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ABSTRACT

This study was designed to solve the problem of magnesium hazards due to potash extraction in the salt lake
region. Using basalt fiber (BF) as the reinforcement material and magnesium oxychloride cement (MOC) as
the gelling material, a BF/MOC composite material was prepared. Firstly, the effect of BF addition content on
the basic mechanical properties of the composites was investigated. Then, through the salt spray corrosion test,
the durability damage deterioration evaluation analysis was carried out from both macroscopic and microscopic
aspects using mass change, relative dynamic modulus of elasticity (RDME) change, SEM analysis and FT-IR ana-
lysis. Finally, a GM(1, 1)-Markov model was established to predict the durability life of composite materials by
using durability evaluation indicators. The results show that: when the BF content is 0.10% (by volumetric con-
tent), the composites have the best mechanical properties and resistance to salt spray corrosion. However, when
the volume of BF content exceeds 0.10%, a large number of magnesium salt crystallization products are observed
from the microscopic point of view, and the corrosion of the main strength phase of MOC is more serious. The
prediction results of the GM(1, 1)-Markov model are highly identical with the raw data. In addition, using the
change of RDME as a predictor, RDME is more sensitive to environmental factor compared to the change of
mass. Predictions using the change of RDME as a threshold indicate that MOC-BF0.10 has the longest durability
life, which is 836 days. The model is important to promote the application of MOC composites in the salt lake
region and to promote the healthy development of green building materials.
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1 Introduction

The salt lake zone in Qinghai Lake Region of China covers a wide area. As an industrial by-product, a
large amount of magnesium chloride accumulates around the salt lake, which has an adverse effect on the
comprehensive utilization of resources and ecological environment. The corrosive ions in the salt lake are
also easily caught in the air to form atmospheric salt spray, which seriously threatens the service life and
safety of local construction materials. In order to effectively solve the problems of excessive magnesium
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resources and short service life of buildings in the western salt lake area, magnesium oxychloride cement
(MOC) composite materials have gradually entered in the construction industry’s research perspectives
[1,2]. MOC, as a magnesium gelling material composed of MgO-MgCl2-H20 system, has good resistance
to brine corrosion without modification. MOC under suitable environment can adsorb CO2 efficiently to
reduce carbon emission. Thus, promoting the use of MOC composites in the salt lake area can not only
solve the problem of composites with abnormal durability due to salt corrosion, but it can also recycle
magnesium slag and other wastes, reducing the negative impact of magnesium salt on the salt lake area’s
production environment. Despite its many advantages, defects such as high brittleness, easy cracking, and
low water resistance have limited MOC’s application and development [3–5]. The studies show that fiber
is one of the effective methods to improve the properties of cementitious composites, especially to
increase their crack resistance and toughness. Zheng et al. [6], Wang et al. [7], and Gomes et al. [8] used
bamboo scrap fiber, straw fiber, and PVA fiber to reinforce MOC composites, respectively, which proved
that the fiber improved the comprehensive properties of MOC. Basalt fiber (BF), as a new inorganic
environment-friendly material with high performance, has natural advantages in reinforcing cementitious
composites [9–11]. However, there are few relevant studies on the combination of BF and MOC.

The deterioration process of composite materials caused by environmental factors is always long [12].
Therefore, indoor accelerated tests of composite materials will be difficult to capture the specific moment of
damage for each specimen due to time reasons. In order to accurately determine the failure time of composite
materials, the durability life of composite materials can be predicted by mathematical methods combined
with test data using a certain evaluation index as a threshold value [13,14]. The gray theory model (GM
(1, 1)) can directly search for the internal correlation law of data from the original data series without
considering relevant factors such as short data time series and incomplete information [15]. Markov chain
theory can accurately capture the stochastic dynamic change process of data by studying the transfer
probability between states to predict the next state of the object [16]. The combination of the above two
models can eliminate accidental factors to the greatest extent and realize an accurate assessment of the
durability life of composite materials in the salt lake region. In view of this, this study blended BF and
MOC cement products to create an ultra-durable composite material that can be used as an engineering
material for unreinforced construction. The GM(1, 1)-Markov model was established to explore the effect
law of BF on composite materials under the effect of salt spray corrosion. On this basis, it will open up
new research and application fields for MOC composites.

2 Materials and Methods

2.1 Materials and Mixture Proportions
In this experiment, five mixing ratios (with basalt fiber volume content of 0%, 0.05%, 0.10%, 0.15%,

0.20%) were used for samples preparation, and they were named MOC, MOC-BF0.05, MOC-BF0.10,
MOC-BF0.15, and MOC-BF0.20, see Table 1 for details. Based on the preliminary test results of the
research group, the MgO/MgCl2 ratio was determined to be 6, allowing the MOC hydration product to
generate a suitable physical image. Light burned magnesium oxide, industrial grade, having (by weight
%) 85.96 MgO, 1.29 CaO, 6.03 SiO2, 1.28 Al2O3, 0.57 Fe2O3, and 4.87 loss on ignition, obtained from
the Chaerhan Salt Lake Magnesium Chloride Factory (Qinghai, China). Magnesium chloride hexahydrate,
industrial grade, and grade 1 fly ash came from Qinghai Jiayou Magnesium Industry Co., Ltd. (Gansu,
China), while aggregates came from Qilianshan Commercial Concrete Co., Ltd. (Gansu, China), of which
the fine aggregate being natural river sand with a fineness modulus of 2.73 and the coarse aggregate
being crushed stone with an apparent density of 2,780 kg/m3. Water reducing agent, KD naphthalene
system, with a water reduction rate of 34%, came from Subot New Materials, Ltd. (Jiangsu, China).
Basalt fiber (BF), with 12 mm length, the equivalent diameter of 0.02 mm, elastic modulus of 100 GPa,
and tensile strength of 4,500 MPa, came from Yongdeng County Xuanwu Mining Co, Ltd. (Gansu,
China). The water was laboratory tap water, and it complies with the Chinese standard JGJ63-2006.
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2.2 BF/MOC Composite Material Preparation
The specimen size of the BF/MOC composite was 100 × 100 × 100 mm3, which was prepared by using

an HJW-60 mixer. The specific operations are as follows: (1) Configure a MgCl2 solution with a mass
percentage of 23%; (2) Weigh the required magnesium oxide, fly ash, stone and sand, pour into the
mixer, stir at a constant speed for the 30 s to make it evenly mixed, add the prepared an MgCl2 solution,
and continue to stir for 30 s and stop; (3) Manually disperse and spread the BF into the mixer evenly, pour
in the water reducing agent and water, control the mixing time, ensure the slump is 120 mm ± 5 mm;
(4) After mixing the mixture, it was evenly poured into the test mold, which was removed after 24 h, and
the mixture was dried and cured indoors for 28 days.

2.3 Performance Testing and Characterization
2.3.1 Basic Mechanical Test

Referring to the Chinese standard GB/T 50081-2019, the mechanical strength of the specimens was
measured by the WHY-3000 pressure testing machine after the specimens were cured. Among them, the
testing machine was pressurized at a speed of 0.5 MPa/s to test the compressive strength and at 0.05
MPa/s to test the tensile strength, then the pressure at the time of specimen destruction was recorded.

2.3.2 Durability Test
Referring to the Chinese standard GB/T 50082-2009, the remaining specimens without mechanical

testing were placed in the YSYW-60 salt water spray machine, as indicated in Fig. 1, for alternate dry
and wet tests using the sprint-dry cycle system shown in Fig. 2. The ion content in the brine of the
Chaerhan salt lake was determined by field investigation, and it was determined that the corrosion
solution in this test was 23 g/L sodium sulfate solution. Before the start of the cycle test, a high-precision
electronic balance was used to test the quality and the NM-4A ultrasonic tester was used to test the speed
of sound, the actual measured data were used as the reference value. The durability test data were tested
every 20 cycles, and the total number of test cycles was 360. The durability performance of concrete
under different salt spray corrosion ages was evaluated by the mass change and the relative dynamic
modulus of elasticity (RDME) change, which were calculated as follows:

Mr ¼ Mt

M0
� 100% (1)

where, M0 and Mt denote the initial mass and the mass at time t, kg, respectively; Mr is the change of mass,
and when Mr reaches 95%, the test specimen is considered to have failure damage.

Table 1: BF/MOC composite material mix ratios

Mix MOC MOC-BF0.05 MOC-BF0.10 MOC-BF0.15 MOC-BF0.20

Light-burned magnesia/(kg.m−3) 388.96 388.96 388.96 388.96 388.96

Superplasticizer/(kg.m−3) 16.02 16.02 16.02 16.02 16.02

Fly ash/(kg.m−3) 68.64 68.64 68.64 68.64 68.64

Sand/(kg.m−3) 625.00 625.00 625.00 625.00 625.00

Stone/(kg.m−3) 1162.00 1162.00 1162.00 1162.00 1162.00

Industrial magnesium
chloride/(kg.m−3)

147.81 147.81 147.81 147.81 147.81

Water/(kg.m−3) 135.90 135.90 135.90 135.90 135.90

Basalt fiber/% 0 0.05 0.10 0.15 0.20
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Er ¼ V 2
t

V 2
0

� 100% (2)

where, V0 and Vt denote the initial wave velocity and the wave velocity at time t, m/s, respectively; Er is the
change of RDME, and when Er reaches 60%, the test specimen is considered to have failure damage.

2.3.3 Scanning Electron Microscope (SEM) Analysis
After the whole test cycle, the BF/MOC composite material was used to make the specimens, and the

microscopic morphology within the specimens was observed using a ZeissSigma 300 scanning electron
microscope.

Figure 1: Salt water spray machine

Figure 2: Spraying scheme
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2.3.4 Fourier Transform Infrared (FT-IR) Analysis
After the whole experimental cycle, the infrared spectra of the BF/MOC composites to be tested

were measured by KBr pressing, using a TENSOR 27 infrared spectrometer with a scanning range of
4000∼400 cm−1.

3 Results and Discussion

3.1 Mechanical Property Analysis
BF is a green healthy fiber with a high elastic modulus and fracture strength. Filling the pores in the

internal structure of the composites with BF helps to promote the hydration reaction of MOC, which
affects the composites’ strength. The basic mechanical properties of BF/MOC composites prepared with
different BF contents were tested (Fig. 3). The incorporation of BF could significantly improve the tensile
strength of MOC composites, and when the volume doping of BF was 0.10%, the tensile strength of this
group of specimens was increased by 64.80% compared to the MOC group. This is because BF can form
a completely reticulated stress structure in the internal space, which enhances the bonding force between
the aggregates. When the composite matrix is subjected to tensile stress, the BF will cooperate with the
matrix to bear the force, thereby improving the tensile strength. However, when the content of BF
exceeds 0.10%, the excess BF will form a weak interface layer on the composite matrix’s surface, thereby
destroying the optimal confined space structure, and the composite will be prone to bond splitting
damage when subjected to tensile stress, resulting in a gradual decrease of the tensile strength improvement.

Compared with the tensile strength, the improvement of the compressive strength of MOC composites
by BF was relatively limited. With the increase of fiber content, the compressive strength of the composites
showed a trend of first increasing and then decreasing. When the BF content was 0.05% and 0.15%, the
compressive strength of the two groups is almost equal. At the same time, when the BF content reaches
0.20%, the compressive strength of the MOC composites was even lower than that of the baseline
specimens without fiber doping. This trend is consistent with the findings of Ramnath et al. [17–19]. The
smooth and chemically inert surface of BF is easy to pull out when the matrix is subjected to large
external forces, so the effect of enhancing the compressive strength of the material is limited. The coating

Figure 3: Basic mechanical properties of BF/MOC composite materials at 28 days
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thickness of the MOC colloid around the excessive volume content of BF was lowered, and this was
insufficient to give the desired force transmission capacity, resulting a negative impact on compressive
strength improvement. The tension-compression ratio is an important indicator of the brittleness and
toughness of the composite materials. It can be seen that the BF/MOC tension-compression ratio was
enhanced to different degrees when the BF admixture was increased from 0% to 0.20%. This indicates
that BF can effectively improve the shortcomings of poor brittleness and low toughness of MOC
composites. From the analysis of the damage mechanism, it can be seen that since the high tensile
strength of BF up to 4,500 MPa and its elastic modulus up to 100 GPa, its embodied high toughness
characteristics can play a role in restraining deformation and assisting force when the matrix is damaged.
Macroscopically, the tension-compression ratio and tensile strength of BF/MOC composites are
significantly improved compared to the MOC composites.

3.2 Change of Mass Analysis
The main strength phases of MOC are Phase 5 (5MgO·MgCl2·8H2O) and Phase 3

(3MgO·MgCl2·8H2O), which are prone to decomposition under salt spray attack and loss of soluble
components into the corrosive solution leading to mass reduction. Therefore, the mass change (Mr) can be
used to measure the resistance of BF/MOC composites to salt spray corrosion. The mass change curves
of the composites prepared with different BF doping were obtained by measurement (Fig. 4). From 0 day
to 120 days, Mr showed a wave-like growth trend for each group of specimens. Thereafter, with the
increase of the corrosion age, the BF/MOC composites of each group gradually entered a fluctuating
decreasing phase. Without BF doping, the MOC composites reached the peak of Mr at 140 days, which is
100.51%. The BF with different content levels has a significant effect on the time and size of the peak of
MOC composite Mr. At 160 days, the MOC-BF0.10 group showed a late and maximum peak of Mr

growth to 101.03%. The early growth of Mr in BF/MOC composites has a fluctuating nature mainly
related to two factors, one is that the main strength phase in MOC is continuously dissolved and
generated in the salt spray and change dynamically, which makes the change of mass fluctuating. The
second is that BF has a very strong resistance to acidic corrosion [20], and will not undergo qualitative
changes due to the corrosion of SO4

2− in MOC wrapping, which can delay the corrosion effect of salt
spray to provide space and time for MOC to generate more 5 phase. As the corrosion continues, the salt
spray-drying cycle effect makes the retarding corrosion effect of BF reach its limit. The ability of MOC
to generate the main strength phase gradually ceases, and the existing Phase 5 and Phase 3 are gradually
dissolved. Therefore, in the late stage of the test, the Mr of each group of specimens declined
simultaneously. Among them, Mr of the MOC-BF0.20 group was the most serious, which dropped to
98.11% at 360 days. Meanwhile, the Mr of the MOC group and the MOC-BF0.15 group are almost
equal. This indicates that the doping of MOC composites with BF should not exceed 0.10%, and the
excessive fibers are easy to form new defects by agglomerating inside the MOC matrix, accelerating the
dissolution of Phase 5, and playing a negative role in the enhancement of Mr.

3.3 Change of RDME Analysis
The changing pattern of the RDME of the composites under salt spray corrosion environment reflects its

physical properties. Therefore, the resistance of BF/MOC composites to salt spray corrosion was further
verified by measuring the RDME change of composites prepared with different BF content (Fig. 5).
Unlike the mass change, the RDME curves of each group of BF/MOC composites increased steadily in
the early stage and then decreased steadily after reaching the peak. The fiber content continues to
influence the time and magnitude of Er peak generation. On the 360 days, the Er degree of damage in
descending order of each group was MOC-BF0.20>MOC >MOC-BF0.15>MOC-BF0.05>MOC-BF0.10.
The Er of the MOC-BF0.10 group was measured to be 97.66% at the end of the cyclic test, which still
had a strong durability performance. However, the MOC-BF0.20 group had the lowest Er measured at
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360 days, which was only 85.66%, even lower than the MOC group. The Er of BF/MOC composite can
continue to grow in the early stage. On the one hand, the Phase 3 and Phase 5 can interact with SO4

2− to
generate an expansive crystalline magnesium salt compound Mg(OH)2·2MgSO4·2H2O [21]. This
substance acts similarly to BF early on, filling the internal pores of the composite to increase the
compactness, while retarding the corrosion of hydration products by salt spray. On the other hand,
MgSO4 migrates to the surface of the MOC matrix through the capillaries and forms white frost crystals,
which can retard the penetration of the corrosive liquid in the salt spray and cause a reduction in the
corrosion of the composite. However, the generated Mg(OH)2, MgSO4 and other corrosion products have
weak bonding properties. As the age of corrosion increases, the cumulative growth of corrosion products
in the pores of the entire MOC slurry produces more uniform damage stresses leading to cracks in the
composite material, and the propagation speed of ultrasonic waves weakens, and the Er value decreases.
The appropriate amount of BF firmly connects the surrounding aggregates, so that the cemented structure
does not become loose due to salt spray corrosion and remains dense. Therefore, when the volume
content of BF is 0.10%, the Er decline trend of BF/MOC composite tends to be flat, and the best
performance of salt spray corrosion resistance is achieved.

Figure 4: The mass change of different series of BF/MOC composite materials

Figure 5: The RDME change of different series of BF/MOC composite materials
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3.4 Interface Topography Analysis
BF mainly plays a filling role in this composite system and MOC plays a cementing role. During the test

cycle of salt spray attack for nearly one year, more pores and cracks will be generated inside the aggregate,
which will affect the durability performance of the composite. Therefore, the influence mechanism of BF on
the durability performance of BF/MOC composite was explored by SEM to observe characteristics of
microscopic morphology in BF/MOC composites (Fig. 6).

In the MOC composite without BF, more pores and a small amount of Phase 5 were observed (Fig. 6a),
and it can also be observed that the Phase 3 hydrolysis generates scaly Mg(OH)2 and accumulates in the
Phase 3 debris matrix (Fig. 6b). From this, it can be inferred that the MOC group underwent severe
corrosion. Meanwhile, the hydride phase of MOC was unstable under the action of salt spray in the late
stage of the reaction and produced phase transition, which led to the damage of the composite material.
The surface of the composite matrix doped with 0.05% BF had a large number of needle-like
Phase 5 and gelled substances (Fig. 6c). It indicates that BF largely prevented the corrosive solution in
the salt spray from entering the interior of the specimen through the pores, and has a good protective
effect on the Phase 5 in the MOC. When the BF content is 0.10%, part of the fiber is directly pulled out
from the matrix, and the remaining BF is embedded in the composite matrix aggregate, co-existing with
the interfacial cracks and has a tighter microscopic spatial structure (Fig. 6d). No excessive magnesium
salt crystal products were found at this content level, and the adhesion of the cemented interface with the
MOC matrix was good, indicating that the salt spray had the worst corrosion effect on this group of
specimens, which was consistent with the durability test conclusion. When the BF content was increased
to 0.15%, there was a large amount of irregular granular material adhering to the fiber surface on the BF
surface, and there were also sporadic visible coral-like magnesium salt crystals present (Fig. 6e).
According to Wang et al. [22], the particulate matter is MgO that fails to participate in the hydration
reaction. MgO will generate a large amount of Mg(OH)2 and MgSO4 under the performance of salt spray,
which generates volume expansion and crystallization stress to crack the cementite structure. When the

Figure 6: SEM images of BF/MOC composite materials. (a and b) MOC; (c) MOC-BF0.05; (d) MOC-
BF0.10; (e) MOC-BF0.15; (f) MOC-BF0.20
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BF content reaches 0.20%, a large amount of flocculent magnesium salt crystalline compounds covers the
surface of the MOC matrix, accompanied by Phase 5 debris making the microstructure hazy and blurred
like a halo of muslin (Fig. 6f). This indicates that the excessive BF affected the normal hydration of
MOC, and the fibers were not uniformly distributed in the MOC composites, which caused the
agglomeration phenomenon to provide new channels for corrosive ion invasion and accelerated the
damage and deterioration rate of BF/MOC composite materials, thus the salt spray corrosion was the
most serious in this group.

3.5 Physical Phase Analysis
Through FT-IR analysis of each group of specimens, the effect of BF on the physical phase composition

of BF/MOC composites under salt spray corrosion environment was investigated (Fig. 7). The FT-IR spectra
of MOC composites with different BF content were similar after 360 days of a salt spray corrosion (Fig. 7a).
In the spectrum, the broad absorption peaks at 3,750∼3,550 cm−1 and 875∼460 cm−1 are mainly the
absorption peaks of Phase 5 in MOC, while weak absorption peaks appear at 1,680∼1,560 cm−1. The
stretching vibration peak of the non-aqueous hydroxyl group (-OH) in Phase 5 is at 3,614.46 cm−1.
1,604.71 cm−1 is associated with the -OH in the crystalline water of Phase 5 bending vibration peak;
1,461.98 cm−1 is the vibration absorption peak of free water. According to the FT-IR spectra, the main
phase in BF/MOC composites is still Phase 5 at the end of the salt spray drying cycle test for almost one
year. Relative to the MOC group without BF content, a part of the BF/MOC composites showed a shift
in the absorption peak of the stretching vibration at 3685.82 cm−1 (Fig. 7b). When the BF content is
increased from 0.05% to 0.10%, the shift toward the lower wave number increases and a significant red-
shift phenomenon occurs. This shows that with a proper amount of BF content, the main strength phase
of the composite is the Phase 5, and a certain amount of gelling material may be generated [23]. The
resulting amorphous gel wraps around the surface of the Phase 5 crystal particles to form a protective
layer, which isolates the contact of the salt spray corrosion solution to the Phase 5 crystal particles, thus
enabling the Phase 5 to exist stably in the salt spray. This is consistent with the conclusion of the
phenomenon explored by SEM.

Figure 7: The FT-IR patterns of different series of BF/MOC composite materials in salt spray corrosion for
360 days. (a) The wavenumber of 4,000∼400 cm−1; (b) The wavenumber of 3,800∼3,500 cm−1
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4 GM(1, 1)-Markov Prediction Model

The results of the durability test show that the durability evaluation indicatorsMr and Er of each group of
specimens did not reach the failure standard. Therefore, in order to research the next durability trend of each
group of specimens, it is necessary to use mathematical models to track and predict them. In order to
investigate the law of system change and generate a strong regular data sequence, the GM(1, 1) model is
used to clarify the dissimilarity degree trends between the system factors, and processing of the raw data.
Then, the corresponding differential equation models are built to predict the future development trend of
things. In this section, the durability indicator Er of MOC-BF0.10 is used as an example, and a prediction
model for the life of the specimen under salt spray corrosion environment is established for the BF/MOC
composite.

4.1 Traditional GM(1, 1) Modeling
The traditional GM(1, 1) model is a biased exponential model, which is modeled by the following steps:

According to the original non-negative data series X(0)(t) = (X(0)(1), X(0)(2),…, X(0)(n)), X(0)(t) ≥ 0, t = 1,
2, …, n, we can perform accumulative generating operation as in Eq. (3).

X ð1ÞðtÞ ¼
Xt

m¼1

X ð0ÞðmÞ; t ¼ 1; 2; . . . ; n (3)

Then, the differential equation of the GM(1, 1) model is

dX ð1Þ

dt
þ aX ð1Þ ¼ b (4)

For the parameters a and b in Eq. (4), let there exist parameter vectors:
a
b

� �
.

Yn ¼ X ð0Þð2Þ X ð0Þð3Þ . . . X ð0ÞðnÞ
� �T

(5)

B ¼ �0:5X ð1Þð1Þ þ X ð1Þð2ÞÞ
1

�0:5X ð1Þð2Þ þ X ð1Þð3ÞÞ
1

� � �
� � �

�0:5X ð1Þðn� 1Þ þ X ð1ÞðnÞÞ
1

� �T
(6)

Using the least squares method, the solution of the parameter vectors is written as

a b½ �T¼ ðBTBÞ�1BTYn (7)

By substituting the solutions of parameter a and b into Eq. (4), the discrete time response equation of GM
(1, 1) model can be obtained.

X̂ ð1ÞðtÞ ¼ X ð0Þð1Þ � b

a

� �
e�aðt�1Þ þ b

a
(8)

where a is the development coefficient, and b is the grey effect coefficient.

The response equation can be easily recovered from Eq. (8), and the predicted value of the GM(1, 1)
model is shown as

X̂ ð0ÞðtÞ ¼ X̂ ð1ÞðtÞ � X̂ ð1Þðt � 1Þ (9)

4.2 Markov Chain Process
The change in Er has a volatility of increasing and then decreasing. Introducing Markov chain into the

GM(1, 1) model, and correcting its residuals is exactly the method to make full use of the advantages of
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Markov chain in predicting discrete, random and volatile events, and compensate for the lack of accuracy of
the GM(1, 1) model. The corresponding calculation steps are as follows.

The residual error data set is obtained by subtracting the GM(1, 1) predicted values of Er from the raw
values. Then, the residual error data set is

eð0Þ ¼ ðeð0Þð1Þ; eð0Þð2Þ; . . . ; eð0ÞðnÞÞ; eð0ÞðtÞ ¼ jX̂ ð0ÞðtÞ � X ð0ÞðtÞj; t ¼ 1; 2; . . . ; n (10)

Following Steps (3)∼(5), the GM(1, 1) model based on residual error can be obtained as

êð1ÞðtÞ ¼ ðeð0Þð2Þ � b

a
Þe�aðt�1Þ þ b

a
e ^ð0ÞðtÞ ¼ êð1ÞðtÞ � e ^ð1Þðt � 1Þ

8<
: (11)

For some regular information present in the residual errors, their states can be specified according to the
Markov chain. When X ð0ÞðtÞ. X̂ ð0ÞðtÞ, the state is 1, and when X ð0ÞðtÞX̂ ð0ÞðtÞ, the state is 2. The state
transfer probabilities can be obtained from the state positivity and negativity as follows:

Pij ¼ Mij

Mi
i ¼ 1; 2 j ¼ 1; 2 (12)

where Pij is the transfer probability from state i to state j,Mij is the transition time from state i to state j, andMi

is the amount of data belonging to the i-th state.

The state probability transfer matrix can be derived from the state transfer probabilities as follows:

P ¼ P11 P12

P21 P22

� �
(13)

However, traditional Markov chains generally have variability in the values and states of the elements at
different moments in the application process. Therefore, in order to make each moment satisfy the objective
law of state change, it is necessary to divide the state region. The damage process of Er can be divided into
three stages: strengthening stage, steady state stage and damage stage (Fig. 8), and the state transfer matrix of
each stage is shown in Table 2.

Figure 8: Division of each damage process stage of Er
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4.3 Prediction Results Analysis
The Markov chain reveals the intrinsic law of residual errors transferring between states under the action

of stochastic factors. Here, combined with the new state transfer probability matrix, the predicted value of the
traditional GM(1, 1) model is modified, and the fitting results of the RDME change of MOC-BF0.10 group
under salt spray corrosion are obtained (Fig. 9). The obtained fitting results show that the GM(1, 1)-Markov
model fits extremely ideal , which is in highly identical with the raw data. However, the GM(1, 1) model
cannot completely match the damage degradation process of the RDME in steady state stage and damage
stage. In particular, the GM(1, 1)-Markov model fitting results can synchronous change with the raw data
in the fluctuation falling section from 300 days to 360 days. The relative error in the full prediction
interval is significantly lower than the GM(1, 1) fitting error. In view of this, for this sample of durability
indicator data from the salt spray corrosion test, the GM(1, 1)-Markov model was used for more accurate
prediction.

To further understand the resistance of BF/MOC composites to salt spray attack, the RDME change and
mass change of each specimen group were predicted by GM(1, 1)-Markov model (Figs. 10 and 11). As a
whole, the RDME deterioration rate of the composite material under salt spray corrosion significantly
exceeds the mass damage rate. However, the failure time of the MOC group was almost equal with the
predicted results of the two durability evaluation indicators, and the service life was about 700 days. This
was mainly due to the fact that in the damage stage, on the one hand, as the age of corrosion increases,
Phase 5 and Phase 3 gradually convert to corrosion products leading to increasing porosity inside the
composite, and this deterioration process will be sensitively captured by ultrasound. On the other hand,
BF can share the expansion stress caused by corrosion products, and the BF/MOC composites fail to
show considerable peeling and slagging on the cement-based surface like the reference group, resulting in

Table 2: The state transfer matrix for each stage of Er

Name of stage Strengthening stage Steady state stage Damage stage

Pij 4 2
1 1

� �
2 1
0 3

� �
1 0
1 2

� �

Figure 9: Fitting results of the RDME change for the MOC-BF0.10 group
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the salt spray damage to the composite mass not being reflected in time. Therefore, the change of mass is not
appropriate as a crucial degradation factor indicator for the life prediction modeling of BF/MOC composites.
From the RDME prediction results, BF/MOC-0.10 group is the best mixture proportion for this test, with a
durability life of 836 days under salt spray corrosion environment, which improves the service time by
136 days compared to the MOC group. This indicates that excessive BF is not conducive to maintaining
the long-term durability performance of MOC composites, similar to the results in Section 3. Overall, the
GM(1, 1)-Markov prediction model is suitable for a comprehensive evaluation and prediction of
BF/MOC composites deterioration under this salt spray corrosion test, and the result of the prediction is
of high precision.

Figure 10: Prediction results of RDME for each group based on GM(1, 1)-Markov model

Figure 11: Prediction results of mass for each group based on GM(1, 1)-Markov model
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5 Conclusions

In this paper, the basic mechanical properties of BF/MOC composites were investigated, and the
durability performance of the composites with different volume of BF content was compared and
analyzed by salt spray corrosion test. The following conclusions can be drawn:

1. The volume content of BF largely affects the mechanical and durability properties of BF/MOC composites.
When the BF content is 0.10%, the BF/MOC composites reach the maximum tensile- compressive ratio
and the minimum amount of mass and RDME damage. When the BF content exceeds 0.10%, the
durability performance of BF/MOC composites decreases with the increase of fiber content.

2. Both SEM analysis and FT-IR analysis showed that BF was resistant to salt spray corrosion. At
360 days, the BF/MOC composites still had a large number of Phase 5 and cemented structures.
This further explains the resistance to sulfate attack exhibited by the BF/MOC composites. When
the BF content exceeds 0.10%, the BF will appear agglomeration phenomenon. Thus, the ability
of BF in the Pro>s Pro> Pro>t Pro> Pro>r Pro> Pro>e Pro> Pro>n Pro> Pro>g Pro> Pro>t Pro>
Pro>h Pro> Pro>e Pro> Pro>n Pro> Pro>i Pro> Pro>n Pro> Pro>g Pro> phase of MOC
composites is gradually lost.

3. The GM(1, 1)-Markov model can provide reliable prediction results in the prediction research of salt
spray corrosion test, which provides a new idea and a new approach for the service life prediction of
composite materials.
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