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Abstract: Traditional cement-based grouting materials have good reinforcement and anti-seepage
effects on the surrounding rock under normal conditions, but the grouting effect is not ideal due to
problems such as a long setting time, a low stone ratio, and poor crack resistance under high water
pressure and in a dynamic water environment. In this study, we aimed to improve the physical
properties, chemical properties, and microstructure of a cement-based slurry by forming a hydrogel
through its chemical crosslinking with polyvinyl alcohol and boric acid as modifiers for the purpose
of improving the permeability resistance of the surrounding rock grouting under high-water-pressure
conditions, which can expand the function of traditional building materials. The grouting effect
of the modified cementitious material on the surrounding rock was analyzed through indoor tests,
the SEM testing of the performance of the modified slurry, the numerical calculation of the seepage
field, and the application of the modified slurry in combination with the actual project to verify the
water-plugging effect. The research findings demonstrate that (1) the additives boric acid and PVA
can significantly speed up the slurry gel time, and the gel time can be controlled within 2-20 min
to meet the specification requirements. (2) At a velocity of moving water > 1 m/s, the retention of
the solidified modified slurry stone body reaches more than 80%. According to the SEM analysis,
the structure of the solidified modified slurry stone body is dense and has good impermeability.
(3) According to the numerical calculation analysis, the modified slurry can effectively change the
seepage field of the surrounding rock and improve its seepage resistance. The water pressure outside
the lining is reduced by 47%, 31%, and 22%, respectively, compared with no slurry, the pure cement
slurry, and cement-water-glass grouting, and the indoor test and numerical simulation conclusions
are consistent.

Keywords: cement-based material; polyvinyl alcohol; boric acid; impermeability

1. Introduction

With the rapid development of science and technology, building materials are in-
creasingly widely used [1,2]. To increase permeability and protect the lining structure
and the environment, the surrounding rock of the tunnel can be strengthened by grouting.
Traditional grouting materials have good water-plugging and reinforcement effects in
static environments, but the disadvantages of a slow setting time, dispersion resistance,
and weak crack resistance of the traditional slurry will lead to a poor grouting effect in
high-water-pressure and moving environments [3-6]. Therefore, an important research
goal is to improve traditional cement-based grouting materials to meet the grouting require-
ments under high water pressure and in a dynamic water environment and to improve the
application range of building materials.
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The tunnel grouting material in the high-water-pressure surrounding rock environ-
ment needs to have good impermeability and injectability, and tunnel grouting materials
have been studied by several researchers. Hua and Xie [7] conducted an indoor test to deter-
mine the fluidity, water barrier properties, and compressive strength of fly ash and a cement
slurry and an engineering practice test to determine the grouting ratio. Zhang [8] analyzed
the applicability and grouting effect of a single cement slurry, a double slurry composed of
a cement slurry and water-glass slurry, and a fine cement slurry under different working
conditions of karst tunnel curtain grouting in Gele Mountain, and the analysis showed that
the double slurry grouting material composed of a cement slurry and water-glass slurry
is more effective. Tian et al. [9] examined how fly ash, the water-reducing agent, and the
water-cement ratio affected the grouting slurry’s flowability, setting time, and compressive
strength. Through optimization, a grouting slurry with a high degree of compatibility was
created. Li et al. [10] developed a new grouting material with a good grouting capacity,
good water retention, and high early strength. The results show that the elastic modulus,
grouting volume, and pressure of the material all have an impact on ground settlement,
according to the application results of a cross-river shield tunnel grouting project. Through
indoor tests, Peng et al. [11] examined the effects of the water-glass admixture, boehmite
content, and powder ratio on the slurry’s performance. It was found that, compared with
traditional materials, the double slurry has the advantages of a controlled setting time, high
compressive strength, and environmental protection and is better used in river bottom
tunnel grouting work. Zhang et al. [12] used bentonite and cement as base materials with
a curing agent to obtain excellent flow, stability, and scouring resistance, which can be
applied to meet engineering requirements in a moving water environment while being cost-
effective and environmentally friendly. Zhang et al. [13] developed a grouting substance
using cement, clay, meta-aluminate, and lignin. Indoor tests revealed that the substance
has a quicker gel time, a lower exudation rate and volume shrinkage, a higher viscosity
and anti-dispersion effect, and a better underwater grouting effect.

Through indoor tests, Zhu et al. [14] analyzed a slurry composed of cement, clay, and
fly ash and tested its mechanical and rheological properties. The results show that the
grouting material has good mechanical properties and impermeability. Liu et al. [15] pre-
pared a kind of cement based on magnesium phosphate. The indoor test showed that GGBS
significantly shortened the setting time, improved a certain amount of fluidity, produced
a compact microstructure, and was environmentally friendly. Wan et al. [16] proposed
water glass and bentonite as grouting materials and tested the mechanical properties and
microscopic properties of the materials. The results indicate that the grouting materials
have good viscosity. Wang et al. [17] studied the effect of PVA fibers on the mechanical
properties and durability of rubber concrete through laboratory tests. The results show
that PVA can significantly improve the impermeability and durability of rubber concrete.
Zhang et al. [18] prepared a new type of double-fluid grouting material and analyzed
the setting time, expansion rate, and mechanical strength characteristics of the grouting
material through laboratory tests to meet the requirements of the grouting environment.
Sun et al. [19] analyzed the influence of different proportions of organic materials such
as fly ash, clay, waterborne polyurethane, and epoxy resin on the grouting performance
of a cement slurry through a single-factor test, orthogonal test, and organic compound
modification test. The results indicate that the addition ratio of clay and fly ash has a strong
influence on the strength and stone ratio of the cement slurry.

Through indoor tests, Liu et al. [20] researched the effect of the PVA content on the
performance of fly-ash-based cement grouting materials. It had a significant effect on the
mechanical properties of the grouting material and could effectively improve the rock
mass’ hydraulic coupling characteristics. The impermeability of PVA to the grouting
material was markedly improved, and it increased with increasing amounts of PVA content.
Lu et al. [21] proposed porous sand, PVA, cement, and rubber grouting materials. The
density, consistency, fluidity, exudation rate, consolidation shrinkage rate, setting time, and
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unconfined compressive strength of the slurry were tested in the laboratory. The results
showed that the grouting material has good toughness and high strength.

In order to design grouting materials, many researchers have combined different
grouting projects with their findings, obtained specific results based on the performance
of cement bases, and added modified materials to the pure cement slurry to achieve the
desired grouting anti-seepage and reinforcement effects under various working conditions.

However, there are still some issues within the current literature, such as the slurry’s
low stone solidification retention ratio, low compressive resistance, and insufficient crack
resistance, which will result in a poor water-plugging effect when it is exposed to high water
pressure or a moving water environment. In recent years, polyvinyl alcohol and boric acid
have become increasingly applied modified materials, which are used to rapidly induce
gelation via chemical crosslinking at certain concentrations. This mechanism improves
the properties of cement-based materials so as to meet the grouting requirements under
high water pressure and in moving water environments. In this study, an indoor test
was performed to examine the effects of parameters such as the water—cement ratio, the
concentration of polyvinyl alcohol, and the concentration of boric acid on the properties
of the slurry setting time, stone solidification retention ratio, and compressibility in a
moving water environment against the backdrop of the surrounding rock under high water
pressure. Combined with scanning electron microscopy, the microstructural characteristics
of the modified material’s stone body were analyzed to verify whether the modified slurry
achieved design expectations. Finally, the water-plugging effect of the cement—polyvinyl
alcohol-boric acid slurry was examined by numerical calculations using a real-world
engineering application as an example, and the consistency between the results of the
indoor test and the numerical calculation was verified.

The main purpose of this work was to analyze the liquid properties of the grouting
material, the properties of the stone body, and the water-plugging properties of the whole
grouting ring after grouting through laboratory tests and numerical simulations. Further,
tests were performed to verify whether the modified cement-based materials can meet the
requirements of the surrounding rock grouting in a high-water-pressure environment from
the characteristics of the liquid and solid material and the engineering application process
in three stages. The results of this study can provide a comprehensive understanding of
modified grouting materials in engineering practice.

2. Basic Performance Study of Single Cement Slurry

The primary component of composite grouting materials is the single cement slurry,
which is enhanced by modified materials to meet the needs of various engineering environ-
ments, including requirements for grouting fluid impermeability and injectability [22]. As
a result, the performance of the composite grouting material is directly influenced by the
fundamental performance of the single cement slurry, and the following indoor test study
was conducted to determine this fundamental performance.

2.1. Test Materials and Procedure

Since the water-cement ratio affects the primary characteristics of the common cement
slurry, the pure cement slurry is primarily composed of silicate cement with different
water—cement ratios (W/C). The pure cement slurry was prepared with five different water—
cement ratios: 0.5:1 (50 g water, 100 g cement), 0.8:1 (80 g water, 100 g cement), 1:1 (100 g
water, 100 g cement), 1.5:1 (150 g water, 100 g cement), and 2:1 (200 g water, 100 g cement).
Each group of material tests was conducted three times, and the data in the figures in the
manuscript are the average values of the three groups of tests.

Figure 1 shows the precise results from a rotary viscometer (Shanghai Jinglai Electronic
Technology Development Co., Ltd., Shanghai, China) used to measure the viscosity of
the cement slurry at various water—cement ratios. A viscometer (Shanghai Leiyun Test
Instrument Manufacturing Co., Ltd., Shanghai, China) was used to determine the initial
and final setting times of the cement slurry at various water—cement ratios, and the precise
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results are displayed in Figure 2. For standard curing, the cement slurry was formed into
cubic specimens. Uniaxial compressive strength tests were then carried outat3d, 7 d, 14 d,
and 28 d [23]. The results are shown in Figure 3. To calculate the stone solidification ratio,
100 mL of each type of slurry with one of the five water—cement ratios was placed in a
measuring cylinder and left for 3 h. The liquid level was then read and recorded.
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Figure 1. The influence of the water—cement ratio on the viscosity of the slurry.
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Figure 2. The influence of the water—cement ratio on the slurry setting time.
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Since the groundwater has a certain flow rate under the effect of high water pressure,
the retention ratio of the stone body solidification of the slurry in a static water environment
and a moving water environment after grouting must be taken into account in order to
simulate the actual grouting environment. Cement slurries were prepared with water—
cement ratios of 0.5:1, 1:1, and 2:1. After the initial setting of the material, it was placed on
inorganic glass and in a homemade inorganic glass sink with a flow rate of 0.2, 0.4, 0.6, 0.8,
1.0, or 1.2 (m/s). The stone solidification retention ratio of the slurry was measured after
30 min in static water and moving water. The test primarily analyzed the water-cement
ratio and water velocity on the slurry, combined with the anti-dispersion impact, and the
test results are shown in Figures 4 and 5.
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Figure 4. Stone solidification retention ratio of slurry in static environment.
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Figure 5. Stone solidification retention ratio of slurry in moving water environment.

2.2. Analysis of Experimental Results

According to Figure 1, as the water—cement ratio rises, the concentration of a single
cement slurry decreases. The viscosity of the cement slurry decreases significantly from
140 x 1073 to about 40 x 1073, or by about 70%, when the water—cement ratio is between
0.5 and 1.0. When the water—cement ratio is greater than 1, the viscosity of the slurry tends
to reach a plateau and hardly change. The change is primarily caused by the relatively high
water—cement ratio, which causes a complete reaction of cement hydration and prevents
the viscosity from rising as the water ratio rises.

The water-cement ratio has a greater impact on the setting time of the pure cement
paste, as shown in Figure 2. The initial setting time increases from 7 h to around 15 h as the
water—cement ratio rises, and the final setting time rises as well. The initial to final setting
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time interval of the pure cement slurry varies with the water—cement ratio; for example, for
a water—cement ratio of 0.5, the interval is approximately 5 h, whereas for a water—-cement
ratio of 2.0, the interval is approximately 30 h. This difference is primarily due to the higher
cement content, which causes the slurry to set faster.

The solidification strength of the pure cement slurry is also influenced by the water—
cement ratio, as shown in Figure 3, and the greater the compressive strength at the same
age, the smaller the water—cement ratio. The strength growth is faster for the four water—
cement ratios from 3 d to 7 d, and the solidification strength increases gradually after
7 d. The solidification strength of the cement slurry varies significantly depending on the
water—cement ratio; for example, the solidification strength of a water—cement ratio of 0.5 is
approximately 15 MPa, while that of a water-cement ratio of 2 is only approximately 6 MPa,
a difference of approximately 2.5 times [24]. The solidification ratio of the pure cement
slurry, which can reach about 99% with a high solidification ratio for all five water-cement
ratios, is essentially unaffected by the water-cement ratio.

Figure 4 shows that the slurry with a water—cement ratio of 0.5 had the highest
combined retention ratio of 97%, and the slurry with a water—cement ratio of 2 had the
lowest combined retention ratio of 84% after being placed in still water for 30 min after
the initial setting. This shows that the slurry with a high cement content had a better
cementing effect in still water. Following the initial slurry setting with various water—
cement ratios, Figure 5 illustrates the retention ratio of slurry stone solidification in moving
water at various water velocities. As can be seen in the figure, the retention ratio of stone
solidification decreases with the increasing moving water flow velocity and increases
with the decreasing water-cement ratio at the same flow velocity. The stone solidification
retention ratio for each water—cement ratio at a 1.2 m/s flow velocity is only 60%—-70% of
the stone solidification retention ratio at a 0.2 m/s flow velocity according to this law, which
states that the slurry needs to have a certain carrier dispersion to ensure the grouting effect
in the moving water environment. The grouting fluid should have better anti-dispersion
properties under high-water-pressure conditions because the slurry is easily dispersed in
the moving water environment compared to the static water environment.

3. Basic Performance Study of Cement-Polyvinyl Alcohol-Boric Acid Slurry

The pure cement slurry has good viscosity and a high ratio of solidified stone forma-
tion, but it also has a long setting time, numerous brittle material pores in the formed stone
body, a low ratio of stone retention under high water pressure, and insufficient durability.
Under high water pressure and with enhanced permeability, the pores of the solidified
slurry stone body will further open up and form cracks, which will greatly reduce the
water-plugging effect and prevent the expected grouting effect from occurring [25-27]. The
use of the polyvinyl alcohol and cement slurry mixture, owing to the polyvinyl alcohol
hydrogel’s anti-cracking properties, enhances the performance of the grouting solution
to achieve the expected effect of grouting. This improves the cement slurry setting time,
improves the crack resistance of the grouted stone body, and enhances the durability of the
grouting material [28,29].

3.1. Effect of Polyvinyl Alcohol Concentration on Gelation Time

Polyvinyl alcohol, or PVA, is a type of polymer with good water solubility that deforms
well and has good toughness once it has gelled into a film. The PVA solution and cement
liquid mix well, creating a gel film with good plasticity that also protects the cement from
corrosion and increases the durability and crack resistance of the stone body [30-32].

Polyvinyl alcohol is insoluble in water at room temperature. Therefore, in this test,
in order to dissolve it in water, it was heated and stirred with a magnetic stirrer. The
temperature was set at 80 °C, and the solution was stirred for twenty hours. Different
concentrations of the PVA solution and cement slurry volumes were mixed to configure
PVA aqueous solutions with concentrations of 1%, 2%, 3%, 4%, and 5%, and the volume
ratio of cement to PVA solution was 4:1. The inverted cup method was used to measure the
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water—cement ratio of the PVA solution with various concentrations and the time it took
for the double-slurry gel to form. The specific results are shown in Table 1.

Table 1. Gel times of double slurries with different concentrations and water—cement ratios.

W/C
C . 0.5:1 0.75:1 1:1 1.5:1
oncentration
1% 189 654 1108 1598
2% 174 612 1097 1574
3% 154 563 1006 1528
4% 121 487 987 1503
5% 97 425 945 1458

Table 1 shows that the gel time of the cement—polyvinyl alcohol slurry ranges from 97
to 1458 s at various water—cement ratios and polyvinyl alcohol concentrations, all within
a half-hour, which essentially satisfies the requirements for the gel time of the grouting
material in grouting construction. The gel time decreased by up to 50% with an increase
in the polyvinyl alcohol concentration at the same water—cement ratio, indicating that
the polyvinyl alcohol concentration has a greater influence on the gel time. At the same
polyvinyl alcohol concentration, the gel time increases with a higher water-cement ratio, in
line with the law of change of the pure cement slurry.

3.2. Effect of Boric Acid on Cement—Polyvinyl Alcohol Slurry Properties

The cement—polyvinyl alcohol slurry was mixed with a boric acid solution to speed
up the gelation process. As a type of chemical crosslinking agent for polyvinyl alcohol,
boric acid is very sensitive to a PVA aqueous solution and can shorten the time it takes
for the solution to gel and turn into a hydrogel. This meets the requirement for a slurry’s
controllable setting time under high water pressure.

In order to easily analyze the influence law of boric acid on the gel time of the cement-
polyvinyl alcohol slurry, a 5% PVA solution concentration was used, with the ratio of the
cement solution volume to the PVA solution volume = 4:1, and the boric acid—polyvinyl
alcohol ratios were taken as 0.05, 0.1, 0.15, and 0.2. The gel times of different slurries were
measured by the inverted cup method. At the same time, compressive tests were conducted
on the solidified stone bodies at the age of 3 d for different slurries. The results obtained
are shown in Figures 6 and 7.
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Figure 6. The influence of the water—cement ratio and boric acid on the slurry setting time.
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Figure 7. The influence of the water—cement ratio and boric acid on compressive strength.

As can be seen from Figure 6, when the ratio of boric acid to polyvinyl alcohol is less
than 0.15, with an increase in the ratio, the time needed for the cement-polyvinyl alcohol
slurry to gel is significantly shortened. PVA is very sensitive to boric acid, and a gel is
formed between them through chemical crosslinking to accelerate the setting of the cement
slurry. It can be seen from Figure 7 that both the water—cement ratio and boric acid ratio
affect the compressive strength of the stone body. At the same water-cement ratio, the
compressive strength increases with the increase in the boric acid ratio. When the boric acid
ratio is higher than 0.15, the compressive strength increases slowly. BA ionizes B(OH), in
water, and B(OH)4 crosslinks with the hydroxyl group on the PVA molecular chain to form
a stable six-membered ring structure. Due to chemical crosslinking between boric acid and
PVA, the compressive strength increases. The reaction process is shown in Figure 8.

ﬁ'o o
l + H,O *
2 2 ~2~O O&

%\ ’0‘& —ECH2-QH:CI:15-,CH']:
O,B\O + 2-—[CH2-CITH-CH2-CIH];-ﬁ o’B‘o + 4H,0
QS OH OH

+CH,-CH-CH, CH}-

Figure 8. Reaction process of BA and PVA.

3.3. Effect of Polyvinyl Alcohol Concentration on Stone Formation Ratio

A cement solution with a water—cement ratio of 1:1 was mixed with 1%, 2%, 3%, 4%,
and 5% polyvinyl alcohol solutions to form five cement—polyvinyl alcohol solutions with
a volume ratio of cement solution to PVA solution of 4:1. In order to calculate the stone
solidification ratio, 100 mL of each of the five water—cement ratio slurry mixtures was
placed in a measuring cylinder. After three hours’ rest, the liquid height was read and
recorded. The overall stone solidification ratio is high, almost 100%. Figure 9 displays the
results of measuring five solutions on a rotational viscometer to determine the viscosity of
various slurries. From this figure, it is illustrated that the slurry viscosity generally increases
with the concentration, but at concentrations greater than 3%, this growth is constrained.
This is primarily due to the spatial grid structure that the solubilizer has created in the
slurry, which no longer increases with the concentration.
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Figure 9. Effect of polyvinyl alcohol concentration on the slurry viscosity.

3.4. Cement—Polyvinyl Alcohol Slurry’s Moving Water Retention Ratio

A cement solution with a water—cement ratio of 1:1 was mixed with polyvinyl alcohol
solutions with concentrations of 1%, 2%, 3%, 4%, and 5%. The ratio of the cement liquid
volume to polyvinyl alcohol solution volume was 4:1, creating five different cement-
polyvinyl alcohol solutions. In order to measure the retention ratio of solidified slurry
stones after 30 min and analyze the slurry’s binding resistance to dispersion, the materials
were first placed on inorganic glass and then placed in hydrostatic water and a homemade
water tank with a specific flow rate. The results are shown in Figure 10.
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Figure 10. Effect of water flow rate on slurry solidification ratio.

Figure 10 demonstrates that the influence of different polyvinyl alcohol concentrations
on the slurry’s moving water retention rate is less, but the higher polyvinyl alcohol con-
centration results in a higher stone solidification retention ratio. In addition, the retention
of the cement—polyvinyl alcohol slurry solidification ratio is higher in a moving water
environment. This is primarily because the higher the polyvinyl alcohol concentration, the
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greater the gel formation and the higher viscosity of the slurry, which results in a higher
retention ratio in the moving water environment.

3.5. Scanning Electron Microscope Analysis

Information on the solidified cement slurry and cement—polyvinyl alcohol slurry
stones was obtained, as shown in Table 2, and a scanning electron microscopy test was
carried out to observe the crack characteristics of both solidified slurry stones from a
microscopic perspective. This was carried out to confirm that the crack resistance of cement-
polyvinyl alcohol slurry nodules was improved [33]. A cold field-emission scanning
electron microscope, model SU8010 from Hitachi, Japan, was used for the test. In order
to conduct the test, samples from two solidified slurry stone bodies were first taken and
pasted on conductive tape. The specimens were then placed in the apparatus for vacuum
treatment and gold spraying. Finally, the specimens were scanned under a microscope to
see the microscopic cracks.

Table 2. Preparation of slurry for electron microscope scanning.

No. Slurry Type Water-Cement Ratio ~ Additive Volume Ratio External Additive Concentration Age
A01 Cement slurry 1:1 / / 3d
A02 Cement-polyvinyl alcohol 11 4:1 5% 3d

As seen in Figure 11a,b, the solidified cement slurry stones have more pores, which are
randomly distributed throughout the stones. The porous and brittle nature of cement-based
materials causes them to further develop when exposed to high water pressure, resulting
in larger pores and the formation of fissures, which reduce the slurry stone body’s bearing
capacity and durability and interferes with the grouting effect.

A - )

(d) A02 stone body magnified 500 times

(c) AO2 stone body magnified 100 times

Figure 11. Scanning electron microscopy images of stone body.



Coatings 2023, 13, 501

11 of 15

The dense structure of the cement—polyvinyl alcohol slurry stone body in Figure 11c,d
suggests that polyvinyl alcohol has some effect on the slurry stone body’s ability to resist
cracking. The solidified cement—polyvinyl alcohol slurry stone body has weak permeability
and high compressive strength due to the microscopic characteristics of the slurry stone
body combined with compressive strength characteristics, which meets the requirement for
the water plugging of the surrounding rock grouting under high water pressure. Compared
to the conventional cement slurry and cement-water-glass slurry, it is more appropriate for
grouting requirements under high water pressure.

4. Project Application

The study area is located in +900 m of Qiandao Lake water diversion tunnel K22 in
Hangzhou. This site has an upper rock layer of 100 m and IV~V surrounding rock, and its
permeability coefficient indicates strong permeability. The groundwater level is at ground
level, and the tunnel’s central position head is 100 m. In order to prevent the excessive
discharge of groundwater during tunnel construction, slurry plugging is applied to the
surrounding rock [34-36]. The slurry ring thickness and slurry ring permeability coefficient
are variables. The inner chamber of the cave is simplified as a circle, the equivalent inner
diameter of the lining is 6.7 m, the equivalent outer diameter is 8.4 m, the lining permeability
coefficient is 1.5 x 107% m/s, and the equivalent lining thickness is 0.85 m.

The tunnel excavation and grouting process was simulated using a two-dimensional
seepage-stress coupling model created with the aid of the ABAQUS software. The model
takes into account a hole influence range of 10 times its own diameter, and the model is
designed to be 84 m wide and 130 m high. Horizontal displacement constraints are set
on the model’s left and right sides, while vertical displacement constraints are set at the
bottom. Position heads are set at the left and right boundaries, while boundary heads are
set at the top and bottom, and the top of the model is impermeable. The inner surface of the
liner is a permeable surface, and the water pressure is set to 0. Four calculation conditions
were established, as shown in Table 3, in order to analyze the impact of cement—polyvinyl
alcohol-boric acid slurry injection, and Figure 11 depicts the seepage field’s post-injection
pore pressure cloud.

Table 3. Information of four working conditions and water pressure outside the liner.

Working Condition Slurry Type Slurry Ring Permeability Coefficient (m/s) Water Pressure Outside the Liner (MPa)
Case 1 No grouting 1.0 x 1075 0.78
Case 2 Cement slurry 6.0 x 1077 [37,38] 0.61
Case 3 Cement + water glass 1.8 x 107 [39,40] 0.54
Case 4 Cement + polyvinyl 1.0 x 1077 [41] 042

alcohol + boric acid

As seen in Figure 12a, when a tunnel is surrounded by rock without grout, the pore
pressure cloud has the shape of an inverted funnel. The groundwater enters the tunnel
after excavation, its level drops significantly, and the water pressure outside the lining is
great. Excavation has a great influence on the seepage field. Figure 12d shows that after the
injection of the cement—polyvinyl alcohol-boric acid slurry, the inverted funnel range of
the pore pressure cloud decreases, and the drop in the groundwater level is smaller, which
shows that tunnel excavation after grouting has little influence on the seepage field. This
means that grouting has had a good effect on water plugging and achieved the expected
plugging effect. When compared to Figure 12a, the pore pressure cloud diagram’s inverted
funnel shape is improved in Figure 12¢,d, suggesting that grouting has a stronger anti-
seepage effect. However, the anti-seepage effect varies because the grouting materials
have different anti-seepage effects, and cement-based slurry stones are brittle materials
that are vulnerable to cracking and have a minimal anti-seepage effect when subjected to
external water pressure. Due to the function of the modifiers, the anti-seepage effect of the
cement-polyvinyl alcohol slurry is strengthened.
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Figure 12. Pore pressure distribution clouds of the surrounding rock for the four working conditions.

According to Table 3, which displays the external water pressure of the lining under
the four grouting conditions, the external water pressure of the lining starts to decrease
once the permeability of the grouting ring is reduced, and it can withstand the external
water pressure. In comparison to the first three working conditions, the external water
pressure after the injection of cement-polyvinyl alcohol-boric acid grouting was reduced
by 47%, 31%, and 22% after grouting with cement, polyvinyl alcohol, and boric acid, which
perfectly demonstrates the improvement effect of the polyvinyl alcohol and boric acid
modifiers. After grouting, a good water-plugging effect is achieved, which can reduce the
water pressure outside the lining and reduce the discharge of groundwater.

5. Discussion

This study’s findings indicate that when conventional grouting materials are used to
seal off high water pressure around rocks, the grout’s poor grouting performance and low
retention ratio in a moving water environment endanger the tunnel’s structural safety. As
shown in Figures 6, 7, 10 and 11, the polyvinyl alcohol-boric acid—cement slurry controls
the gel time through a modified concentration and volume ratio, a high retention ratio in
moving water environments, and the good anti-seepage effect of the dense structure of the
rock mass, and it had better grouting and water-plugging effects in an actual project of a
water diversion tunnel, as depicted in Figure 12.

In this study, the laboratory test was mainly conducted to study the physical and
mechanical properties of modified cement-based materials. To persuasively assess the
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grouting effect of the grouting fluid on the surrounding rock, differences in the strength
and permeability of the surrounding rock before and after grouting were tested by on-
site sampling, and the reinforcement and water-blocking effects of the modified grouting
fluid were analyzed. In the numerical calculation, for simplicity, only the influence of
the grouting ring’s permeability coefficient on the seepage field was considered, and the
external water pressure of the lining was calculated. In situ rock sampling was not carried
out for the test, nor were numerical calculation results compared. These optimal steps
should be carried out in the future.

In different engineering contexts, the requirements for the physical properties and
mechanical properties of the grouting fluid vary greatly [42—44]. Therefore, the grouting
solution should be designed with modified materials according to the project needs, and
if possible, intelligent machine technology should be combined with grouting technology
to improve the grouting effect. In the near future, grouting technology may have broader
applications, such as the landslide management of slopes and other projects, giving full
play to the role of grouting material reinforcement and seepage resistance [45].

6. Conclusions

In this study, traditional building materials were improved to meet the requirements
of the surrounding rock grouting under high water pressure and in a dynamic water
environment. Through indoor tests, SEM tests, and numerical simulation methods, the
following main conclusions are obtained.

The physical and mechanical characteristics of a single cement slurry exhibit a certain
degree of injectability, a high stone ratio, high compressive strength, and high viscosity. The
water—cement ratio has a greater effect on a single slurry; the smaller the ratio, the quicker
the slurry initially and finally sets, and the higher the annual retention ratio of stones in a
moving water environment.

The performance of cement-based materials for grouting is enhanced by polyvinyl
alcohol and boric acid. By chemically crosslinking polyvinyl alcohol and boric acid to create
a polymer—cement glue, the gel time of the cement-based slurry is shortened, indicating
that the gel time can be adjusted by modifying the polyvinyl alcohol concentration and
boric acid content. The formation of the cement gel increases the density of the slurry stone
structure, and SEM verification suggests that the stone body will be more effectively sealed
in the surrounding rock and will perform better in increasing seepage resistance.

The seepage flow field’s numerical calculation demonstrates that the cement-glue-
modified material has a better water-plugging effect. The low permeability of the grouting
ring protects the tunnel’s idyllic surroundings by reducing groundwater seepage, lowering
water pressure outside the lining, and preventing groundwater levels from dropping.
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