 28 days.

2.3 Experimental method

The durability of nano-SiO2 and PVA-fiber-reinforced
FMGM was investigated, and the compressive strength
was tested using a uniaxial compressive test. The electric
flux was tested using a chloride ion electric flux test. The
cathode was connected to a 3.0% NaCl solution, and the
anode was connected to a 0.3 M NaOH solution. 60 V DC
voltage was continuously supplied for 6 h, and the cur-
rent was recorded every 30min. The average value of
triplicate samples was recorded as final. The apparent
damage to the geopolymer mortar was observed by rapid
freeze–thaw tests after 25 freeze–thaw cycles for each
doping amount. After 26 days of standard curing, the
samples were immersed in 15–20°C water for 2 days and
then were surface dried. The single freezing–thawing
time was 8 h (freezing for 4 h and thawing for 4 h). The
temperature of sample was controlled at −17 and 8°C at
the end of freezing and thawing, respectively. After 26
days of standard curing, the samples were put in an
oven of 80 ± 5°C for 48 h and then were cooled to room
temperature in a dry environment. The dried samples
were placed at intervals in the testing machine. The 5%
Na2SO4 was used as the erosion solution, and the solution
was replaced by fresh solution every month. The compres-
sive strength loss coefficient of the geopolymer mortar was
tested for each admixture, and the quality change rate of
the geopolymer mortar was tested after 90 dry and wet
cycles of sulfate, via the sulfate dry and wet cycle tests.
Therefore, in the gray correlation analysis, the compres-
sive strength, electric flux value, mass loss rate, and com-
pressive strength loss rate were selected as the reference
sequence, and the ratio design of each material of the

Table 2: Physical properties of MK

Whiteness (%) Activity index (%) Availability of lime (mL/4N-HCl) Average particle size (µm) Ignition loss (%)

75 12 1,350 1.2 0.5

Table 3: Chemical compositions of FA

Chemical compositions
(wt%)

SiO2 Al2O3 Fe2O3 CaO
+ MgO

SO3

FA 60.98 24.47 6.70 5.58 0.27

Table 4: Physical properties of FA

Water absorbing capacity (%) Standard consistency (%) Bulk density (g/cm3) Specific gravity (g/cm3)

105 47.1 0.77 2.16
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geopolymer mortar was used as the comparison sequence.
However, because the dosage amounts of water, quartz
sand, water glass, sodium hydroxide, and water-reducing
agent were fixed values, only the dosages of partial kaolin,
FA, PVA fiber, and nano-SiO2 were chosen as the compar-
ison sequence.

2.4 The experimental result

The mix proportions of the nano-SiO2 and PVA fiber-rein-
forced FMGM are listed in Table 5. The values of each
comparative sequence are listed in Table 6.

3 Model establishment

3.1 Brief description of gray correlation
theory

Gray correlation theory is a system science theory pio-
neered by a famous scholar in China. Professor Deng
[70–72] proposed the gray correlation model and the con-
cept of gray correlation degree analysis for each subsystem
to establish a relationship between the system and each
subsystem (influencing factors). However, statistical data
in China are very limited, and some data are incomplete.

Human influence factors are inevitable, so it is common for
the data to have many inaccuracies. It may be difficult to
find a suitable distribution pattern, making data proces-
sing and analysis difficult.

At present, the more commonly used methods are gray
correlation, regression analysis, and so on. Although regres-
sion analysis can predict and work out the corresponding
function, and carry out residual test on the results, it requires
a large number of samples and is limited in some conditions,
so it can only be used for prediction. Gray correlation ana-
lysis requires fewer samples, which can be used for predic-
tion and analysis. Therefore, gray correlation analysis can
compensate for the shortcomings of traditional mathema-
tical and statistical methods and has become a widely
used system analysis method. The specific steps for con-
ducting the gray correlation analysis are explained below.

3.2 Establishment of the gray correlation
model

3.2.1 Determination of the sequence of system analysis

The series for conducting system analysis include the
parent series, which represents the system, and the sub-
series, which represents the subsystem.

Table 5: Mixing proportions of nano-SiO2 and PVA fiber reinforced FMGM [69]&&&

Mix no. Water
(kg/m3)

MK
(kg/m3)

FA
(kg/m3)

Quartz sand
(kg/m3)

Water glass
(kg/m3)

NaOH
(kg/m3)

PVA
fiber (%)

NS (%) Water-reducing
agents (kg/m3)

1 106.2 429.5 184.1 613.6 445.4 71 0 0 3.07
2 106.2 429.5 184.1 613.6 445.4 71 0.2 0 3.07
3 106.2 429.5 184.1 613.6 445.4 71 0.4 0 3.07
4 106.2 429.5 184.1 613.6 445.4 71 0.6 0 3.07
5 106.2 429.5 184.1 613.6 445.4 71 0.8 0 3.07
6 106.2 429.5 184.1 613.6 445.4 71 1.0 0 3.07
7 106.2 429.5 184.1 613.6 445.4 71 1.2 0 3.07
8 106.2 427.2 183.1 613.6 445.4 71 0 0.5 3.07
9 106.2 425.0 182.2 613.6 445.4 71 0 1.0 3.07
10 106.2 422.7 181.2 613.6 445.4 71 0 1.5 3.07
11 106.2 420.4 180.2 613.6 445.4 71 0 2.0 3.07
12 106.2 418.1 179.2 613.6 445.4 71 0 2.5 3.07
13 106.2 425.0 182.2 613.6 445.4 71 0.2 1.0 3.07
14 106.2 425.0 182.2 613.6 445.4 71 0.4 1.0 3.07
15 106.2 425.0 182.2 613.6 445.4 71 0.8 1.0 3.07
16 106.2 425.0 182.2 613.6 445.4 71 1.0 1.0 3.07
17 106.2 425.0 182.2 613.6 445.4 71 1.2 1.0 3.07
18 106.2 427.2 183.1 613.6 445.4 71 0.6 0.5 3.07
19 106.2 425.0 182.2 613.6 445.4 71 0.6 1.0 3.07
20 106.2 422.7 181.2 613.6 445.4 71 0.6 1.5 3.07
21 106.2 420.4 180.2 613.6 445.4 71 0.6 2.0 3.07
22 106.2 418.1 179.2 613.6 445.4 71 0.6 2.5 3.07
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1) Determination of the parent series. The parent series,
also known as the main series, reference series, or
parent indicator, is a data series that can reflect the
characteristics of the system behavior and is denoted
as X0.

{ ( ) ( ) ( )}= …X x x x n1 , 2 , , .0 0 0 0 (1)

2) Determination of the sub-series. Known as the corre-
lation series, comparison series, or sub-indicator, it is
a data series consisting of various factors that affect
the behavior of the system and is denoted as Xi, i =
1,2,3…n.

⎧

⎨

⎪
⎪

⎩

⎪
⎪

{ ( ) ( ) ( )}

{ ( ) ( ) ( )}

{ ( ) ( ) ( )}

= …

⋮

= …

⋮

= …

X x x x n

X x x x n

X x x x n

1 , 2 , ,

1 , 2 , ,

1 , 2 , , .

i i i i

m m m m

1 1 1 1

(2)

3) Determination of the systematic series for gray corre-
lation analysis is as follows:

{ }… …X X X X, , , , , .i m0 1

3.2.2 Preprocessing of variables

1) The mean of each indicator is determined as follows:

( ( ) ( ) ( ))= + +…+x
n

x x x n1 1 2 .i i i i (3)

2) Each element of the indicator is divided by the mean,
and the series is normalized to obtain a new data column,

( )x ki .

( )
( )

= = … = …x k x k
x

k m i n, 1, 2, , ; 0, 1, .i
i

i
(4)

It is necessary to preprocess the variables and narrow
the range of variables to simplify the calculation.

3.2.3 Calculation of the correlation coefficient

1) The minimum and maximum differences between the
two levels are calculated as follows:

∣ ( ) ( )∣= − = …a x k x k i nmin min , 0, 1, , ,
i k

i0 (5)

∣ ( ) ( )∣= − = …b x k x k k mmin max , 1, 2, , ,
i k

i0 (6)

where a and b are the minimum and maximum differ-
ences between the two levels, respectively.

2) The gray correlation coefficient of the evaluation object
is calculated as follows:

( ( ) ( ))
∣ ( ) ( )∣

=

+

− +

γ x k x k a ρb
x k x k ρb

, ,i i
i

0
0

(7)

where ( )γ ki is the gray correlation coefficient between
( )x k0 and ( )x ki ; ( )∈ρ 0, 1 , where ρ represents the resolu-

tion coefficient, often taken as 0.5, and its value is nega-
tively correlated with the resolution ability, that is, the
larger the resolution coefficient, the smaller the resolu-
tion ability of the evaluation scheme.

3.2.4 Calculation of gray correlation

ThegraycorrelationcoefficientbetweenX0 and ( )= …X i n1, 2,i
can be calculated as follows:

( ) ( ( ) ( ))∑= = …

=

η X X
n

γ x k x k k n, 1 , , 1, 2, , ,i i
k

n

i i0
1

0 (8)

where, ( )η X X,i i0 is the gray correlation coefficient between
X0 and ( )= …X i n1, 2,i .

Table 6: Reference sequence of nano-SiO2 and PVA fiber rein-
forced FMGM

Mix no. Compressive
strength (MPa)

Electric
flux
values
(C)

Loss rate of
compressive
strength (%)

Mass
loss
rate
(%)

1 44.2 1426.31 18.8 −3.74
2 50.8 1294.38 17.7 2.75
3 55.3 1216.08 15.9 2.46
4 58.5 1185.84 14.7 1.81
5 60.3 1150.24 12.6 1.44
6 50.5 1158.52 10.1 1.64
7 48.1 1195.41 8.9 2.07
8 45.0 1220.82 17.1 −2.31
9 47.3 1185.06 15.0 −1.12
10 50.1 1121.13 12.4 1.6
11 48.8 1164.84 13.5 2.1
12 46.4 1190.52 15.7 1.9
13 53.9 1147.62 13.7 2.06
14 57.4 1107.48 11.1 1.47
15 62.4 1071.78 8.2 0.82
16 55.7 1076.94 6.8 0.99
17 54.1 1102.36 5.4 1.38
18 59.1 1157.88 11.2 1.67
19 61.1 1096.02 9.7 1.21
20 63.6 1055.16 7.5 0.92
21 62.3 1107.06 11.6 1.15
22 59.7 1166.98 14.4 1.49
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3.2.5 Gray relational decision

According to the above operation steps, the gray correla-
tion degree of each subsequence with the parent sequence
can be determined and then compared in terms of size. The
greater the gray correlation, the greater is the influence on
the parent index.

4 Model training and result
analysis

In order to analyze the effects of different factors on the
durability of the nano-SiO2 and PVA fiber reinforced
FMGM, a gray correlation was performed with FA admix-
ture, MK admixture, PVA fiber admixture, and SiO2 nano-
particle admixture as the comparison sequence and the
mass loss rate, electric flux value, compressive strength
loss rate, and compressive strength of the FMGM as the
reference sequence.

The variables were first preprocessed, that is, the
variables were made dimensionless, and the prepro-
cessed results are listed in Table 7.

The correlation coefficients of the FA admixture, MK
admixture, PVA fiber admixture, nano-SiO2 admixture,
mass loss rate, electric flux value, compressive strength
loss rate, and compressive strength of nano-SiO2 and PVA
fiber-reinforced FMGM were calculated and the results
are displayed in Figures 1–4.

In Figures 1–4, most of the correlation curves of MK
and FA are in a state of coincidence. By calculating the
correlation coefficients of FA dosing, MK dosing, PVA
fiber dosing, and nano-SiO2 dosing with the mass loss
rate, electric flux value, compressive strength loss rate,
and compressive strength of the nano-SiO2 and PVA
fiber-reinforced FMGM under different ratio designs, it
can be seen that the correlation coefficients of PVA fiber
dosing first increased and then decreased when the nano-
SiO2 dosage was kept constant using the control variable
method. The correlation coefficient of the nano-SiO2 dosage
also tends to increase and then decrease when the PVA fiber
dosage is constant. At the same time, the correlation coeffi-
cient of PVA fiber doping is higher when the PVA fiber
doping is 0.6%, and the correlation coefficient of nano-
SiO2 doping is higher when the nano-SiO2 doping is 1.0%.
From Tables 6–9, it can be seen that the correlation coeffi-
cients of nano-SiO2 and PVA fiber doping vary widely, and
the mass loss rate, electric flux value, compressive strength

Table 7: Pre-processed data of each factor

Mix no. MK FA PVA fiber NS Compressive
strength

Electric flux
values

Loss rate of compressive
strength

Mass
loss rate

1 1.0097 1.0096 0.0000 0.0000 0.8140 1.2258 1.5375 −3.4630
2 1.0097 1.0096 0.4074 0.0000 0.9355 1.1124 1.4476 2.5463
3 1.0097 1.0096 0.8148 0.0000 1.0184 1.0451 1.3304 2.2778
4 1.0097 1.0096 1.2222 0.0000 1.0773 1.0191 1.2022 1.6759
5 1.0097 1.0096 1.6296 0.0000 1.1105 0.9885 1.0305 1.3333
6 1.0097 1.0096 2.0370 0.0000 0.9300 0.9957 0.8260 1.5185
7 1.0097 1.0096 2.4444 0.0000 0.8858 1.0274 0.7279 1.9167
8 1.0043 1.0042 0.0000 0.5500 0.8287 1.0492 1.3985 −2.1389
9 0.9991 0.9992 0.0000 1.1000 0.8711 1.0185 1.2268 −1.037
10 0.9937 0.9937 0.0000 1.6500 0.9227 0.9635 1.0141 1.4815
11 0.9883 0.9883 0.0000 2.2000 0.8987 1.0011 1.1041 1.9444
12 0.9829 0.9828 0.0000 2.7500 0.8545 1.0232 1.2840 1.7593
13 0.9991 0.9992 0.4074 1.1000 0.9926 0.9863 1.1204 1.9074
14 0.9991 0.9992 0.8148 1.1000 1.0571 0.9518 0.9807 1.3611
15 0.9991 0.9992 1.6296 1.1000 1.1492 0.9211 0.6706 0.7593
16 0.9991 0.9992 2.0370 1.1000 1.0258 0.9256 0.5561 0.9167
17 0.9991 0.9992 2.4444 1.1000 0.9963 0.9474 0.4416 1.2778
18 1.0043 1.0042 1.2222 0.5500 1.0884 0.9951 0.9160 1.5463
19 0.9991 0.9992 1.2222 1.1000 1.1252 0.9419 0.7933 1.1204
20 0.9937 0.9937 1.2222 1.6500 1.1713 0.9068 0.6134 0.8519
21 0.9883 0.9883 1.2222 2.2000 1.1473 0.9514 0.9487 1.0648
22 0.9829 0.9828 1.2222 2.7500 1.0994 1.0029 0.9323 1.3769
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Figure 1: Correlation between various factors and compressive strength.

Figure 2: Correlation between each factor and electric flux value.

Figure 3: Correlation between various factors and loss rate of compressive strength.

3202  Peng Zhang et al.



loss rate, and compressive strength of nano-SiO2 and PVA
fiber-reinforced FMGM are more sensitive to nano-SiO2 and
PVA fiber doping. Analysis of the above data revealed that
among these 22 sets of data, the correlation coefficients of
both materials were higher when the nano-SiO2 admixture
was 1.0% and the PVA fiber admixture was 0.6%. Therefore,
the mass loss rate, electric flux value, compressive strength
loss rate, and compressive strength of nano-SiO2 and PVA
fiber-reinforced FMGM reached optimum values when
the doping of PVA fibers was approximately 0.6% and
the nano-SiO2 dosage was approximately 1.0%, that is, the
mechanical properties and durability performance of this
material were optimal.

Finally, the gray correlation coefficients were aver-
aged to determine the gray correlation between the four
materials and the mass loss rate, electric flux value, com-
pressive strength loss rate, and compressive strength of
the nano-SiO2 and PVA fiber-reinforced FMGM, and the
results are listed in Table 8.

According to the results in Table 6, the effect of
amount of the four materials on the compressive strength
and mass loss rate is in the following decreasing order:

MK and FA, PVA fiber, and nano-SiO2. The effect of
amount of doping of the four materials on the electric
flux value and compressive strength loss rate is in the
following decreasing order: MK and FA, nano-SiO2, and
PVA fiber. For the compressive strength and mass loss
rate, the correlations of all 4 materials were greater
than 0.6. For the electric flux values, the correlations of
MK, FA, and nano-SiO2 were greater than 0.6, while the

Figure 4: Correlation between each factor and quality loss rate.

Table 9: Correlation coefficient between each factor and quality
loss rate

Mix no. MK FA PVA fiber NS

1 0.3364 0.3364 0.3960 0.3960
2 0.5981 0.5981 0.5158 0.4719
3 0.6440 0.6440 0.6110 0.4999
4 0.7775 0.7775 0.8389 0.5768
5 0.8815 0.8815 0.8911 0.6322
6 0.8221 0.8221 0.8192 0.6010
7 0.7179 0.7179 0.8164 0.5434
8 0.4195 0.4195 0.5158 0.4582
9 0.5282 0.5282 0.6894 0.5160
10 0.8284 0.8284 0.6070 0.9384
11 0.7069 0.7069 0.5398 0.9056
12 0.7491 0.7490 0.5648 0.6993
13 0.7176 0.7177 0.6040 0.7414
14 0.8685 0.8686 0.8110 0.9036
15 0.9114 0.9113 0.7264 0.8757
16 0.9755 0.9756 0.6723 0.9327
17 0.8973 0.8973 0.6632 0.9348
18 0.8122 0.8122 0.8814 0.6981
19 0.9572 0.9573 0.9652 1.0000
20 0.9489 0.9489 0.8657 0.7437
21 0.9757 0.9757 0.9428 0.6693
22 0.8571 0.8570 0.9428 0.6257

Table 8: Gray correlation degree of each comparison sequence and
each reference sequence

Indicators MK FA PVA fiber NS

Compressive strength 0.9117 0.9117 0.6592 0.6438
Electric flux values 0.9607 0.9606 0.5961 0.6010
Loss rate of compressive
strength

0.8360 0.8360 0.5869 0.5932

Mass loss rate 0.7695 0.7695 0.7218 0.6983
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correlations of PVA fiber were less than 0.6. For the com-
pressive strength loss rate, only the correlations of the
doping amounts of MK and FA were greater than 0.6;
although the correlations of the 4 materials with each
reference series were individually less than 0.6, they
were close to 0.6. Therefore, the doping amounts of
kaolin and FA, PVA fiber, and nano-SiO2 have important
effects on the mass loss rate, electric flux value, compres-
sive strength loss rate, and compressive strength of the
nano-SiO2 and PVA fiber-reinforced FMGM. The results
obtained in this study are consistent with the results of
previous studies. Gray correlation analysis of (a) factors
influencing the early frost resistance of structural con-
crete [48], (b) optimal mix ratio of multi-responsive
recycled aggregate concrete [73], and (c) frost resistance
index [74], produced similar results.

The results of the above analysis have a guiding
effect on the ratio design of nano-SiO2 and PVA fiber-
reinforced FMGM. It has been proven that the gray corre-
lation analysis method, having been applied in the fields
of social, agricultural, and education systems and water
quality assessment, has important practical value. Due to
the small amount of data in this study, there will be a
large error if regression analysis is adopted. To improve
its mechanical properties and durability performance,
the amount of nano-SiO2 and PVA fiber admixture should
be strictly controlled. When pre-configuring the geopo-
lymer mortar, for optimal properties, the amount of PVA
fiber admixture should be approximately 0.6%, and the
amount of nano-SiO2 admixture should be approximately
1.0%. At the same time, nano-SiO2 should be taken with
equal amounts of MK and FA according to the mass ratio
of MK and FA.

5 Conclusion

In this study, the correlation coefficients of FA, MK, PVA
fiber, and nano-SiO2 admixtures, with mass loss rate
under sulfate attack, electric flux value, compressive
strength loss rate, and compressive strength of nano-
SiO2 and PVA fiber-reinforced FMGMwere analyzed using
gray correlation analysis. The degree of influence of the
four materials on the compressive strength and durability
of FMGM was determined as follows:
1) The durability and compressive strength of nano-SiO2

and PVA fiber-reinforced FMGM are influenced by var-
ious factors with different sensitivities. The experimental
results were validated using gray correlation analysis to
clarify the relationships between the influencing factors.

An important reference basis for the design and con-
struction of nano-SiO2 and PVA fiber-reinforced FMGM
was obtained from the results of the analysis.

2) Using the gray system theory, the patterns of influence
of the four materials’ doping on the compressive
strength and mass loss rate was in the following
decreasing order: MK and FA, PVA fiber, and nano-
SiO2. The patterns of influence of the four materials’
doping on the electric flux value and compressive
strength loss rate are in the following decreasing
order: MK and FA, nano-SiO2, and PVA fiber. The
results of this study are useful for guiding the prepara-
tion of geopolymer mortar.

3) The doping of all four materials, i.e., MK and FA, PVA
fiber, and nano-SiO2, has important effects on the com-
pressive strength and durability of the FMGM. The dur-
ability and compressive strength of the FMGM were
optimized when the optimal dosage of PVA fibers
was approximately 0.6% and the nano-SiO2 dosage
was approximately 1.0%. Therefore, to improve the
mechanical properties and durability, the amount of
FA and MKmust be strictly controlled, with the amount
of PVA fiber doping maintained at approximately 0.6%
and the nano-SiO2 dosage at approximately 1.0%.
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