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Abstract: High temperature in deep mines has become the main concern to limit the production
capacity of mines. To mitigate the adverse impact of the underground high-temperature environment
on mine production, an orthogonal test was used to design an experimental scheme, i.e., the contents
of tailings, glass beads, and ordinary Portland cement PC32.5 (PC) were set as the main horizontal
factors to prepare thermal insulation material samples with different combination ratios. Compressive
strength and thermal conductivity were investigated, as well as the microstructure. Based on the
response surface method (RSM), the interaction between the horizontal factors was explored and
analyzed using Design Expert 12 software, and thus non-linear fitting equations were established with
the volume fractions of the main horizontal factors as independent variables and compressive strength
and thermal conductivity as dependent variables in the analysis parameters of thermal insulation
materials. The results showed that errors between the fitted calculated values of compressive strength
and thermal conductivity and the experimental results were only 0.42% and 1.2%, respectively,
indicating that the process parameters obtained with the optimum fitting ratio under the established
fitting equation are highly reliable and have excellent compressive strength and thermal insulation
properties. The optimized results obtained by combining the orthogonal method and the RSM show
accurate prediction and applicability in the field of thermal insulation materials in mines.

Keywords: high ground temperature; thermal insulation material; orthogonal method; response
surface method; non-linear fit; optimum fit ratio

1. Introduction

With the development of society and economy, shallow surface deposit mining can no
longer meet industrial growth demands. Consequently, deeper and more complex mines
have become the primary concern for resource extraction [1,2]. However, the problem of
thermal damage in mines affected by high temperatures in deep shaft mining is becoming
increasingly prominent [3]. Several studies have shown that the ambient temperature in
mines, once exceeding the regulation temperature, has a destructive effect on the psychol-
ogy and physiology of miners, which can even cause accidents, including fatalities [4].
Therefore, with the goal of prevention and control of high-temperature heat damage in
deep shafts and safe deep mining, it is necessary to carry out the scientific analysis of
various means of heat damage protection in the surrounding rock environment and the
adoption of effective management methods.

Previous research focusing on underground heat damage management can be di-
vided into three main categories: ventilation cooling [5–7], cooling assisted by cooling
equipment [8,9], and cooling with underground rock insulation materials. Xin et al. [10]
optimized air supply conditions and energy-saving control by designing a reliable auxil-
iary ventilation system and performing numerical simulations. Agus et al. [11] added an
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air-conditioning system to the original ventilation system to optimize the ventilation struc-
ture and evaluated the thermal management of mechanical heat dissipation and worker
thermal comfort.

Even though cooling methods, such as ventilation and refrigeration equipment, have
been applied to manage mine heat damage with a certain effect, the optimization of the
design of the underground wind network usually requires the excavation of new tunnels.
This operation increases the cost consumed, accompanied by poor effects. In addition, the
use of mine ventilation and refrigeration equipment in mines is not conducive to large-scale
underground engineering, in which mechanical equipment causes heat transfer and wind
pollution. Therefore, to reduce the impact of heat damage on the working environment,
researchers have conducted in-depth studies on coated thermal insulation materials and
actively explored composite materials with better thermal insulation properties [12,13].
Common tools used to study and test composite insulation materials consist of testing
of mechanical properties, testing of thermal conductivity, and microscopic analysis (pore
changes in the internal structure using scanning electron microscopy (SEM)). For instance,
Liu [14] produced an aerogel fiber with high thermal insulation properties in a harsh
environment and analyzed the thermal conductivity of individual aerogel fibers through
uniaxial compressive strength experiments and SEM tests and applied COMSOL simulation
to find an effective way to improve the thermal insulation properties of aerogel fibers.
Abderraouf and Zied [15] included cactus fibers in concrete formulations and evaluated
the compressive strength and thermal conductivity of the material to develop an eco-light
concrete with high resistance. Feng et al. [16] prepared thermal insulation composites
by doping carbon aerogel with carbon fibers. The thermal performance of the formed
insulation material was investigated using SEM and flexural testing. Zhang et al. [17]
developed a composite thermal barrier coating consisting of heat-resistant coating and a
polyurethane foam plastic layer. In addition, thermal insulation is used in high-temperature
deep shaft tunnels to reduce the impact of heat damage [18,19]. To improve the efficiency of
thermal insulation, the principle of heat transfer is used to spray high-performance thermal
insulation materials to reduce the transfer of heat from the original rock to the surrounding
rock, which can to some extent avoid the economic consumption caused by the secondary
excavation of new tunnels and large cooling equipment. Hou et al. [20] used basalt fiber,
glass fiber, and glass beads as raw materials to prepare three kinds of mineral thermal
insulation materials. Furthermore, COMSOL simulation was performed to symbolize that
specimens with basalt fibers improved the thermal insulation effect than ordinary ones.
Previous research mainly focused on thermal insulation materials developed by mixing
different chemical materials with good thermal conductivity based on concrete material.
There is still a lack of exploration on insulation materials used to prevent thermal damage
to raw rocks in high-temperature environments.

An orthogonal experiment is a commonly used method to analyze the weight of
multiple factors at multiple levels and to study the optimal proportioning of materials for
multi-factor-level combination ratios [21,22]. This approach can obtain a representative test
solution among all factor combinations according to the average factor assignment and
comparison. For this method, Lan et al. [23] used the orthogonal design method to deter-
mine the best formulation of phosphorylase dihydrate filler, showing that the prepared
filler in their study had good applicability and economic advantages. Pang et al. [24] used
orthogonal tests to analyze the effect of three factors on the thermal insulating capacity
of insulating concrete materials and derived the optimum ratio using an efficacy factor
model. Moreover, the response surface method (RSM) is a statistical analysis method based
on mathematical and experimental data for the solution of multi-variable optimization
problems [25]. By constructing a response surface model between each experimental factor
and the response value, a functional relationship is established between the response target
and the design variables to achieve an optimal solution for the response value. As men-
tioned in a previous study [26], if only the single-factor effects of orthogonal experiments
are analyzed, it may cause the coverage of inter-factor effects, i.e., the magnitude of the
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interaction between factors cannot be clarified. By combining the RSM with orthogonal
tests, it is possible to achieve fewer tests, higher accuracy, and better prediction. Meanwhile,
the interaction between the factors can be considered. To this end, subsequent regression
fitting analysis was performed based in Design Expert 12 software for non-linear data,
and thus fitting equations were established [27–29]. A three-dimensional surface was
acquired in which level factors were used as independent variables and the corresponding
experimental results as dependent variables. This surface contributed to demonstrating the
extent of the interactions between the variables.

In summary, several heat damage management methods commonly used in mines
have been tested and studied by scholars. In addition, the preparation of heat-insulating
materials can effectively reduce heat diffusion and achieve a wide range of applications.
However, from existing research results, it can be seen that studies on the preparation of
heat-insulating materials with secondary resource tailings as the main raw material seldom
make accurate optimization of the dosage. For this reason, practicing the concept of solid
waste resourcefulness, macroscopic and microscopic testing experiments were carried out
on the prepared large-doped tailing thermal insulation materials, and the relationship
between compressive strength, thermal conductivity, and different doping amounts was
analyzed. The prediction models of compressive strength and thermal conductivity were
established based on thermodynamic parameters. This paper provides a new idea for the
research of high-temperature control technology in deep mining.

2. Materials and Methods
2.1. Materials

The performance of produced insulation material is closely related to the raw materials
used to prepare it. The selected tailings as aggregate particles were sourced from the
Guangxi Huaxi Gaofeng Mine in China, which reduce production costs. Due to the gel
effect and cost, ordinary Portland cement PC32.5 (PC) was chosen as the main cementitious
material. Closed-cell glass beads have stable physical and chemical properties along with
aging resistance and were used in this study. To create an alkaline environment, the pH was
adjusted by adding appropriate amounts of quicklime and slaked lime. First, active CaO
reacts with water to form Ca (OH)2, which increases the alkalinity of the slurry, accelerates
the diffusion and dissolution of the slag, and contributes to the generation of caliche to
avoid mound collapse. If the alkalinity is too high or too low during slurry formation,
it will lead to a reduction in composite strength. After pre-testing and research [30], it
was found that excellent alkaline stimulation could be achieved when the ratio of tailing
sand:quicklime:gypsum was 5:2.5:0.5. The chemical compositions of tailings and closed-cell
glass beads are given in Tables 1–3.

Table 1. Chemical composition of tailings.

Chemical Composition SiO2 Al2O3 Cao MgO Fe Sn Sb Zn In Pb S Other

Content (%) 41.59 2.3 18.94 0.83 5.34 0.27 0.26 1.24 0.0011 0.27 5.79 23.17

Table 2. Particle size distribution of unclassified tailings.

Particle Size −10 −20 −50 −100 −200 −500 −1000

Separate cumulative (%) 7.73 9.01 7.49 8.12 17.01 10.87 2.79
Total cumulative (%) 20.62 29.63 46.08 64.81 81.82 97.21 100

Table 3. Chemical composition of closed-cell glass beads.

Chemical Composition SiO2 Al2O3 CaO MgO K2O Fe2O3 Other

Content (%) 41.59 14.5 2.2 0.5 5.5 3.34 32.37
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2.2. Pilot Program Design

Thermal insulating materials for the production of high-temperature roadways were
obtained by mixing and blending different raw materials. However, the performances of
the materials prepared differed from the blending proportion of raw materials. By keeping
the other doping amounts constant, the impact of raw materials, including tailings, glass
beads, and PC, on mechanical and thermal insulation properties was investigated. The
test approaches are described in Section 2.4. The orthogonal experimental design [31,32] is
well suited to the optimization model study. It can better analyze the relationship between
factors and arrive at a formulation group with the test objectives. Therefore, a 3-factor,
3-level orthogonal table L9 (33) was designed according to pre-experimental screening
results and the design of orthogonal tests to carry out the tests with 9 groups, as shown in
Tables 4 and 5. Among them, three factors (i.e., A tailings, B glass beads, C PC) and three
levels (i.e., levels 1, 2, and 3) representing the three corresponding raw material dosages
were designed. Factor A involved replacing 50%, 60%, and 70%, respectively, of the tailings
to improve material durability. Factor B corresponded to replacing sand with 10%, 15%,
and 20% volume, respectively, of glass beads. Factor C involved using 5%, 10%, and 15%
cement, respectively. The compressive strength and thermal conductivity of the insulation
materials were measured at different mixing ratios and analyzed to ascertain the influence
of the quantity of the three factors on the thermal effectiveness of the insulation materials.

Table 4. Factor levels.

Level A Tailings (%) B Glass Beads (%) C PC (%)

1 50 10 5
2 60 15 10
3 70 20 15

Table 5. Baseline group levels.

Number Experimental Group A Tailings (%) B Glass Beads (%) C PC (%)

1 A1B1C1 50 10 5
2 A1B2C2 50 15 10
3 A1B3C3 50 20 15
4 A2B1C3 60 10 15
5 A2B2C1 60 15 5
6 A2B3C2 60 20 10
7 A3B1C2 70 10 10
8 A3B2C3 70 15 15
9 A3B3C1 70 20 5

2.3. Composite Heat Insulation Material Preparation

According to the orthogonal experimental design, the required ratio of raw materials
was weighed and water was added according to the ratio of water and pre-mix in the mixer
for two minutes; they were mixed well enough to pour the concrete slurry into the mold.
It should be noted that the process should involve continuous vibration of the concrete
in the mold to make it rigid enough. To prevent moisture loss, a thin film was applied
on the mold surface, which was removed after 24 h of curing. Next, the specimens were
de-molded and placed in a curing box (25 ◦C, 90% humidity). After 28 days of curing,
all specimens were taken out for experiments. According to the standard of the thermal
parameter test, the mechanical property test specimen of size 70.7 × 70.7 × 70.7 mm and the
thermal conductivity test specimen of size 300 × 300 × 30 mm were prepared respectively.
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2.4. Test Method
2.4.1. Compressive Strength

When the curing time reached 28 days, unconfined compressive strength (UCS)
tests [33] were carried out to explore the mechanical performance of samples accord-
ing to the standard GB/T 17671-2021 [34]. A TYE-2000-type (SANS, Shanghai, China)
compression testing machine was used. Before the tests, the loading system applied a stress
of 5 kPa to the samples, ensuring that the loading bar could be in close contact with the
surface of each tested sample. A displacement loading rate of 10.0 mm/min was used to
test the samples. All experiments were conducted three times, with the three results being
averaged to gain the final results.

2.4.2. Thermal Conductivity

The steady-state method was chosen for measuring the thermal conductivity coeffi-
cient based on the physical properties of insulation materials [35]. The steady-state testing
method for thermal conductivity (GB/T10294-2008) [36] was followed. Two samples were
selected from each formula, and the difference in thickness between the two samples did
not exceed 2%. The surfaces of the samples were ground smooth with sandpaper to ensure
close contact with the heated and cooled plates, and all sides of the samples were wrapped
in plastic film. After measuring the mass of each sample, the samples were placed in an
oven until a constant weight was achieved. The temperature difference between the hot
plate and the cold plate was set at 10 ◦C, which was required by the dial of the PDR 300
thermal conductivity meter (Leao Testing Instrument Co., Shanghai, China). The mean
value was calculated as the thermal conductivity value for each group.

2.4.3. Scanning Electron Microscopy (SEM)

Under the General Rules for Scanning Electron Microscopy Measurement Methods
(GB/T16594-2008) [37], the TESCAN MIRA3 field emission scanning electron microscope
was selected for scanning in a high-vacuum environment [38]. The procedure was as
follows: Samples were dried to a constant weight in a drying oven, the samples were
evacuated, and fresh sections were sprayed with gold. Typical scanning points were
selected for multi-angle photography, and SEM images at different magnifications were
selected for analysis. The specific experimental procedure is shown in Figure 1.
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3. Results and Discussion

The results of the tests of prepared specimens are displayed in Table 6. It should be
noted that the compressive strength value after 28 days of curing ranged from 0.39 to 0.81 MPa,
while the thermal conductivity value ranged from 0.268 to 0.386 w/k·m. Obviously, the
obtained thermal conductivity value was much lower than that of PC (1.71 w/k·m). The
analysis and discussion are described in detail in the following sections.

Table 6. Results of the orthogonal experiment.

Number Experimental
Group

A
Tailings (%)

B
Class Beads (%)

C
PC (%)

Compressive
Strength (MPa)

Thermal
Conductivity (w/k·m)

1 A1B1C1 50 10 5 0.54 0.378
2 A1B2C2 50 15 10 0.53 0.292
3 A1B3C3 50 20 15 0.43 0.274
4 A2B1C3 60 10 15 0.81 0.273
5 A2B2C1 60 15 5 0.41 0.268
6 A2B3C2 60 20 10 0.47 0.376
7 A3B1C2 70 10 10 0.39 0.262
8 A3B2C3 70 15 15 0.52 0.386
9 A3B3C1 70 20 5 0.49 0.374

3.1. Compressive Strength Analysis

The results of the compressive strength analysis of all samples are displayed in
Figure 2.
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The trend of the compressive strength test curve is shown in Figure 2. The stress
carried by each sample increased continuously as the strain displacement increased. The
stress reached the compressive strength limit when the strain changed by about 1–2%,
and rapidly decreased. From Figure 3, it is apparent that the compressive strength of
each experimental group was over 0.3MPa, with the highest value found in experimental
group IV at 0.81MPa, specifically A2B1C3, where A, B, and C represent 60, 10, and 15,
respectively. The compressive strength test results have similarities with the materials cited
in the literature [39,40] as well as experimental results.
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When the level of A doping was low, C doping failed to bond the tailing particles
and led to a low compressive strength of the system. Conversely, when C doping was
sufficient but B doping was too high, the specimen experienced uneven pressure, leading
to an increase in the degree of porosity rupture and a subsequent reduction in compressive
strength. However, when appropriately dosed with B, an increase in C doping optimized
the system’s compressive strength, achieving the maximum value at a 60% level of A
doping. This can meet the fundamental compressive needs of thermal insulation materials.
Used alongside perimeter rock support and anti-cracking mesh, it offers thermal insulation,
while preventing material cracking and enhancing the material’s strength tolerance.

Due to space limitation, only the compressive strength test results of the three groups
of specimens in Figure 2a were analyzed. Results of two selected samples showed that the
ratio of tailings to PC in A1B1C1 was 10:1. The amount of PC added was relatively small.
Although small-size tailings can play a certain role in gelling, the alkaline conditions created
after the reaction between tailings and slurry weakened the gelling effect of small-size
tailings. Simultaneously, the micropores formed by the glass beads reduced the compressive
strength of the sample. In contrast, the ratio of tailings to PC in A1B2C2 was 5:1, and the
amount of PC added was higher than that in experiment no. 1, which can increase the
durability and compressive strength of the material. However, increasing the amount of
closed-cell glass beads increases the number of internal closed cells, which is not conducive
to compressive strength materials. Therefore, the compressive strength test results for
both formulas were similar. In A1B3C3, although PC reached a maximum of twice that of
experimental group 1, the maximum compressive strength of the glass beads reached a
maximum of 20% and the maximum compressive strength was only 0.43 MPa, but with
increasing strain, the compressive strength decreased slowly, indicating that a high dosage
of PC and glass beads can improve the toughness of the material.

3.2. Thermal Conductivity Analysis

Thermal insulation material containing tailings belongs to the family of inorganic
mortar materials, whose thermal conductivity can be measured directly using a thermal
conductivity meter. As shown in Table 6, the maximum and minimum values of thermal



Processes 2023, 11, 2652 8 of 17

conductivity were 0.386 and 0.268 w/k·m, respectively, in the nine groups of experiments.
And these results have similarities with the literature [41,42].

Additionally, the difference in each group only reached 0.1 (w/k·m), which was not
significant. As is well known, porosity, along with the pore structure inside the material,
is closely associated with thermal insulation performance. Taking the glass beads as an
example, in this study, an increase in their content usually led to increasing porosity. The
reduced thermal conductivity contributed to optimized thermal insulation performance.
However, owing to other existing raw materials, the discharge pressure of partial pores was
higher than the ultimate shear stress of the slurry, causing some pores to burst to form an
interconnected structure. This phenomenon immensely weakened the thermal conductivity
value that should have been reduced. The higher porosity represented an irregular pore
structure inside the materials, affecting the mechanical properties of the material. Therefore,
to obtain specimens with compactness, uniformity, and good applicability, the porosity of
the material should be controlled to avoid an excessive value. That is to say, it is important
to consider mechanical and thermal insulation properties comprehensively.

3.3. Orthogonal Experiment Result Analysis

Polar analysis of variance is a widely used tool in orthogonal tests to derive the order
of precedence of the affectivity of the factors at each level of the test [43]. In the analysis of
variance, ki represents the sum of the test data with a constant factor and level number i.
For factor A, k1 represents the sum of the test data for factor A at level 1. The arithmetic
mean of k is denoted by ki. R represents the extreme variance, which is calculated as
R = kmax − kmin. The R value indicates the degree of influence of the factors on the test
results. Tables 7 and 8 show the results of polar analysis.

Table 7. Range analysis of the orthogonal experiment (compressive strength).

Calculated Item A B C

k1 1.50 1.74 1.44
k2 1.69 1.46 1.39
k3 1.40 1.39 1.76
k1 0.50 0.58 0.48
k2 0.56 0.49 0.47
k3 0.47 0.46 0.59
R 0.09 0.12 0.13

High level A2 B1 C2
Priority order C > B > A

Table 8. Range analysis of the orthogonal experiment (thermal conductivity).

Calculated Item A B C

k1 0.944 0.913 1.020
k2 0.917 0.946 0.930
k3 1.022 1.024 0.933
k1 0.315 0.304 0.340
k2 0.306 0.315 0.310
k3 0.341 0.341 0.311
R 0.035 0.037 0.029

High level A2 B1 C3
Priority order B > A > C

Tables 7 and 8 imply that the order of effect of the three factors on the compressive
strength is C > B > A and on the thermal conductivity is B > A > C. The optimum values
of compressive strength and thermal conductivity were A2B1C2 and A2B1C3, respectively.
Accordingly, optimum results were acquired with tailings of 60%, glass beads of 10%, and
PC of 10~15%. Similar results were also investigated by Jiang et al. [44], who, using basalt
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fibers as the raw material, determined the order of influence of each factor on thermal
insulation performance by using orthogonal tests and polar analysis of variance.

3.4. Microtext Analysis

The use of SEM can help to observe the internal structure of the material, including
pores, cracks, and microstructures. In this section, the microstructures of groups 1 and 2
are presented in Figure 4.
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Figure 4a shows that the surface of the cross section of A1B1C1 was rough, accompa-
nied with irregular shaped and low interconnected pores. It can be clearly seen that porosity
was relatively lower. Due to insufficient PC content, tailings with fine particles acted as a
cementing agent. As a result, a cohesive structure was presented that was similar to a pile
of tailing particles without porous characteristics. This is why there were fewer internal
voids and a more agglomerated phase. Figure 4b presents a granular microstructure with
irregular pores, high connectivity, and suitable porosity (A1B2C2). Compared to A1B1C1,
increased PC caused a scaled internal microporous structure. A stable internal structure
was formed under the support of larger tailing particles. Nevertheless, another finding is
that connected pores accounted for a larger proportion compared with closed pores. Based
on the literature [45], the heat transfer path was increased and the thermal conductivity
of the material was reduced by the formation of a multi-scale porous structure with fine
particles having a large specific surface area. The thermal conductivity efficiency of the
interconnected pores was higher than that of the closed pores. Consequently, the overall
mechanical strength was impaired.

As an additive applied in physical insulation, closed-glass beads contributed to re-
ducing thermal conductivity due to their unique pore structure. Figure 5a,b shows that
closed-cell glass beads have the potential to maintain a closed, uniform, and porous struc-
ture inside the material. However, they were closely bound to other substances under the
bonding effect of PC and tailing particles. This played a key role in the thermal conductivity
of the material. This finding is consistent with Yuan et al. [46], who demonstrated that
increasing glass beads results in more internal connection holes. This reduces the thermal
conductivity of the material and improves thermal insulation properties.
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3.5. Model Fit Analysis

Based on Design Expert software, regression analyses were carried out on the compres-
sive strength and thermal conductivity of the insulation materials at the age of maintenance.
Comprehensive factors A, B, and C were analyzed, the model with the highest significance
was selected, then the model was used to perform non-linear optimization prediction, and
the predicting effect was ensured to obtain the optimum ratio of insulating materials with
a high correlation coefficient.

3.5.1. Non-linear Fitting Analysis

Non-linear regression analysis was applied by means of a module of Design Expert
software. Experimental results were subjected to regression analysis. A highly adaptive
fitting regression equation was obtained through the significance test of the model and the
analysis of variance.

Compressive strength (C) = 1.34947 + 0.001493 × A − 0.146947 × B + 0.077947 × C + 0.002192 × A × B −
0.003744 × B × C − 0.00034 × A2 + 0.001368 × B2 (1)

Thermal conductivity (T) = 1.75516 − 0.014203 × A − 0.157895 × B + 0.000421 × C + 0.00224 × A × B +
0.002712 × B × C − 0.000123 × A2 − 0.001636 × C2 (2)

To check the reliability of the established regression equation, variance analysis was
performed to test the significance of the constant, linear, quadratic (interaction), and
quadratic (surface effect) terms in the fitted second-order equation model, as shown in
Tables 9 and 10. The results showed the effectiveness of the regression model in the
prediction of response variables.

The model F-values for compressive strength and thermal conductivity were 275.47
and 281.28, respectively, indicating the significant effect of the model. p-Values less than
0.0500 indicated that the fitted model was statistically significant, implying that A, B, C,
AB, BC, A2, and B2 are significant model terms. The lack-of-fit terms under two sets of
parameters were found to be 0.2214 and 0.1832, respectively, which were not significant
at the 0.05 level of significance, demonstrating high credibility of the regression equation.
Table 11 also shows the statistical error analysis of the regression equation.
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Table 9. Analysis of variance results for the regression model of compressive strength.

Source Sum of Squares Df Mean Square F-Value p-Value

Model 0.2468 7 0.0353 275.47 <0.0001 Significant
A-A 0.0255 1 0.0255 199.59 <0.0001
B-B 0.0362 1 0.0362 282.60 <0.0001
C-C 0.0774 1 0.0774 604.61 <0.0001
AB 0.0474 1 0.0474 370.44 <0.0001
BC 0.0248 1 0.0248 193.71 <0.0001
A2 0.0031 1 0.0031 24.08 0.0008
B2 0.0044 1 0.0044 34.70 0.0002

Residual 0.0019 9 0.0004
Lack of fit 0.0012 1 0.0012 2.17 0.2214 Not significant
Pure error 0.0007 8 0.0008

Table 10. Analysis of variance results for the regression model of thermal conductivity.

Source Sum of Squares Df Mean Square F-Value p-Value

Model 0.0466 7 0.0067 281.28 <0.0001 Significant
A-A 0.0130 1 0.0130 547.77 <0.0001
B-B 0.0034 1 0.0034 143.44 <0.0001
C-C 0.0098 1 0.0098 412.11 <0.0001
AB 0.0376 1 0.0376 1588.91 <0.0001
BC 0.0119 1 0.0119 502.71 <0.0001
A2 0.0004 1 0.0004 16.52 0.0028
B2 0.0048 1 0.0048 203.79 <0.0001

Residual 0.0015 9 0.0011
Lack of fit 0.0005 1 0.0016 9.23 0.1832 Not significant
Pure error 0.0010 8 0.0005

Table 11. Statistical analysis of regression equation errors.

Compressive Strength (C) Thermal Conductivity (T)

Statistical item Value Statistical item Value
R2 0.9954 R2 0.9954

Adjusted R2 0.9917 Adjusted R2 0.9919
Predicted R2 0.9303 Predicted R2 0.9446

Adeq precision 52.8788 Adeq precision 39.2708

The regression equation obtained for compressive strength, for example, showed a
high degree of accuracy. The corrected coefficient of determination was 0.9954, and the
predicted R-squared value was 0.9917, which differed by less than 0.2. This indicated an
excellent model fit. In addition, the signal-to-noise ratio of the model was 52.8788, with a
ratio of values greater than 4, which was ideal and indicates that there was sufficient signal
for the regression analysis. Similarly, the fitted regression equation for thermal conductivity
met the test criteria and presented a good fit.

The difference between the actual and predicted values for compressive strength and
thermal conductivity is shown in Figure 6. It should be noted that the difference between
the two was less than 1.4%. Simultaneously, the deviation between the predicted values
and the actual values was within the acceptable range, which is further evidence of the
validity of the model.
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strength and (b) comparison results of thermal conductivity.

3.5.2. Visualization and Analysis

A 3D surface was generated from the square model. The effect of adjustment of the
values of the factor variables on the interactive variation of compressive strength and
thermal conductivity can be seen in Figure 7, Figure 8, Figure 9, and Figure 10, respectively.
As can be seen from the four figures, different colors indicate the size of the resultant value,
with colors closer to red indicating larger values and colors closer to blue indicating smaller
values. The use of different color variations facilitates the analysis of the magnitude of the
influence of each factor on the experimental results.
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The interaction effects of factors A and B on compressive strength and thermal con-
ductivity were analyzed by means of Figures 7 and 9. As shown in Figure 7a, decreasing
volume fractions of A and B doping increased compressive strength, with a small slope
indicating weak interaction effects between these factors. As factor C increased, the inter-
action effects of factors A and B became more pronounced and the surface transitioned
from a flat to a sloped state, with the maximum value occurring between a lower B fac-
tor (10–12%) and a lower A factor (50–55%). The compressive strength decreased as the
volume fraction of factor B increased when the volume fraction of factor A was constant,
with the decrease in amplitude increasing. The incorporation of glass beads had a more
significant effect on compressive strength. The surface analysis of thermal conductivity
as the dependent variable under the interaction effects of factors A and B is shown in
Figure 9. As shown in Figure 9a, an optimum thermal conductivity value appeared when
the volume fraction of factor C was 5%, with significant coupling effects between factors
A and B. When the volume fraction of factor A was low, increasing the volume fraction
of B led to a rapid decrease in thermal conductivity, with B having a more significant
effect on thermal conductivity. However, as the volume fraction of factor C increased, the
whole surface gradually floated upward, and the maximum value of thermal conductivity
reached 0.572 w/k·m, with an irregular shape as the values of factors A and B changed.
The coupling effect of factor B on thermal conductivity gradually decreased as the volume
fraction of factor C increased. At C = 5%, good thermal conductivity performance was
achieved at high glass bead (18–20%) and low waste (50–55%) content, where vitrification
of the closed-cell glass beads could increase the proportion of closed pores and improve
insulation performance. Reducing the PC reduced the degree of surface densification of
the sample, which is beneficial for maintaining good insulation performance. Similarly,
the interaction effects of factors B and C were analyzed, as shown in Figures 8 and 10. As
the analysis process was similar to that of factors A and B, only the results of factor B and
C analysis are summarized. In terms of compressive strength, PC had a more significant
effect than the glass microsphere. Optimum mechanical performance occurred at lower B
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factor (10–12%) and higher C factor (13–15%) values. In terms of thermal conductivity, the
glass microsphere had a more significant effect than PC. The optimum thermal conductivity
value occurred at lower cement (5–7%) and higher glass microsphere (18–20%) content.

The summary of the 3D surface analysis results shows that for compressive strength,
the order of influence of the three factors was PC > glass beads > tailings (C > B > A),
with optimal volume fractions occurring in the range of tailings (50–55%), glass beads
(10–12%), and PC (13–15%). For thermal conductivity, the order of influence of the factors
was glass beads > tailings (B > A) and glass beads > PC (B > C), with optimal volume
fractions occurring in the range of tailings (50–55%), glass beads (18–20%), and PC (5–7%).
In addition, a similar order of influence as the orthogonal test range analysis was found
in the analysis of the interaction effects between the factors in the model fitting. Since the
analysis focused on the range of values for each factor volume fraction that gave optimal
results for compressive strength and thermal conductivity, it is necessary to consider both
factors together to obtain optimal volume fractions that meet practical engineering needs.

Design Expert 12 software was used to analyze the optimal volume fractions of the
surface model, considering the concept of environmentally friendly treatment of solid
mine tailings [47,48]. The selection of a large number of tailings as the basic raw material
for the production of thermal insulation materials, while ensuring optimal insulation
performance, can reduce costs and have a positive effect on the improvement of the
economic development benefits of mines. Therefore, the volume fraction data of each
factor under the prediction model were calculated based on the compressive strength
(C) maximum and the thermal conductivity (T) minimum. The optimal formulation was
selected based on the principle of closeness to a feasibility coefficient of 1 and actual
economic benefit requirements.

The predicted optimal combination ratios under the model were calculated as follows:
A at 65.2%, B at 10.4%, and C at 14.7%. The predicted response results were C = 0.707 MPa
and T = 0.234 w/k·m. To verify the compressive strength and thermal conductivity of the
insulation material at this predicted optimum volume fraction, three tests were carried out
for the same ratio under experimental conditions and the average value was taken as the
final result. The experimental C was 0.698 MPa, and T was 0.231 w/k·m. The prediction
deviation was calculated by taking the absolute difference between predicted values and
experimental actual values, divided by the predicted values. The deviation of C was 0.42%,
and that of T was 1.2%. The results showed that the optimum combination ratio under the
fitting equation was accurate and reasonable, and the material ratio under the prediction
model could achieve an optimum result with high reliability and excellent compressive
strength and thermal insulation performance.

4. Conclusions

Through the orthogonal design of nine groups of tests to conduct thermodynamic
parameter testing, to optimize the results of the study using response surface design to
obtain the best ratio of theoretical calculations, and finally to meet the objective of the
maximum compressive strength and minimum thermal conductivity to perform prediction
and experimental verification, we found that the preparation of the conformity of thermal
insulation materials can reduce the effect of the temperature and indicates high applicability
of the study. The conclusions of the study are summarized as follows:

(1) The internal pore structure of highly doped tailing insulation material is irregular,
and the proportion of interconnected pores is relatively larger. The optimum levels of
compressive strength and thermal conductivity are obtained in the range of 60% of tailings,
10% of glass beads, and 10% to 15% of PC.

(2) The order of effect of the three raw materials on the compressive strength of the
insulation material is PC > glass beads > tailings and on thermal conductivity is glass
beads > tailings > PC.

(3) The multivariate non-linear regression fit equation obtained using response surface
analysis had a signal-to-noise ratio much greater than 4. The order of interaction of
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compressive strength is PC > glass beads > tailings and of thermal conductivity is glass
beads > tailings and glass beads > PC.

(4) The volume fractions of the optimum dosage of the three main raw materials of
the prepared thermal insulation materials were synthesized from the fitted equations to be
65.2% for the tailings, 10.4% for the glass beads, and 14.7% for PC. The deviation values of
compressive strength and thermal conductivity under the experimental preparation test
and non-linear fitting were 0.42% and 1.2%, respectively. This indicated that the model is
well optimized and the optimum doping results obtained are reliable.

The results obtained in this paper are practical and useful in the development of
thermal insulation materials. Industrial application experiments in mines should be carried
out in the future.
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