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Abstract: Grouting materials with good thermal insulation and reinforcement properties are the
key factors in solving the temperature control problems of high geothermal tunnels using curtain
grouting, as the existing grouting materials are unable to take into account the working performance
and thermal insulation properties of high-temperature environments. In view of the above problems,
this paper configures a high geothermal tunnel red-mud-based grouting material (RMGS) using red
mud, carries out tests on the working performance (viscosity, setting time, and compressive strength)
and thermal insulation performance (thermal conductivity and specific heat capacity) of the grouting
materials at different temperatures (20, 40, 60, and 80 °C), and analyses the variation rules and micro-
mechanisms of the various properties at different temperatures. The results show that the increase in
temperature will accelerate the viscosity development and condensation of the grouting material and
will also lead to the acceleration of the attenuation of the thermal conductivity of the three types of
grouting material and the reduction in specific heat capacity. In addition, the appropriate temperature
can improve the compressive strength of the material. The increase in temperature will accelerate
the hydration reaction speed of the grouting material and will also lead to the development of the
internal pore space of the material, which affects the macroscopic properties of the material and is
the reason for the effect of the temperature on the performance of the grouting material. In terms of
application, the cement slurry is suitable for grouting in a static water environment, the cement-water
glass bi-liquid slurry is suitable for grouting in a dynamic water environment, and the RMGS is
suitable for grouting in a high-ground-temperature environment.

Keywords: high-temperature tunnel; red mud; grouting materials; thermal insulation performance;
viscosity

1. Introduction

Tunnel construction faces many problems regarding high-ground-temperature tun-
nels [1-4], as they can deteriorate the construction operating environment and lead to a
significant increase in operating costs [5-7]. Curtain grouting technology is one of the
important methods to achieve temperature control in high-ground-temperature tunnels [8].
In response to the temperature control problems of high geothermal tunnels, some schol-
ars [9] have explored methods of solving the problems of high geothermal environments
at the technical level, but these methods have insufficient economic benefits and limited
application conditions. While curtain grouting is one of the most effective methods to
achieve temperature control in high geothermal environments [10], grouting materials with
good thermal insulation properties are the key factors in achieving curtain grouting, so it is
necessary to study grouting materials with good thermal insulation properties.
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Studies have shown that cementitious grouting material has insufficient bonding at
the pulp-rock interface at temperatures above 50 °C, and the strength of the material
shows a reduction phenomenon [11,12]. The compressive strength of the cement stone
in the material increases and then decreases with the increase in temperature, and the
corresponding porosity and permeability increase [13]. The temperature has a significant
effect on the relative peak stresses of the cement paste [14], which are achieved through
an increase in the paste’s elasticity, plasticity, and viscosity, thereby increasing its yield
stress [15]. Some scholars believe that temperature accelerates the hydration reaction of
cement, and shrinkage occurs after the paste hardens in dry environments, which leads to
cracks in interstitial defects and a decrease in workability [16-18].

Scholars have tried to add different admixtures and additives to the grouting materials
as a way to enhance the performance of grouting materials in high-temperature environ-
ments. The joint action of fly ash and silica fume can ensure the rapid hardening of the
grouting materials and enhance their early strength as well as long-term strength [19]. The
volcanic ash activity in mineral admixtures can also improve the high-temperature working
performance of concrete [16]. Fibre materials, especially steel fibres, are able to effectively
inhibit the shrinkage phenomenon after hardening of the paste [17], and wavy steel fibres
have the best effect on the improvement of compressive strength [20]. The addition of a
quick-setting agent can improve the late strength of fly ash cement paste [21]; in addition,
adding slag powder to the cement paste improves the fluidity and stability of the cement
paste, and the late compressive strength is significantly improved [22].

In summary, it can be seen that the grouting in high geothermal tunnels is still domi-
nated by common cement and cement-water glass, while the weak dispersion resistance of
cement makes it difficult to effectively resist the scouring of high-temperature hot water,
which leads to a poor plugging effect and poor economic benefits and is prone to ground-
water contamination. In addition, the cement-water glass has too short a condensation
time in high-temperature environments, which means it is prone to pipe plugging and has
difficulty forming a sufficient thickness of the curtain circle layer.

Scholars have conducted extensive research on the influence of common materials
on the performance of grouting materials, and a number of scholars have summed up
the experience of their predecessors and configured a number of new grouting materials
suitable for special geological environments. However, there are certain differences in
the performance requirements of grouting materials in different geological environments,
resulting in the specificity of these grouting materials, which can only be used for certain
working conditions. Therefore, although there are many kinds of grouting materials
on the market, the materials suitable for grouting in high-temperature tunnels are very
rare. Red-mud-based grouting materials, which are configured by replacing part of the
cement with red mud, have excellent working performance [23]. However, there are few
engineering applications of red mud as a grouting material, there are few studies on its
properties in high-temperature environments, and there is still a gap in the field of grouting
reinforcement in high-temperature tunnels.

In view of this, this paper carries out the working performance and thermal insulation
performance tests of a red-mud-based grouting material (RMGS), cement slurry, and
cement-water glass bi-liquid slurry at different temperatures, analyses the law and degree
of the influence of temperature on the basic performance of grouting materials and their
microscopic mechanisms, and, on the basis of which, researches three kinds of grouting
materials and their applicability in different environments. This test can provide a basis
for the realization of temperature control of high geothermal tunnels, which is of great
significance to the construction, maintenance, and repair of high geothermal tunnels and
has value for engineering applications.
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2. Materials and Methods
2.1. Materials

The red mud used in the test was selected from the Bayer red mud produced by
Guangxi Pingguo Aluminium Industry, with a particle size of 0.005-0.075 mm and a
density of 2.75 g/cm?. Red mud is a waste product of bauxite extraction from alumina
industrial production and is known as red mud because of its high content of Fe;O3 and
because its appearance is similar to that of the red-coloured mud; some red mud is brown
due to the low content of Fe;O3, instead containing a large amount of CaO [23,24]. Red
mud is a highly alkaline solid waste, usually with a pH > 11.0, which is polluting and is
pretreated before use. Pretreatment includes (1) water washing to a pH of 8.0-8.5, (2) boiling
and washing using acid, and (3) alkali precipitation after acid dissolution.

The cement used in this study is PO 42.5 (ordinary silicate cement), produced in
southern Hunan province, with a fineness of 800 mesh and a density of 3.05 g/cm3, which
is in line with general Portland cement standards [25]. The quartz powder used is a
powdered solid of pure quartz processed after a series of industrial procedures, with a
fineness of about 160 mesh. The main component of the modifier is Na,;SiO3 with a Baume
degree of 25 and a modulus of 3.5. The chemical composition of the raw materials is shown
in Table 1.

Table 1. Chemical composition of materials.

Compositions CaO Fe, O3 SiO, Al, O3 SO;3 Loss
Cement 60.1 4.13 25.11 6.72 2.01 1.93
Red mud 5.95 36.96 9.14 19.74 0.28 17.67
Quartz powder 0.05 0.23 99.2 0.35 0.01 0.16

2.2. Sample Preparation

RMGS was used as the test group, and its ratio composition is shown in Table 2. An
ordinary cement slurry and a cement-sodium silicate slurry were used as the control group.

Table 2. Composition of the RMGS.

Compositions Cement Red Mud Quartz Powder Water Modified Additives
The amount of 150% of the o . o .
Content cement needed for quality of 150% of the quality Water:Solid = 0.61:1 60% of the quality of
of cement cement

the experiment cement

The water-cement ratio of the ordinary cement slurry was 0.6.

The cement-sodium silicate slurry had a water—-cement ratio of 0.6, and the water
glass admixture was 20% of the mass of cement [26].

The main component of water glass is NaySiO3, with a Baume degree of 25 and a
modulus of 3.5.

The physical properties of the RMGS after final setting are shown in Table 3.

Table 3. Table of physical properties of RMGS.

Temperature/°C Density/(g-cm?) Porosity/% Stone Rate/% Bleeding Rate/%
20 1.62 18.51 96.8 3.2
40 1.68 18.72 97.2 2.8
60 1.71 18.98 97.5 2.5

80 1.76 19.39 98.7 1.3
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Sample Preparation Procedure:

(1) Dry ingredients were mixed according to the proportions in Table 2 and placed in a
sealed container. The container was then positioned inside a constant-temperature
water bath, with temperatures set at 20 °C, 40 °C, 60 °C, and 80 °C, and heated for
24 h, as shown in Figure 1a.

(2) Isothermal water and the modifying agent were added to a mixing tank, followed by
the preheated dry mixture. The mixing device was activated.

(38) The viscosity of the resulting slurry was measured.

(4) The specimens were subjected to curing in a constant-temperature water bath for the
specified duration, followed by testing for various parameters, as shown in Figure 1b.
The finished sample is shown in Figure 1c.

Figure 1. Sample preparation: (a) material preheating; (b) water bath heating; (c) finished test
specimens.

2.3. Methods

Viscosity testing was conducted using a rotational viscometer, and the setting time
was determined using the Vicat apparatus. Compressive strength was assessed through un-
confined compressive strength tests, with test specimens measuring 70.7 mm x 70.7 mm X
70.7 mm, as illustrated in Figure 2.

Figure 2. Laboratory experiments on grouting materials: (a) viscosity testing; (b) setting time testing;
(c) compressive strength testing.
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Thermal conductivity was assessed using triple-layer specimens measuring 40 mm
x 40 mm x 160 mm. These specimens were placed in a water bath at the corresponding
temperature for three days of curing before measurement. Thermal conductivity was
determined using the guarded heat plate method [27], as depicted in Figure 3. Specific heat
capacity determination employed the method of mixtures [28], as illustrated in Figure 4.

Temperature sensor

Heater Thermal insulation materials

Test-piece

Figure 3. Thermal conductivity testing device.

Temperature sensor

Thermal insulation
materials

Figure 4. Specific heat capacity testing device.

Microscopic analysis was conducted using the F200X field-emission transmission
electron microscope available at the Advanced Research Center of Central South University,
as depicted in Figure 5. This instrument features intelligent scanning engines, a four-
channel merging technique based on multiple STEM detectors, and differential phase
contrast (DPC/iDPC) imaging technology. In TEM mode, it achieves a point resolution of
0.25 nm, while in STEM mode, the resolution is further enhanced to 0.16 nm.

Figure 5. F200X field-emission transmission electron microscope (HITACHI, Tokyo, Japan).

3. Results and Analyses
3.1. Viscosity

Viscosity reflects the internal resistance of the slurry flow and reflects the fluidity of
the slurry as well as the resistance to scouring. The viscosity data of the cement slurry,
cement-sodium silicate slurry, and RMGS at 20, 40, 60, and 80 °C were obtained through
viscosity measurement tests under different temperature conditions, and the change curves
of the three kinds of slurries’ viscosity versus time under different temperature conditions
are shown in Figure 6.
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Figure 6. Viscosity—time relationship curve of grouting material at different temperatures: (a) cement
slurry; (b) cement-sodium silicate slurry; (¢) RMGS.

As can be seen from Figure 6, the higher the temperature, the higher the viscosity of
the slurry, but the temperature does not change the trend of slurry viscosity change. Based
on the effect of temperature on viscosity, the literature [26] gives the viscosity time-varying
curve fitting equations for the cement slurry and cement-sodium silicate slurry. In this
paper, the viscosity data of RMGS are fitted, and the fitting equations are shown in Table 4.
Table 4. Time-dependent viscosity equations for the RMGS at different temperature conditions.

Temperature (°C) The Time-Varying Characteristic Equations of Viscosity R?
20 = 2.243¢!/70525 1 0.134 0.999
40 = 0.797¢t /37268 4 3934 0.998
60 = 0.244et /24512 4 8252 0.995
80 = 1.906¢! /25676 1 13557 0.992

Note: y is the viscosity, t is the time, and R is the correlation coefficient.

According to the fitting results, the following conclusions can be obtained:

(1) The viscosity time-varying equation obtained by the function fitting can effectively
reflect the time-varying characteristics of the slurries, which can be applied to the
calculation and simulation of grouting reinforcement in high-ground-temperature
tunnels.

(2) At the same temperature, the viscosity time-varying curves of the cement slurry,
cement-sodium silicate slurry, and RMGS have large differences: the viscosity time-
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varying curve of the cement slurry conforms to the linear function; the viscosity
time-varying curve of the cement-sodium silicate slurry conforms to the power
function; and the viscosity time-varying curve of the RMGS conforms to the exponen-
tial function.

(8) The effect of temperature on the three slurries is similar, i.e., an increase in temperature
accelerates the development of slurry viscosity and increases the viscosity value but
does not affect the time-varying characteristics of the slurries.

The increase in temperature makes the ions involved in the hydration reaction more
active, so it accelerates the hydration process of the grouting material; therefore, the higher
the temperature, the faster the viscosity growth rate and the greater the viscosity. The
main reason for the slow growth of viscosity in the early stage of the RMGS is that, under
the action of a modifier, the silica-aluminium component in red mud undergoes a depoly-
merization reaction, the content of free water decreases, [Si04]*~ and [A1O4]*~ undergo a
polymerization reaction, and the free water consumed by the depolymerization reaction
of the silica-aluminium component is roughly balanced with the free water generated by
the new polymerization reaction. In the later stage, the viscosity of the slurry of the RMGS
increases significantly because the hydration products in the slurry are generated in large
quantities, and the slurry starts to harden [29], so the viscosity increases significantly; in
addition, NaySiO3 reduces the solubility of the hydration products and reduces the effect
of the pores on the viscosity of the slurry, and the [SiO4]*~ combines with the Ca®* in
the cement to form a CasSigO16(OH)-4H,O (C-S-H) gel that accelerates the hardening of
the slurry. Therefore, due to the lack of excitation of the modifier in the cement monohy-
drate slurry, its viscosity grows slowly, and there is a big gap between the RMGS and the
cement-sodium silicate slurry.

3.2. Setting Time

The setting time reflects the hardening characteristics of the slurry and the time of
strength generation. Through the setting time test, the data of the initial and final setting
time of the cement slurry, cement-sodium silicate slurry, and RMGS at 20, 40, 60, and 80 °C
were obtained, and the change curves of the initial and final setting time of the three kinds
of slurries with the temperature are shown in Table 5.

Table 5. Grouting material setting schedule.

Initial Setting Time/min Final Setting Time/min
Test Materials
20°C 40°C 60 °C 80°C 20°C 40°C 60 °C 80°C
Cement Slurry 402 318 154 83 460 353 182 128
Cement-Sodium Silicate 31 18 12 10 50 48 4 o7
Slurry
The RMGS 325 140 74 34 434 265 191 135

According to Table 5, the following conclusions can be obtained:

(1) The increase in temperature will shorten the initial and final setting times of the
slurries.

(2) The cement slurry has the longest setting time, and the cement-sodium silicate slurry
has the shortest setting time.

(38) There are large differences in the effects of temperature on the three kinds of slurries.
The shortening rate of the cement slurry reaches its peak under the condition of
40-60 °C. The effect of temperature on the setting time of the cement-sodium silicate
slurry is the smallest. The effect of temperature on the setting time of the RMGS
decreases gradually with the increase in temperature.

As the red mud contains calcium chalcopyrite, hard hydrotalcite, acicular ferrite, etc.,
the amorphous silica-alumina-like substances in the red mud undergo a hydration reaction
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to generate a hydration gel under normal conditions, whereas the reactive oxides in the red
mud and the CO; in the air generate carbonate-based precipitates or colloidal substances,
which in turn form calcite; therefore, the RMGS achieves hardening.

In addition, because inert hematite is the main mineral component of red mud, the
gelling activity is relatively low, so even under the action of a modifier, the initial setting
time is still always maintained at more than 30 min.

On the one hand, in the high-ground-temperature tunnel grouting reinforcement
project, the initial setting time of the slurry is required to be above 30 min to ensure the
effective diffusion of the slurry in the fissures of the surrounding rock; on the other hand, in
order to improve the efficiency of grouting and shorten the construction period, the initial
and final setting time of the slurry should not be too long. Therefore, by comparing the
setting time characteristics of the three kinds of slurries under high-temperature conditions,
it can be inferred that the RMGS is the best material for the grouting and reinforcement
project of high geothermal tunnels.

3.3. Compressive Strength

The compressive strength determines the structural bearing capacity of the grouted
curtain ring layer. The compressive strength data of the cement slurry, cement-sodium sili-
cate slurry, and RMGS at 20, 40, 60, and 80 °C were obtained through uniaxial compressive
strength tests, and the change curves of the three slurries’ strengths versus temperatures at
different curing ages are shown in Table 6.

Table 6. Table of compressive strength of grouting materials.

Compressive Strength/MPa

Test Materials Test Temperature/°C
1d 3d 7d 14d
20 2.79 7.13 12.26 17.51
Cement Slurr 40 3.27 8.55 15.06 20.28
y 60 493 12.05 19.11 26.66
80 5.02 14.19 23.68 15.71
20 3.26 7.29 11.58 14.71
. . 40 4.38 8.34 15.05 18.20
Cement-Sodium Silicate Slurry 60 400 795 1024 1230
80 3.73 5.83 6.76 6.09
20 3.04 4.65 6.39 7.37
40 3.30 5.45 6.68 7.36
The RMGS 60 3.73 6.06 6.82 7.69
80 3.81 4.21 5.13 4.83

According to Table 6, the following conclusions can be obtained:

(1) The effect of temperature on the compressive strength of the three slurries has large
differences.

(2) The higher the temperature, the higher the compressive strength of the cement slurry,
but at the lower 80 °C 14 d curing age condition, there is a decrease in strength.

(38) The strength of the cement-sodium silicate slurry reached its peak at 40 °C, and after
40 °C, the strength decreased rapidly; by 80 °C, the strength loss was more than half.

(4) There are differences in the effect of temperature on the strength of the RMGS under
different maintenance age conditions. The increase in temperature at the age of 1 d
has an increasing effect on the compressive strength. The compressive strength of the
RMGS at the ages of 3d, 7 d, and 14 d peaked at 60 °C. The strength of the RMGS at
60 °C reached its peak.

(5) Compared with the cement slurry and cement-sodium silicate slurry, the compressive
strength of the RMGS is less discrete and more stable with the change in temperature.

On the one hand, the faster hydration of cement and the higher hydration activity
of red mud at high temperatures play a role like that of evapotranspiration, resulting in
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higher strength and faster development of the cement, cement-sodium silicate slurry, and
RMGS. On the other hand, high temperatures may have several adverse effects on the
hydration products, leading to a decrease in strength. At the very beginning of hydration,
high temperatures may cause the hydration rate to accelerate, the C-S-H gel to lap in
disorder, and the skeleton formed to be less dense. At the time of curing, high temperatures
may cause the Ca(OH); generated by the hydration to be dissolved, causing the Ca?* in
the C-S-H gel to precipitate out and generating hydroxysilicate calcium stone [30], which
may reduce the strength of the crystal skeleton and increase the number of harmful pores,
leading to a decrease in strength at a later stage.

Red mud and quartz powder in the RMGS can slow down the hydration and reduce
the disordered lap of hydration products. The hydration products of red mud can fill
the pores, quartz powder plays the role of aggregate, and the modifier can reduce the
dissolution of hydration products. The joint effect of multiple parties enhances the stability
of the strength of the RMGS at high temperatures.

3.4. Thermal Conductivity

The thermal conductivity reflects the ability of a material to transfer heat and is the
amount of heat transferred through the thermal conductive surface of the material at a unit
temperature gradient and per unit time. The thermal conductivity of the cement slurry,
cement-sodium silicate slurry, and RMGS was measured at 20, 40, 60, and 80 °C using the
protective thermal plate method, and the curves of thermal conductivity of the three types
of slurry with temperature are shown in Table 7.

Table 7. Table of thermal conductivity of grouting materials.

Thermal Conductivity/(W/(m-K))

Test Materials
20°C 40°C 60 °C 80 °C
Cement Slurry 1.175 1.154 1.130 1.102
Cement-Sodium 1.142 1.126 1.092 1.052
Silicate Slurry
The RMGS 0.945 0.924 0.898 0.863

As shown in Table 7, the thermal conductivity of the cement slurry is the highest, and
the thermal conductivity of the RMGS is the lowest. With the increase in temperature,
the thermal conductivity of the cement slurry, cement-sodium silicate slurry, and RMGS
showed linear decay. In addition, with the increase in temperature, the decay rate of
the thermal conductivity of the three materials increased, the thermal conductivity of the
red-mud-based material was the most sensitive to the change in temperature, and the
thermal conductivity of the RMGS was further attenuated when the temperature continued
to increase.

The reason why the temperature can accelerate the attenuation of thermal conductivity
may be that, with the increase in temperature, the hydration reaction rate of cement as well
as red mud becomes faster, the hydration products increase, and the thermal conductivity
of the hydration products, such as Ca(OH); and C-5-H, is lower than that of the clinker
phases, such as C3S, C2S, C3A, etc. [31].

The RMGS exhibits lower thermal conductivity due to more impurities, significantly
more hydration reactants than cement, a faster hydration reaction rate, and more hydration
products during hydration than cement.

In addition, high temperatures promote the development of pores in cement stone [32],
and the effect of porosity on the thermal conductivity of the material is described in the
literature [33]. The smaller the volume fraction of the aggregate, the smaller the thermal
conductivity of the grouting material, as the aggregate forms a good thermal bridge effect
inside the grouting material, and the thermal conductivity of air in the pores is lower
than that of the constituents in the solid material. In addition, when the temperature
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of the hydration reaction is high, the free water in the material will evaporate, and the
dehydration reaction will also lead to a decrease in thermal conductivity. Therefore, with
the increase in temperature, the thermal conductivity of the material decreases gradually.

3.5. Specific Heat Capacity

Specific heat capacity refers to the internal energy absorbed or released per unit mass
of an object when it changes per unit temperature and reflects the ability of a material to
store heat. Using the mixed calorimetry method, the specific heat capacities of the cement
slurry, cement-sodium silicate slurry, and RMGS were measured at 20, 40, 60, and 80 °C.
The curves of the specific heat capacities of the three types of slurries as a function of
temperature are shown in Table 8.

Table 8. Table of specific heat capacity of grouting materials.

Test Materials

Specific Heat Capacity/(J/(kg-K))

20°C 40 °C 60 °C 80 °C
Cement Slurry 883.70 872.42 846.28 826.98
Cement-Sodium 804.91 798.59 784.00 774.71
Silicate Slurry
The RMGS 1173.68 1154.67 1121.96 1102.06

As can be seen from Table 8, the specific heat capacities of the cement slurry, cement—
sodium silicate slurry, and RMGS all decrease approximately linearly with the increase in
temperature. Moreover, the specific heat capacity of the RMGS is the largest, and that of
the cement-sodium silicate slurry is the smallest, which is only 70% of that of the RMGS.

The specific heat capacity-temperature relationship equations of the three materials
are in line with the linear law of change, with the highest degree of sensitivity in the
red-mud-based grouting material and the lowest degree of sensitivity in the cement-water
glass bi-liquid slurry.

An analysis of the mechanism of the effect of temperature on the specific heat capacity
shows that in the hydration process, the mass of the original solid material does not
decrease, and the main factor affecting the specific heat capacity is the content of free
water. As the temperature rises, the faster the hydration rate and the more free water
consumed. The specific heat capacity of water is 4200 J-(kg-K) !, which is higher than the
specific heat capacity of the three materials of the nodular body. When the content of free
water decreases, the specific heat capacity of the material will also decrease. Therefore, the
increase in temperature decreases the specific heat capacity of the material.

An analysis of the reason for the high specific heat capacity of the RMGS shows that
the hydration reaction of red mud is the most rapid, and the free water is consumed the
fastest, so its specific heat capacity decreases at the fastest rate. However, the hydration
reaction of red mud to form the hydration product has a higher specific heat capacity,
so the specific heat capacity of the RMGS is significantly higher than the cement and
cement-sodium silicate slurries. The higher specific heat capacity makes the curtain arch
ring cast with RMGS absorb the heat transferred by the rock body, and its own temperature
grows slowly, which plays a role in controlling the tunnel temperature.

4. Discussion
4.1. Microscopic Mechanism

The above tests show that the effect of temperature on the grouting materials is mainly
reflected in the rate of the hydration reaction, products, and pore development. To further
clarify the microscopic characteristics of the hydration products and pore characteristics of
the slurries under different temperatures and raw material conditions, SEM analyses were
carried out on the cement slurry and RMGS, as shown in Figure 7.
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Figure 7. SEM images of each slurry: (a) enlarged by 500, 20 °C cement slurry; (b) enlarged by
5000, 20 °C cement slurry; (c) enlarged by 500, 20 °C RMGS; (d) enlarged by 5000, 20 °C RMGS;
(e) enlarged by 500, 80 °C RMGS; (f) enlarged by 5000x, 80 °C RMGS.

In Figure 7a,b, the cement slurry contains more pores, and the hydration products are
mainly C-A-S-H gel and C-5-H gel. In Figure 7c,d, it can be seen that there are significantly
more hydration products of the RMGS than the cement slurry, and its hydration products
are mainly C-S5-H, C-A-5-H, N-A-5-H, and calcite. The excitation products, due to the low
content of calcium in the slurry, mostly contain significantly more N-A-S-H than C-A-S-H
and calcite. Under the condition of 80 °C (e.g., Figure 7e,f), the increase in temperature ac-
celerated the hydration reaction rate of the grouting material, and the number of hydration
products also increased significantly, with C-A-S-H increasing significantly and N-A-S-H
gel decreasing gradually. In addition, an obvious needle-like calcite morphology could be
found in the slurry.

In addition, the shape of the red mud is more complex, and the particle sizes are
different. They are obviously smaller than the cement slurry particles, which makes the
voids existing between the particles effectively filled. With the increase in temperature, the
red-mud-based grouting material appeared cracked, the rapid development of internal
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pores led to a reduction in aggregate volume fraction, and the thermal conductivity also
appeared to be attenuated due to the development of pores. The high temperature acceler-
ated the hydration reaction of the red mud, causing the rapid development of viscosity and
strength of the grouting material as well as the advancement of the setting time, which also
led to a reduction in the specific heat capacity. It also led to the further decomposition of the
hydration products and the generation of factors unfavourable to the later strength, which
in turn caused the loss of strength of the grouting material in the later stage. In addition, the
increase in temperature caused the slurry to undergo thermal expansion, and the combined
effect of multiple hydration products resulted in the RMGS generally outperforming the
cement slurry and cement-sodium silicate slurry in a high-temperature environment.

4.2. Applications

The three kinds of slurry under high-temperature conditions reflect different prop-
erties; therefore, in the actual grouting project, the selection of slurry should be made
according to the geological conditions of the site and the characteristics of the grouting
materials. Grouting reinforcement of tunnel peripheral rock in different environments has
different requirements for grouting materials:

(1) The surrounding rock is less stable and contains hydrostatic water. This working con-
dition requires the strength of the slurry to be high and for it to effectively reinforce the
surrounding rock. The cement slurry reflects the highest compressive strength in the
test; therefore, the cement slurry is suitable for peripheral rock grouting reinforcement
works with hydrostatic water.

(2) The peripheral rock fissures are rich in dynamic water, which needs to be grouted
to achieve the purpose of water stopping. This kind of working condition requires
the slurry to have low viscosity initially, which can flow in the fissure, and after the
end of grouting, the viscosity must increase rapidly so that it can be bonded with the
surrounding rock to resist the impact of dynamic water. The setting time must be
fast to achieve the purpose of stopping water quickly. The cement-sodium silicate
double liquid slurry condensation time is short, and viscosity growth is divided into
an obvious slow growth stage and a rapid growth stage; therefore, the cement-sodium
silicate slurry is suitable for a fissure dynamic water grouting water stopping project.

(3) The stability of the surrounding rock is poor, containing dynamic water with a fast
flow rate and a high temperature of the surrounding rock. This working condition
requires the grouting material to meet the strength and resistance to dynamic water
scouring ability, and at the same time, it also needs to have the role of heat insulation
and temperature control. The RMGS can still maintain the stability of its strength
at high temperatures. The slow increase in viscosity in the early stage is needed so
that it can spread rapidly in the surrounding rock, and the viscosity of the later stage
is rapidly increased, which can prevent the phenomenon of water penetration. Its
faster setting time can shorten the working period, in addition to its excellent thermal
insulation properties, low thermal conductivity, and high specific heat capacity, so
that it can effectively control the temperature of the tunnel interior and improve the
working environment. Therefore, the RMGS is suitable for grouting work in high-
ground-temperature environments, which requires strength, dynamic water scouring,
and heat insulation performance.

5. Conclusions

In this paper, the various properties of an RMGS under different temperatures are
investigated, and a cement slurry and cement-sodium silicate slurry are used as control
tests to verify the applicability of the RMGS in grouting reinforcement of high geothermal
tunnels and to explore the mechanism of the influence of temperature on the performance
of the materials. The following conclusions can be obtained:

(1) The increase in temperature accelerates the viscosity development of the three kinds
of grouting materials but does not change the time-varying characteristic law of
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viscosity. The increase in temperature accelerates the coagulation of the slurries, but
for different slurries, the lifting efficiency shows a large variation. The appropriate
increase in temperature improves the compressive strength of the slurries, and when
the temperature is too high, the loss of strength is serious.

(2) The increase in temperature will accelerate the decay of thermal conductivity and the
decrease in heat capacity of the three grouting materials.

(38) The increase in temperature will accelerate the hydration reaction rate of the grouting
materials and also lead to the development of internal pores in the materials, thereby
affecting the macroscopic performance of the grouting materials.

This research has deepened the understanding of the performance of curtain grouting
materials for high-temperature tunnels and studied the applicable conditions of different
grouts. The cement slurry is suitable for rock reinforcement in static water conditions.
The cement-sodium silicate slurry is ideal for seepage control in fractured rock. The
RMGS is well-suited for high-temperature environments, requiring strength, resistance
to dynamic water erosion, and thermal insulation. These results can provide an experi-
mental basis for the selection of grouting materials for tunnel curtains in high-temperature
mountainous areas.
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