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Table 1 Mechanical and thermodynamic parameters of
concrete shotcrete support
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Fig.1 Similar materials of surrounding rock
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Table 2 Mix ratio of similar materials in surrounding

rock (%)
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Table 3 Thermal property parameters of surrounding rock and similar materials
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Fig. 2 Roadway model construction
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Fig.3 Main structure of the model
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Fig.5 Comparison of the influence of ordinary spray layer and thermal insulation spray layer on the temperature

field of surrounding rock
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Fig. 6 Changes of surrounding rock temperature field under different wind temperatures
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Fig.7 Changes of surrounding rock temperature field under different wind speed
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Fig. 8 Geometric model for numerical simulation
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Table 4 Physical and mechanical parameters
of surrounding rock
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Fig. 9 Temperature field distribution of surrounding rock
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Fig. 10 Temperature field variation of surrounding rock
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Fig. 11 Stress cloud map of surrounding rock under conventional concrete structure
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Fig. 12 Stress cloud map of surrounding rock under thermal insulation support structure
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Fig. 13 Plastic zone distribution of surrounding rock under conventional concrete structure and

thermal insulation support structure
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Fig. 14 Changes of surrounding rock temperature field under different thickness of heat insulation layer
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Fig. 16 Vertical stress cloud diagram under different insulation layer thicknesses
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Fig. 18 Plastic zone of surrounding rock when supporting with different thickness of thermal insulation layer
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Fig. 19 Temperature field of surrounding rock under different wind temperatures
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Table 5 Optimal solution of thermal insulation spray layer thickness by efficiency coefficient method
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w Ty Ty=) = %
L TR el e 3T I TR SR T T S
JiMPa MPa %d,  RMtd, F¥d, FMd, R,
30 1347.96 18.764 15.124 45.90 140.28 0.89 0.98 0.83 1.00 0.98 0.84
40 1298.03 18.753 14.776 46.81 140.02 0.92 0.98 0.85 0.98 0.98 0.86
50 1212.45 18.423 12.500 46.38 137.59 0.99 1.00 1.00 0.99 1.00 0.99
60 1205.31 18.663 14.616 46.08 139.99 0.99 0.99 0.86 0.99 0.98 0.90
70 1198.18 18.817 14.572 46.32 139.77 1.00 0.97 0.86 0.99 0.98 0.90
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Abstract: To address the challenge of high-temperature thermal hazards in deep mining operations, traditional
thermal insulation support materials often suffer from limitations such as inadequate strength and poor
durability. To improve and optimize the performance of thermal insulation support structures, modified ceramic
particles and fibers were incorporated into the development of thermal insulation concrete materials. Utilizing
the principles of functional gradient theory, the concrete structure was optimized, resulting in the construction of
a functional gradient thermal insulation support structure. A corresponding model test system was established,
integrating engineering practices to facilitate a comparative analysis of the thermal insulation effects between
the newly developed thermal insulation support structure and conventional concrete structures. Through
numerical simulation analysis, the impact of various parameters of the thermal insulation support structure on
the thermal insulation efficacy of the surrounding rock in the roadway was examined, leading to the
determination of optimal design parameters for the functional gradient thermal insulation support structure. The
findings indicate that the engineered “support layer+thermal insulation layer” functional gradient structure
successfully transitions from a high elastic modulus and high thermal conductivity at the surrounding rock
interface to a low elastic modulus and low thermal conductivity at the roadway interface. This configuration
effectively mitigates the deformation of surrounding rocks and reduces heat dissipation. In the model test, the
application of the thermal insulation support structure resulted in a 28.74% reduction in heat dissipation from
the surrounding rocks compared to a conventional concrete structure. As the thickness of the thermal insulation
layer increased, the radius of the thermal adjustment zone in the surrounding rocks decreased, and the
deformation of the roadway initially decreased before subsequently increasing. Additionally, a decrease in
ventilation temperature further reduced the extent of the thermal adjustment zone. A comprehensive analysis of
heat dissipation and deformation in the surrounding rocks, conducted using the efficacy coefficient method, it
was determined that the optimal thermal insulation effect was achieved when the thickness of the support layer
was 50 mm and the thickness of the thermal insulation layer was 50 mm.

Key words: functional gradient; insulated support structure; insulation effect; surrounding rock temperature

field; model test; numerical simulation
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