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Abstract: A new type of grouting material —FCM (fast cementing material)—is being used in coastal
and offshore infrastructure projects, such as harbor and tunnel rehabilitation. In order to investigate
how this material performs under different conditions, the compressive strength, failure mode, and
surface microscopic changes of different fracture penetration degrees and different crack angles
of grout-reinforced specimens formed by the FCM and sandstone were investigated in an acidic
environment with pH = 1.1 and after freeze-thaw cycles of 5, 10, 20, and 30 times. In addition, through
the preliminary determination of FCM grouting material fluidity and setting time, it was determined
that the water-material ratio in this test is 0.3, and the sandstone used has good uniformity. The
results show that the strength of the original rock can be matched or even exceeded by the solid grout
of FCM and sandstone. Acidic environments and freeze-thaw cycles will erode the specimens, mainly
on the surface of the specimens. The fracture penetration degree and crack angle determine the degree
of strength reduction of the specimens. The compressive strength of the specimens decreases most
rapidly within 10 freeze—thaw cycles. After soaking in acidic solution and a freeze-thaw cycle in an
acidic environment, particle shedding occurs on the surface of the grout material and a “honeycomb”
area appears on the surface of the sandstone. As the freeze-thaw cycle increases, the particle-shedding
area and the honeycomb area increase continuously.

Keywords: grouting reinforcement; chemical corrosion; freeze-thaw cycle; mechanical properties;
microscopic analysis

1. Introduction

China has a vast area of frozen soil area of which permafrost accounts for about
21.5% of the total land area, and seasonal frozen soil accounts for 53.5%. It is one of the
most widespread distributed countries in the world [1,2]. Bohai Sea is located between
37°~41° N and consists of Liaodong Bay, Bohai Bay, Laizhou Bay, and the central shallow
sea basin. Surrounded by land on three sides, it is a semi-enclosed sea area with little heat
exchange with external seawater. Under the influence of factors, such as the Siberian High
and Pacific Subtropical High in winter, the freezing phenomenon is significant [3-6]. At the
same time, during the period of rapid industrial development, the ecological environmental
problems in some parts of the Bohai Sea have become more prominent. The proportion
of stations with water quality worse than class four in the coastal waters of Liaoning and
Shandong Bohai increased from 3.6% in 2016 to 16.1% in 2018 [7]. Nowadays, the cargo
throughput of major ports around the Bohai Sea (Yantai Port, Tianjin Port, Yingkou Port,
Dalian Port) is increasing, water transport projects are developing rapidly [8], and the
construction of the Yantai undersea tunnel has been put on the agenda [9]. In the harsh
environment of the Bohai Sea, these coastal and marine projects are inevitably affected (as
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shown in Figure 1a). There are often many cracks and pores in the deep rock mass [10].
Under the action of a long-term hydrochemical environment and a freeze-thaw cycle,
the water—ice phase transformation occurs in these macro and micro defects, resulting in
frost heave force, which drives the expansion of original defects and the initiation of new
cracks. Eventually, joints and fractures join or break, threatening coastal and underwater
engineering structures [11-14].
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Figure 1. Bohai Bay key project and grouting reinforcement technology.

With the increasing construction of geotechnical engineering in Bohai Bay, grouting
reinforcement technology should be considered to maintain the stability of deep fractured,
weak surrounding rock in these areas [15]. Grouting reinforcement technology is one
of the most effective methods to solve rock fracture damage under a freeze-thaw and
hydrochemical environment (as shown in Figure 1b). However, under the action of an acid
water environment in a coastal seasonal frozen area, the grout-reinforced specimens will
still be affected by an acid environment and a freeze-thaw cycle, and the internal structure
and mechanical properties will change, which brings great hidden dangers to the stability
and safety of rock mass engineering. Therefore, in order to prevent and solve the disaster
problems of the grouting reinforcement projects in an acidic freeze-thaw environment and
reduce unnecessary engineering waste, it is particularly important to study the mechanical
properties of the grout-reinforced specimens damaged in coastal seasonal frozen areas in
an acidic environment.

With the continuous development of engineering technology, research results in grout-
ing materials, grouting technology, and diffusion mechanisms that are increasing [16-20].
Grouting material is the primary factor that determines the construction effect of the grout-
ing reinforcement project. It is generally composed of base material, an external reference
agent, and a solvent. After more than two centuries of development, grouting materials
have evolved from ‘single grouting material’ to ‘modified grouting material” and then
to ‘composite grouting material’ to meet the requirements of different engineering needs,
technical levels, and composite material development [21].

In the excavation stage of underground engineering construction, an important reason
for engineering instability is the shear failure of the rock mass joint area [22-25]. In order to
solve this problem, the grouting reinforcement of fractured rock mass arises at the historic
moment. It can improve the mechanical structure of the fracture surface and then improve
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the mechanical properties of the whole rock mass to effectively prevent the instability
and failure of underground engineering. At present, researchers have carried out many
mechanical studies on the strength and deformation characteristics of the consolidated
body after grouting. Through a series of grouting tests, Nasir et al. [26] and Tian et al. [27]
found that the shear strength curve of grouting consolidation has an obvious peak and
residual strength. Wang et al. [28] used chemical grout to grout fractured rock masses and
found that this method can make the specimens a more complete structure. However, the
strength of the grouting material and its bonding with the rock mass are important factors
limiting the grouting results. Based on the study of residual strength and deformation
properties of fractured rock, Zhang et al. [29] further explored the mechanical properties
of grout-reinforced specimens. The research shows that after grouting consolidation, the
residual strength of the broken rock block is significantly improved, and its lateral and
radial changes also tend to be synergistic, which greatly improves the plastic deformation
function of the broken rock block so that it can still maintain good bearing capacity in
a large change range. At present, many researchers have conducted much research on
rock-like specimens instead of rock as rock mechanics test materials. However, there are
relatively few studies on the mechanical properties of grout-reinforced specimens prepared
by real rock mass cutting and grouting. Chen [30], Wong [31], and Bobet [32] all took
gypsum as the analysis object and analyzed the effect of fracture dip angle on rock hardness
and deformation characteristics.

Chai et al. [33] studied the law of damage and deterioration of rock with a filling joint
caused by the acid dry-wet cycle and found that there was a strong linear relationship
between the static and dynamic compressive strength and the wave velocity of the filled
joint rock under the action of dry and wet cycling. Zhang et al. [34] studied the evolution of
microscopic pores and the shear mechanical response of fractured rock under freeze—thaw
cycles and found that the freeze-thaw deterioration of the grout rock interface layer was
mainly caused by the solid-liquid phase change and migration of internal water under
the action of circulating temperature, and the difference of grouting materials had a great
influence on the degree of freeze-thaw deterioration of the grout rock interface layer.

For the study of the physical and mechanical properties of grout-reinforced specimens,
most are only based on the study of grout-reinforced specimens mechanics and grouting
effect under a normal temperature environment. Some scholars have studied the damage
of grout-reinforced specimens under low—-temperature or single acid-base environment.
There are few studies on the mechanical damage of grout-reinforced specimens under the
coupling of an acid environment and a freeze—thaw cycle. In this paper, combined with the
research status of grouting materials and grout-reinforced specimens and considering the
existing conditions, the uniaxial compression test and scanning electron microscope micro-
scopic imaging method were used to carry out the test of the grout-reinforced specimens
erosion in an acidic environment and the test of grout-reinforced specimens performance
damage under the coupling of a freeze-thaw cycle in an acidic environment.

2. Materials and Methods
2.1. Materials

The research object selected in this test is red sandstone, and through polarization
experiments and X-ray diffraction (XRD) analysis, the main components of the rock include
quartz, albite, gismondine, and other feldspars as well as some rock chips and cemented
material. Three red sandstones were selected to study the initial physical properties, and
some basic physical parameters of sandstone specimens were obtained. The test results are
shown in Table 1.
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Table 1. Physical and mechanical properties of sandstone.

Number Density (g-cm—3) Porosity Intensity (MPa)
H1 2.28 13.03 30.11
H2 2.29 13.14 29.88
H3 2.31 13.34 28.51

The influence of different fracture dip angles on the mechanical properties of grout-
reinforced specimens was explored. According to the research of relevant scholars [35],
the rock-cutting machine is used to cut the sandstone. The fracture dip angle is divided
into 0° (horizontal), 30°, 45°, 60°, and 90°. The fracture penetration degree is divided into
full-section penetration and half-section penetration. The prefabricated fractured sandstone
is shown in Figure 2. The crack width is 2 mm.
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Figure 2. Prefabricated fractured sandstone shape.

In this experiment, the commercially available new rapid cementing material (FCM)
was used as grouting material. FCM is a new rapid grouting material based on sulphate
aluminium cement. In order to compare the particle size of FCM and P.O 42.5 cement, a
Winner 3003 Laser Particle Sizer was used to measure the particle size distribution of the
two materials. The measuring range of the instrument was 0.1~1200 um, and the average
particle size of the powder was obtained. The particle size distributions of the cementitious
materials are presented in Table 2. The average particle size of FCM is higher than that of
P.O 42.5 cement, which is 54.225 um for FCM and 22.733 um for P.O 42.5 cement.

Table 2. Particle-passing percentage of the cementitious materials/%.

Particle Size (um)

Types
D1 D5 Dy Day
FCM 4.233 28.698 161.358 54.225
PO 425 4.329 18.669 46.578 22.733

In order to verify the fluidity and solidification performance of FCM at a lower water-
to-material ratio, the flowability and setting time tests of FCM and P.O 42.5 under different
water—solid ratios were designed. The test results are shown in Tables 3 and 4. It can be
seen from the figure that the fluidity of FCM is nearly six times that of P.O 42.5, and the
setting time of FCM is one fifth of P.O 42.5 under the condition of a low water-material
ratio. Therefore, FCM with a water-to-material ratio of 0.3 is used as the grouting material
for this test.
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Table 3. The effect of water-material ratio on the fluidity of FCM and P.O 42.5 slurry.

Water-Material Ratio

Fluidity (cm)
0.3 0.4 0.5 0.6 0.7
FCM 33.5 36 42 45 47.5
PO 425 6 8.5 15.75 24 28.4

Table 4. The effect of water-material ratio on setting time of FCM and P.O 42.5 slurry.

Water-Material Ratio

Setting Time (min)

0.3 0.4 0.5 0.6 0.7
Initial 40 47 55 63 98

FCM Final 75 77 80 90 108
Initial 200 240 330 410 480

PO425 Final 380 450 530 600 660

2.2. Preparation of Fracture-Grout-Reinforced Specimens

The slurry was prepared by a J]-5 cement mortar mixer, and the fractured sandstone
was fixed by a cylindrical mold. A small amount of slurry was absorbed by a syringe
and quickly injected into the crack. After the slurry was filled with cracks, the grouting
was stopped. The specimens were placed in the curing box together with the mold, and
the mold was demolded after standard curing for 24 h. All specimens were subjected to
7 d standard curing. After the curing was completed, they were placed in a drying oven
for drying. The temperature was set to 105 °C. After drying for 24 h, the quality of each
specimen was weighed for the next test. The prepared grout-reinforced specimens are
shown in Figure 3.

Figure 3. Fracture-grout-reinforced specimens: (a) grouting process.; (b) full-penetrated fracture
specimens.; (c) semi-penetrated fracture specimens.

2.3. Specimens Treatment

Unconfined compressive strength is an important index to evaluate the mechanical
properties of grout-reinforced specimens. In this experiment, the unconfined compressive
strength of grout-reinforced specimens is used as an index to analyze the original grout-
reinforced specimens, the grout-reinforced specimens after soaking in an acidic solution,
and the grout-reinforced specimens after a freeze-thaw cycle in an acidic environment.

Firstly, the drying test of the cured grout-reinforced specimens is carried out. The
electric blast drying oven is used to dry the specimens. The working principle is to heat
the air inside the equipment, then use the fan to make the air circulate inside and outside
the object to be dried for heat exchange, and finally make the object to be dried or dried. A
total of 60 specimens were placed in a drying oven for drying. The drying temperature was
set at 105 °C, and the drying time was 24 h. The quality of grout-reinforced specimens was
measured by a high-precision electronic scale after drying.
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Secondly, the acid solution with pH = 1 was prepared by hydrochloric acid with a
concentration of 1 mol/L, and the specimens were immersed in it. After soaking for 7 days,
the specimens were taken out, and the surface water was dried and weighed. The freeze—
thaw test was carried out by GDW225 high- and low-temperature alternating test chamber
after wrapping the fresh-keeping film in some patterns. According to the literature [36], the
freeze-thaw cycle temperature was set at 20-20 °C, the freezing time was 4 h, the melting
time was 4 h, and the first cycle was 8 h. The number of cycles was set to 5, 10, 20, and
30 times. After the freeze—thaw cycle, the wrapped preservation film was removed, and
the quality was weighed and put into the oven for drying.

Finally, the YZW-30 A multifunctional testing machine was used to test the compres-
sive strength of the specimens, and the unconfined compressive strength and failure mode
were obtained. The test flow is shown in Figure 4.
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Figure 4. Test flow chart.

3. Results and Discussion
3.1. Changes in Apparent Characteristics

The immersion of the acidic solution caused obvious corrosion on the crack reinforce-
ment surface of the grout-reinforced specimens, and the sandstone also showed obvious
acidic corrosion traces.

It can be seen in Figure 5 that the acidic solution immersion caused significant corrosion
of the fracture reinforcement surface of the specimens, and the sandstone also showed more
obvious traces of acidic corrosion, and in the same environment (pH = 1.1), the corrosion of
the grout reinforcement surface of the full penetration fracture specimens corroded by the
acidic solution was significantly less than that of the fracture grout reinforcement surface
of the half penetration fracture specimens.

Figure 5. Surface changes after soaking in acidic solution: (a) full-through fracture grout-reinforced
specimens; (b) semi-through fracture grout-reinforced specimens.
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From Figure 6 of the change in surface area of the specimens with different freeze—
thaw cycles, it can be seen that as the number of freeze-thaw cycles increases, the surface
area of the specimens decreases, the debris on the surface of the specimens increases, and
the debris produced on the surface of the specimens after 30 freeze-thaw cycles is the
most. It can be seen that most of the debris is the spalling of the grouting material under
the influence of the acidic environment and the coupling of freeze—thaw cycles. It can be
seen that with the increase of the number of freeze-thaw cycles, the concave and convex
phenomenon on the surface of red sandstone becomes more and more obvious. It can
be clearly observed that the powder on the surface of red sandstone falls off, indicating
that the physical properties of the grout-reinforced specimens under the coupling of acidic
environment and freeze-thaw cycles are degraded and its performance decreases with the
increase of freeze—thaw cycles.

Figure 6. The sample surface changes after different freeze-thaw cycles: (a) fully penetrated speci-
mens with a crack angle of 90°; (b) semi-penetrated specimens with a crack angle of 30°.

3.2. Mass Loss under Acid Freeze—Thaw

An electronic balance with a precision of 0.01 g was used for mass weighing. Before
weighing, the specimens needed to be dried. After the specimens were dried, they were
weighed and recorded before and after the specimens treatment. By comparing the drying
quality of grout-reinforced specimens before and after treatment, the mass loss rate of
grout-reinforced specimens with different crack dip angles can be obtained.

The mass loss rate is calculated by the formula:

s="8" ™ 100% (1)
Mg

In the formula:

S—specimens mass loss rate after treatment, %;
mg—dry weight of specimens before treatment, g;.
ms—dry mass of specimens after treatment, g.

The mass loss rate of the test block is classified according to different degrees of
fracture penetration and different angles of fracture inclination. The mass loss rate of each
test block is shown in Figure 7. In terms of the degree of fracture penetration, the mass loss
rate of grout and solid in the full-thickness fracture is greater than that in the half-thickness
fracture. In terms of fracture angle, the mass loss rate of grout and solid increases with
increasing angle.

The mass loss rate of the test block was classified according to different degrees of
fracture penetration and different angles of different freeze—thaw cycles fracture inclination.
The mass loss rate of each test block is shown in Figure 8. In terms of fracture penetration
degree, the mass loss rate of grouting with solid in the full-thickness fracture was greater
than that in the half-thickness fracture. In the angle of fracture, the mass loss rate of grout-
reinforced specimens increases as the angle increases. The reasons for the deterioration in
quality are as follows: firstly, the corrosion resistance of the grouting material is weaker
than that of the sandstone, and secondly, the combination of grout-reinforced specimens
increases with the increase in the inclination angle. From the analysis of fracture penetration
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degree, the mass loss rate of full-thickness fracture grout-reinforced specimens is obviously
larger than that of half-thickness fracture grout-reinforced specimens, which is similar to
the reason why the mass loss rate changes with the fracture. The area of the reinforcement
surface of full-through fracture grout-reinforced specimens is obviously greater than that
of semi-through fracture grout-reinforced specimens. The mass loss rate of grout and solid
is proportional to the area of the grouted reinforcement surface. The larger the area of the
grouted reinforcement surface, the larger the area in contact with the acid solution and the
corresponding mass loss rate.
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Figure 7. Rate of quality-led loss after soaking in an acidic solution.
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Figure 8. Rate of quality-led loss after different freeze-thaw cycles: (a) full-through fracture grout-
reinforced specimens; (b) semi-through fracture grout-reinforced specimens.

3.3. Strength Change
3.3.1. Strain—Stress Curve

The stress—strain curves of grout-reinforced specimens after soaking in acid solution
with different degrees of penetration are shown in Figure 9. Similar to the original version
of grout-reinforced specimens, the stress—strain curves of grout-reinforced specimens after
soaking in acid solution also show the characteristics of brittle materials of grout-reinforced
specimens, and the failure stages are also divided into four stages: compaction stage, linear
elastic stage, crack propagation stage, and failure stage. However, unlike the original model
of grout-reinforced specimens, the crack propagation stage of grout-reinforced specimens
after soaking in acid solution increased significantly, and the microcrack propagation
stage of grout-reinforced specimens injection in the half section was larger than that of
grout-reinforced specimens injection in the full section. As can be seen from the figure,
regardless of the original grout-reinforced specimens or the grout-reinforced specimens
after erosion in acid environment, the stress—strain curve of the full-through fracture grout-
reinforced specimens with crack inclination of 60° does not appear in the more obvious
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crack expansion stage of the other fracture grout-reinforced specimens. On the contrary,
the stress—strain curve drops rapidly after the peak value is reached. The reasons for this
phenomenon are analyzed. On the one hand, the crack angle reaches the angle required
for sliding shear failure of fracture grout-reinforced along the crack grouting surface. On
the other hand, the surface of the prefabricated crack is smooth, and the sliding shear
failure along the crack angle will still occur after the acid solution erosion, and the residual
strength is approximately 0.
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Figure 9. Grout-reinforced specimens unconfined compressive stress—strain curve: (a) full-through
fracture grout-reinforced specimens; (b) full-through grout-reinforced specimens after soaking in
acidic solution; (c). semi-through fracture grout-reinforced specimens; (d) semi-through fracture
grout-reinforced specimens after soaking in acidic solution.

3.3.2. Strength Comparison

For the full-through fracture grout-reinforced specimens, it can be seen from the data
in Figure 10 that after soaking in an acid solution, the change law of the compressive
strength of the full-through fracture grout-reinforced specimens is similar to that of the
original grout-reinforced specimens. The angle of immersion increases from 0° to 60°,
and the compressive strength of the solid addition gradually decreases. Meanwhile, the
compressive strength of the grout-reinforced specimens for the 90° crack is between 45°
and 60°. The compressive strength of grout-reinforced specimens after soaking in an acid
solution is significantly lower than that of untreated grout-reinforced specimens, and with
the increase of fracture angle, the compressive strength of grout-reinforced specimens after
soaking in acid solution is greater than that of untreated fracture grout-reinforced specimens.
The uniaxial compressive strength of fracture grout-reinforced specimens with fracture
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inclinations of 0°, 30°, 45°, 60°, and 90° decrease by 4.11%, 7.19%, 9.57%, 13.03%, and
6.84%, respectively. Compared to the full-through fracture grout-reinforced specimens, the
correlation between the strength of the semi-through fracture grout-reinforced specimens
and the fracture inclination angle is lower between 0° and 60°, and the compressive strength
of the specimen is greatest when the fracture is 90°.
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Figure 10. Comparison of the strength of grout-reinforced specimens as original sample and after
treatment in an acidic environment.

For full-through grout-reinforced specimens after different freeze-thaw cycles in an
acidic environment when the number of freeze—thaw cycles is zero, five, and ten, the
compressive strength decline of the sample is close to a straight line, and the decline rate of
compressive strength gradually decreases after 20 freeze—thaw cycles and 30 freeze—thaw
cycles. When the number of freeze-thaw cycles was five, the uniaxial compressive strength
decreased from 26.72 MPa to 12.02 MPa with a decrease of 55.01%. When the number of
freeze-thaw cycles was 10, the uniaxial compressive strength decreased from 21.76 MPa to
7.41 MPa, a decrease of 65.95%. When the number of freeze-thaw cycles is 20, the uniaxial
compressive strength decreases from 18.23 MPa to 4.18 MPa, a decrease of 77.07%. When
the number of freeze—thaw cycles was 30, the uniaxial compressive strength decreased
from 16.19 MPa to 2.98 MPa, a decrease of 81.6%. It can be seen that as the number of
freeze-thaw cycles increases, the compressive strength of the grout and solid with a crack
angle of 60° decreases more than that of the grout and solid with a crack angle of 0°.

For semi-through grout-reinforced specimens after different freeze-thaw cycles in an
acidic environment when the number of freeze—thaw cycles is five, the uniaxial compressive
strength decreases from 28.68 MPa to 21.89 MPa, a decrease of 23.67%. When the number
of freeze-thaw cycles is 10, the uniaxial compressive strength decreases from 25.12 MPa
to 18.18 MPa, a decrease of 27.62%. When the number of freeze-thaw cycles was 20,
the uniaxial compressive strength decreased from 22.58 MPa to 16.84 MPa, a decrease of
25.42%. When the number of freeze-thaw cycles was 30, the uniaxial compressive strength
decreased from 21.05 MPa to 12.18 MPa, a decrease of 42.13%. It can be seen that the
compressive strength of semi-through grout-reinforced specimens decreases relatively less
with the increase in the number of freeze-thaw cycles compared to full-through grout-
reinforced specimens.

It can be seen from the strength changes in the Figure 11 that overall, the strength
deterioration damage of full-through grout-reinforced specimens under the influence of a
freeze—thaw cycle in an acidic environment is more obvious than that of semi-through grout-
reinforced specimens, and the strength change of full-through grout-reinforced specimens
is more regular than that of semi-through grout-reinforced specimens. The main reason is
that the strengths of grouting materials and sandstone are different. The deterioration of
grouting materials caused by acidic environments and freeze—thaw cycles is greater.
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Figure 11. The peak strength of full-through and semi-through grout-reinforced specimens changes
with the number of freeze—thaw cycles: (a) full-through grout-reinforced specimens; (b) semi-through
grout-reinforced specimens.

3.4. Microstructure Analysis

In order to explore the microstructure of fractured sandstone grout-reinforced speci-
mens under an acidic environment and freeze-thaw cycles, the specimens without treat-
ment, soaking in acidic solution, freezing and thawing in an acidic environment for 5 times,
10 times, 20 times, and 30 times were selected as the scanning specimens, and the scanning
electron microscope scanning test was carried out. Six different magnification images of 200,
500, 1000, 3000, 5000, and 10,000 times were obtained, respectively, and the action mecha-
nism of an acidic environment and a freeze—thaw cycle on sandstone and grout-reinforced
specimens was revealed.

In the microstructure of the original specimens and under the observation of a
200 times electron microscope, the grouting material and sandstone are well cemented, the
grouting material and sandstone are closely structured, a small number of cracks are found
on the surface, the pores are small, and there are a small number of disordered mineral
particles in the rock mass. After being magnified 5000 times, the surface of sandstone
mineral crystal is relatively smooth, and the surface cracks of grouting material are disor-
derly distributed. In the microstructure of grout-reinforced specimens after 7 days of acid
solution immersion and under the observation of a 200 times electron microscope, there are
different degrees of corrosion on the surface of the grouting material and the sandstone,
and compared with the original specimens, the development of micro cracks increases, but
the development of large cracks decreases, the surface of main mineral crystals is smooth,
and there is a large area of smooth area. After being magnified 5000 times, it can be seen
that the acid corrosion of grouting material and sandstone is more significant, and the crack
of grouting material extends and expands. The above conclusions show that under the
influence of acid solution corrosion, grouting and solid grouting materials and sandstone
react with the acid solution. Free mineral particles are generated, and free mineral particles
are distributed around pores and cracks.

The microstructure of grout-reinforced specimens after 30 acid environment freeze—
thaw cycles is shown in Figure 12¢c. By comparing images with the different number of
freeze—thaw cycles under the observation of a 200 times electron microscope, it can be
seen that the grout-reinforced specimens after different freeze-thaw cycles have different
degrees of damage. After five freeze—thaw cycles, there is a small range of particle shedding
between grout-reinforced specimens grouting material and sandstone surface, and there
are obvious free mineral particles on the surface of sandstone due to freeze—thaw cycles.
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Figure 12. Scanning electron microscopy images of specimens after different treatments: (a) original
specimens; (b) acid erosion specimens; (c) after 30 freeze-thaw cycles of the specimens.

Amplifying the electron microscope to 5000 times, it can be seen that the surface of
the grouting material has obvious crack development and expansion, and the surface of
the sandstone has an obvious “honeycomb” phenomenon. Due to the coupling effect of
acid solution corrosion and a freeze-thaw cycle, the cementation of grouting materials and
minerals in sandstone is obviously weakened. After ten freeze-thaw cycles, the grouting
and solid grouting material is more obvious than the sandstone surface shedding after five
freeze-thaw cycles, the micro-crack development on the surface of the grouting material
increases, and the “honeycomb” area on the sandstone surface is more obvious. When the
number of freeze-thaw cycles reaches 30 times, the loss of grouting and solid particles leads
to a rougher surface, and the number of surface holes and cracks increases significantly. The
surface roughness changes significantly compared with the original specimens of grouting
and solid.

Binarisation was carried out on the original sample after acid soaking the grouted
surface with five and thirty freeze-thaw cycles in an acidic environment, and the scanning
electron microscope photographs of sandstone and the average pore diameter in pore
parameters were selected for analysis. The relationship between the grouted surface and
the average pore diameter of the sandstone with the acid freeze-thaw times is shown in
Figure 13. It can be seen from the figure that the average pore diameter of the grouted sur-
face (grouting material) decreases compared to the original sample after the grout and solid
are eroded by acid solution, which is because the large particles in the material dissolved
by the acid substance fill the pores with a large pore diameter. Therefore, the micro grouted
surface becomes smooth. As the freeze—thaw time increases, the average pore diameter
of the sample continuously increases. It shows that the damage of the micro-grouting
reinforced surface is intensified by freeze-thaw in an acidic environment. For sandstone,
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with the increase of acid erosion and the number of freeze-thaw cycles in an acidic envi-
ronment, the average pore diameter of the samples increased, which is consistent with the
conclusion obtained by observing the scanning electron microscopy images. Overall, as the
number of freeze-thaw cycles in an acidic environment increases, the difference between
the average pore diameter of grouting materials and sandstone decreases, indicating that
the damage caused by freeze-thaw cycles in an acidic environment is greater than that
caused to sandstone and further indicate that the reinforcement surface of grouting with
solid is the weakest point.
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Figure 13. Different treatment methods of grout-reinforced specimens average aperture.

4. Conclusions

Through the fracture grouting test of FCM grouting material and the unconfined
compression test and electron microscope scanning of fractured sandstone grout-reinforced
specimens, the following conclusions are obtained.

(1) The flow ability and condensation ability of FCM under low water—material ratio
are five times that of P.O 42.5 cement, which meets the relevant requirements of grouting
materials, and FCM has certain expansibility, which is well cemented with red sandstone.
The grout-reinforced specimens formed by the FCM and sandstone can reach the original
rock or even exceed the original rock strength.

(2) Grout-reinforced specimens and sandstone belong to brittle materials, and the de-
gree of penetration and inclination angle of grout-reinforced specimens fracture determine
the stress—strain relationship of the specimens. There is a certain similarity in the failure
process of the specimens, which is composed of four stages: compaction stage, elastic
deformation stage, crack propagation stage, and failure stage. For the full cracks, the corre-
lation between the compressive strength of grout-reinforced specimens and the dip angle
of cracks is high. When the dip angle increases from 0° to 60°, the compressive strength of
the reinforcement gradually decreases, and the compressive strength of grout-reinforced
specimens with 90° cracks is between 45° and 60°.

(3) The acidic environment and freeze-thaw cycle will erode the grout-reinforced
specimens, mainly the erosion of the grout-reinforced specimens surface, and as the fracture
increases, the degree of erosion increases, and the strength of the grout-reinforced specimens
decreases, and the degree of fracture penetration and inclination determine the degree of
reduction of the strength of the grout-reinforced specimens.

(4) FCM grouting material is well cemented with red sandstone. After soaking in acidic
solution and freeze—thaw cycles in an acidic environment, the surface of grouting material
appears to have particle loss, and the surface of the sandstone appears as a “honeycomb”
area. With the increase of freeze-thaw cycles, the area of particle loss and honeycomb
area increases.
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