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ABSTRACT: To address, mitigate, or prevent thermal environmental
issues arising from the heat dissipation of high-temperature surrounding
rocks in deep hot tunnels, a research proposal is put forward based on
previous studies and the team’s initial experiments. The proposal involves
using mechanical and chemical foaming to enhance the thermal insulation
properties of foamed concrete, and this will be tested through engineering
verification. Different proportions of cementitious materials, latex powder,
polypropylene fiber, and self-made composite foam materials were designed
using an orthogonal approach for testing the macroperformance and
microstructure of foamed concrete. The pore structure of foamed concrete
was quantitatively analyzed by Image-Pro Plus 6.0 software, and a fitting
expression was established between thermal conductivity and the number of
pores (1−2 mm). Characteristics of heat transfer inside the foam concrete
were simulated and analyzed using COMSOL software, and the transmission
path of heat streamline was found to be ″concave-convex form″, illustrating the blocking effect of foam concrete on heat. A thermal
insulation engineering model was created using Fluent software to investigate the effects of thermal insulation layer thickness, water
gushing heat release, seasonal factors, and other working conditions on the airflow temperature in the roadway before and after the
application of foam concrete. The simulation results demonstrate that foam concrete can effectively reduce the airflow temperature
in the roadway and weaken the surrounding rock heat dissipation. Additionally, it is found that the decreasing rate of heat dissipation
of surrounding rock increases with the increase of insulation layer thickness, proving the engineering applicability of foam concrete
for roadway insulation. The research results provide a theoretical basis and practical guidance for heat damage control of deep
mining roadway.

1. INTRODUCTION
With the progress of economy and society, the demand for coal
mining and consumption has increased consecutively every
year.1,2 This has resulted in the depletion of shallow coal
resources and forced the industry to transition to deeper coal
mining.3 The challenge of high-temperature heat damage related
to deep mining has severely tested the physical and mental
health of employees, as well as the safe and efficient extraction of
coal.4−8 In order to effectively prevent the problem of heat
damage caused by high temperatures, a more scientific approach
is to implement a management system which incorporates ″heat
insulation + heat dissipation″ measures.
Currently, thermal hazard management in mines primarily

centers on ″heat dissipation″. Considerable advancements have
been made in cooling theory,9,10 cooling technology,11 and
cooling equipment.12 Both mechanical refrigeration and cooling
solutions (such as cold air, cold water, and cold ice),13−17 as well
as nonmechanical cooling solutions (such as system optimiza-
tion and increased airflow),18−23 have been developed. Although
these programs have enhanced the mine’s operating environ-
ment, the efficacy of mine cooling remains limited due to

challenges such as increased mining depth, system complexity,
long distances for cold transmission, frequent location changes,
significant cold loss, and difficulty discharging condensation
heat. Given the constraints of implementing passive heat
dissipation techniques, the concept of environmentally friendly
mining and reducing energy consumption and emissions has
prompted the adoption of thermal insulation materials to
postpone or limit high temperatures of the surrounding rocks in
the deep, hot mine tunnels. Insulation materials are commonly
classified into two groups: organic and inorganic. However, the
use of organic insulation materials in underground spaces is
restricted due to their high susceptibility to fire hazards.
Inorganic insulation materials, particularly foam concrete

Received: September 11, 2023
Revised: November 13, 2023
Accepted: November 22, 2023
Published: December 8, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

48091
https://doi.org/10.1021/acsomega.3c06929

ACS Omega 2023, 8, 48091−48103

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hailin+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinxiang+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c06929&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06929?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06929?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06929?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06929?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/50?ref=pdf
https://pubs.acs.org/toc/acsodf/8/50?ref=pdf
https://pubs.acs.org/toc/acsodf/8/50?ref=pdf
https://pubs.acs.org/toc/acsodf/8/50?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c06929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


materials, are gaining significant interest among researchers due
to their noncombustibility and thermal insulation proper-
ties.24−32 A review of the literature indicates that foam concrete
is predominantly prepared using mechanical foaming meth-
ods33−35 or chemical foaming techniques.36,37 He et al.
produced alkali-activated slag foamed concrete with a dry
density of 600−800 kg/m3 using mechanical foaming, and it was
observed that as the foam content increased, the thermal
conductivity of the foamed concrete gradually decreased.38

However, the addition of preformed foam to concrete slurry
through mechanical foaming results in compromised foam
durability due to the mixing and pouring processes.
Hajimohammadi et al. used the same amount of aluminum
powder as foaming agent to synthesize geopolymer foam with
different porosity.39 She et al. presented a novel method for the
preparation of highly stable wet foams by simultaneously using
NS particles, hdroxypropyl methylcellulose (HPMC), and a
betaine surfactant.40 Fei-fan et al. utilized the Fluent software to
conduct a numerical simulation on thermal insulating concrete
with an optimal, self-mixed thermal conductivity.41 They
discovered that this concrete exhibited a significant thermal
insulation effect when used for laying mine tunnels.
From the analysis above, it is evident that foam concrete can

be produced by using both mechanical and chemical foaming
methods. However, mechanical foaming has a slow initial pore
formation rate, while chemical foaming allows for early and rapid
foaming, but with a limited time frame that requires careful
control. Accordingly, this paper presents an experimental study
on the preparation of foam concrete with the coordinated
control of mechanical and chemical foaming. This study
includes analysis of the thermal insulation performance and
simulation, attempts to establish a quantitative treatment
method of the internal pore structure of foam concrete,
constructs empirical expressions of thermal conductivity
coefficient and foam pore, and researches and analyzes the
characteristics of heat transfer of heat in the interior of foam
concrete. Based on an actual deep hot shaft, an engineering
simulation was performed to analyze the changes in heat
dissipation from surrounding rock and the temperature of wind
flow under varying thickness of the heat insulation layer,
exothermic water influx, seasonal working conditions, and other

factors. This study examined the heat transfer changes in the
shaft space before and after the application of foam concrete in
order to verify the practicality of foam concrete for heat
insulation in shaft engineering. The results of this study have
significant practical implications for preventing and controlling
heat hazards in hot shafts.

2. RAW MATERIALS AND EXPERIMENT METHODS
2.1. Raw Materials. Foam concrete, an effective thermal

insulation material for underground tunnels, is primarily
composed of portland cement, fly ash, aggregate, redispersible
latex powder, polypropylene fibers, an accelerator, and a
composite foaming agent. Foam concrete is a prime choice for
the coating material of deep tunnels due to its noncombustibility
and inorganic composition. The relevant parameters and
selection criteria are illustrated in Table 1. Prior to conducting
the experiment, the chemical composition of portland cement is
analyzed using an X-ray diffractometer. The chemical
composition is primarily composed of SiO2, CaO, Al2O, etc.,
with corresponding mass fractions as listed in Table 2. Table 3

displays the content of each raw material of the compound
foaming agent. This physical foaming agent possesses high
surface activity, which effectively reduces liquid surface tension.
Double electron layers arrange themselves at the surface of the
liquid film, shielding air and creating bubbles. Upon assessment,
the foam’s foaming factor can reach up to 30 times, exhibiting
robust stability and resistance to defoaming.

Table 1. Main Parameters and Functions of Each Raw Material

materials manufacturers main parameters selection basis and function

portland cement Henan Dengfeng Dengdian
Group Cement Co., Ltd.

specific surface area
(m2/kg) ≥ 400

mix with water to form a cement slurry, which is the main cementitious material for
the whole system after hardening

initial coagulation < 25
min

3 d compressive strength
of 42.5 MPa

fly ash Jiaozuo thermal power plant grade of II fineness ≤
12%

give play to volcanic ash effect, shape effect and ball effect

aggregate Jiaozuo river sand fineness is 2.8 play a role in supporting and filling internal pores, and reduce the shrinkage and
cracking of foam concrete in the later stage

particle size is 0.4 mm
latex powder JinzhouHonghai cellulose co., ltd density is 500 (g/L) strengthen the bond strength of cement mortar, improve cohesion, prevent early

cracking of materials and improve durability
the average particle size
is 80 μm

polypropylene
fiber

Changzhou Bochao Engineering
Material Co., Ltd.

the diameter length is 12
mm

the skeleton effect and bridging effect can effectively inhibit the cracking of cement
paste and improve its strength and impact resistance

tensile strength > 300
MPa

accelerator Mengzhou Yulin Fine Chemical
Plant

the content of calcium
chloride is 75%

promote the initial setting time of cement slurry and the stability time of foam to
achieve dynamic equilibrium

Table 2. Chemical Composition of Portland Cement

chemical composition CaO Al2O3 Fe2O3 SiO2 MgO

wt/% 66.1 5.2 4.0 22.6 1.3

Table 3. Content of Each Raw Material of the Compound
Foaming Agent

material
synthetic
surfactant stabilizer

animal protein
surfactant tackifier

wt/% 60 3 36 1
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2.2. Experimental Program. Based on the orthogonal
experiment method, the compound experiments of foamed
concrete with different compound ratios were designed, and the
horizontal values of the four factors were determined by taking
the amount of fly ash, redispersible latex powder, polypropylene
fiber, and water−cement ratio as experimental factors, as shown
in Table 4. The total amount of cementitious materials in the

compound experiment is 2500 g. According to the selected level
values of various factors, nine different reference groups can be
obtained by an orthogonal experiment, and the specific values of
each raw material in each reference group are determined, as
shown in Table 5.

2.3. Preparation Process. The foamed concrete prepara-
tion process involves three main steps. First, foam was created
using high-pressure air. The foaming agent and water were
mixed in a ratio of 1:15, and the foaming agent diluent was
thoroughly stirred with high-pressure gas from an air
compressor. The foaming agent had exceptional surface activity,
reducing liquid surface tension and producing a rich, stable
foam.
Second, the remaining raw materials (such as cement, fly ash,

polypropylene fiber, accelerator, redispersible latex powder,
etc.) were weighed using an electronic balance, transferred into a
blender, and thoroughly mixed beforehand. Next, a specific
amount of water was added, and the ingredients were mixed for
1−2min until a homogeneous cement-based slurry was attained.
Finally, the preprepared foam was added to the cement slurry,

along with a specific amount of hydrogen peroxide solution.
After the mixture was stirred thoroughly, it was poured into the
triplex steel test mold and left to precure for 1−2 days. Following
this, the product was removed from the mold and placed in a
standard cement concrete curing box for 28 days to achieve the
final result. The process of case preparation is shown in Figure 1.

3. DETERMINATION OF PERFORMANCE
PARAMETERS OF THERMAL INSULATION
MATERIALS

3.1. Analysis of Macroscopic Performance Measure-
ment.According to the JG/T 266-2011 foam concrete standard
specifications,42 the specimens were tested for dry density, water
absorption, thermal conductivity, and compressive strength

using electronic balances, universal testing machines, thermal
conductivity testers, electric drying oven, and other equipment.
The test results are listed in Table 6.
An analysis of Table 6 reveals that the thermal conductivity of

insulating foam concrete ranges from 0.194 to 0.270 W/(mK),
while the compressive strength varies between 1.61 and 2.58
MPa across different compounding schemes. Given the high-
temperature conditions in the deep shaft, the insulation material
applied to its inner wall must possess properties of low thermal
conductivity and high compressive strength. After evaluating
each specimen’s performance parameters, it was determined that
case 4 exhibited the lowest thermal conductivity of 0.194W/
(mK) and the highest compressive strength of 2.58 MPa.

3.2. Analysis of Fine Structure Determination. Using a
scanning electron microscope at magnifications of 2000×, the
internal microstructures of case 4, case 6, case 7, and case 9 were
imaged using a high-resolution camera, as depicted in Figure 2.
Figure 2 depicts the material’s structural characteristics and

internal surface. As shown in Figure 2a captured by a scanning
electron microscope, case 4’s internal surface appears flat, with
dense and uniform distribution of micropores. Additionally,
there were visible small-sized holes that highlight the tightly
bonded nature of the cement mortar material. Hence, the
microstructure indicated that the configuration of case 4 is
optimal. Upon observation of Figure 2b, it was apparent that the
internal surface of case 6 was uneven and elevated. It was also
evident that the cement mortar material exhibits numerous
cracks within, and the bonding effect is general. In Figure 2c, the
inner surface of case 7 is rough and has many protrusions. Under
a magnification of 2000×, it can be clearly seen that the cement
mortar material has cracks and holes. By observing Figure 2d, it
can be seen that the inner surface of case 9 is relatively flat, and it
can be seen clearly that the holes in the cement mortar material
are evenly distributed, and there are many holes with smaller
sizes. Through the comparison of these four groups of cases, it
can be concluded that the inner surface of case 4 is relatively flat,
with dense and evenly distributed micropores, and there are
many small holes, which clearly show that the cement mortar
material is closely bonded.

4. ANALYSIS OF PORE STRUCTURE AND THERMAL
RESISTANCE OF FOAM CONCRETE TEST BLOCKS

4.1. Pore Structure Treatment Method and Analysis.
Foam concrete is a lightweight and low thermal conductivity
material that offers advantages over traditional concrete,
including its low density and thermal conductivity. The interior
of the foam concrete contains a significant number of bubbles
that are introduced through mechanical mixing with a foam
agent. This results in the formation of a large number of pores

Table 4. Level Table of Each Factor

level
A fly
ash

B latex
powder

C polypropylene
fibers

D water−cement
ratio

1 25% 0.5% 0.2% 0.50
2 30% 1% 0.4% 0.55
3 35% 1.5% 0.6% 0.60

Table 5. Specific Values of Components in Nine Different Reference Groups

number portland cement/g fly ash/g aggregate/g latex powder/g polypropylene fibers/g water/g accelerator/g foam admixture/g H2O2/g

SY-1 1875 625 500 12.5 5.0 1250 37.5 500 100
SY-2 1875 625 500 25.0 10.0 1375 37.5 500 100
SY-3 1875 625 500 37.5 15.0 1500 37.5 500 100
SY-4 1750 750 500 12.5 10.0 1500 37.5 500 100
SY-5 1750 750 500 25.0 15.0 1250 37.5 500 100
SY-6 1750 750 500 37.5 5.0 1375 37.5 500 100
SY-7 1625 875 500 12.5 15.0 1375 37.5 500 100
SY-8 1625 875 500 25.0 5.0 1500 37.5 500 100
SY-9 1625 875 500 37.5 10.0 1250 37.5 500 100
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with a more uniform and porous structure. The pores contain
air, which acts as an effective adiabatic medium to block external
heat transfer, thereby enhancing the thermal insulation proper-
ties of the foam concrete.
Figure 3 displays the concrete surface subsequent to cutting of

the concrete sample. The sample, which was dried and cured,
was cut parallel to the pouring surface. After removing surface
powder, the morphology of the sample’s surface was photo-
graphed. In order to reduce the influence of formwork and
plastering methods on concrete surface pores, we have taken the
following measures: carefully select the formwork with smooth
surface and no obvious burrs or defects. The construction
operation is fine, so as to ensure that the surface is trimmed in
time to avoid uneven force, which leads to poor concrete
compactness and large pores. Before plastering, the concrete
surface should be kept dry, and the mixture ratio and water
content of cement mortar should be controlled to achieve
consistent scraping in batches and strengthen the maintenance
management, keep the concrete surface moist in time, so as to
avoid cracks or larger pores.

The pictures captured were black and red binarization
treatments using Image-Pro Plus 6.0 software (shown in Figure
3, where the red area represents the pore and the black area is the
slurry) to observe the distribution of the pixel size of the pores
inside each group of specimens. The quantity and structure of
pores on the surface of the cases with varying fit ratios varied. As
depicted in Figure 3, case 4 displayed the greatest number of
surface micropores. Additionally, in accordance with Figure 3,
the internal surface of case 4 was densely packed with
micropores, while case 6 exhibited sparser porosity with fewer
pores in comparison with the other cases. As a result, it can be
concluded that case 4 had a more evenly distributed structure
and contained larger pores on the interior surface.

4.2. Correlation Analysis of Pore Structure and
Thermal Insulation. As the internal pores of foam concrete
contain an excellent adiabatic medium�air, it effectively blocks
heat transfer. Therefore, the thermal conductivity of foam
concrete is closely related to the number of pores. This
correlation enables a more quantitative analysis of how the
structure of the pores affects the thermal insulation of foam
concrete. The surface pore structure of foam concrete specimens
was analyzed quantitatively using Image-Pro Plus 6.0 software.
Pores with diameter sizes ranging from 0.5 to 1 mm, 1−2 mm,
and 2−3 mm were identified and counted. From a literature
review and actual analysis, it was determined that bubble pore
sizes of nomore than 2mm are suitable for achieving optimal dry
density and thermal conductivity. Therefore, the number of
pores with diameters in the range of 1−2 mmwas selected as the
primary measurement for correlation analysis with thermal
conductivity. Table 7 illustrates the number of 1−2 mm pores
for each group of cases. Combining these results with thermal
conductivity values for each group fromTable 6, the relationship
between thermal conductivity and the number of 1−2mm pores
is depicted in Figure 4.
Upon observation of Figure 4, it is evident that there exists a

correlation between the quantity of stomatal apertures within

Figure 1. Process of case preparation.

Table 6. Main Performance Index Data for Each
Experimental Working Condition

case
number

dry
density,
kg/m3

water
absorption
rate, %

compressive
strength, MPa

thermal
conductivity, W/

(mK)

SY-1 674.0 32.5 2.51 0.270
SY-2 779.5 39.3 2.09 0.243
SY-3 646.6 46.5 1.61 0.214
SY-4 602.7 51.6 2.58 0.194
SY-5 673.2 46.1 2.00 0.216
SY-6 559.2 46.2 2.22 0.215
SY-7 576.8 48.9 2.34 0.204
SY-8 594.3 41.6 2.19 0.234
SY-9 665.6 39.7 2.41 0.241
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the 1−2 mm range and thermal conductivity. A linear fit of both
variables reveals that the overall thermal conductivity for each
condition decreases proportionally with an increase in pore

diameters within the 1−2 mm range. Specifically, the linear
equation is y = 0.266 − 0.00025 × x, with a correlation
coefficient of R2 = 0.875, exceeding the minimum threshold of
0.8. Notably, the slope of the equation is negative, indicating a
strong negative correlation between the two variables. This is
mainly because with the increase in the number of stomata pore
size in 1−2 mm, the air contained in the stomata is also a good
insulation medium, which can block the transfer of certain heat.

4.3. Heat Transfer Path and Thermal Resistance
Analysis Based on COMSOL. The heat barrier effect of the
foam concrete can be categorized into two primary aspects. On
the one hand, the porous structure within foam concrete
impedes heat transfer from one side to the other. When heat
encounters the bubble wall, the gas−liquid interface adhesion

Figure 2. SEM images of (a) case 4, (b) case 6, (c) case 7, and (d) case 9.

Figure 3. Internal surface diagram and software processing diagram of
(a) case 4 and (b) case 6.

Table 7. Number of 1−2 mm Pores for Each Group of Cases

case SY-1 SY-2 SY-3 SY-4 SY-5 SY-6 SY-7 SY-8 SY-9

1−2 mm number of pores/size 45 52 220 280 157 204 257 125 84

Figure 4. Relationship between the number of pores and thermal
conductivity.
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and force within the bubble prevent further transfer. In other
words, due to the varying thermal resistance of the slurry and
bubble walls, portions of the heat can bypass the bubbles, further
lengthening the heat transfer path. On the other hand, there is a
significant number of free gas molecules in the pores of foam
concrete. As gas phase heat transfer occurs through collisions
between gas molecules, such collisions accelerate the transfer of
heat while disrupting the original heat conduction of the solid
phase matrix. As a result, the gas molecules become agitated, and
the heat transfer process is weakened. This leads to a greater
dissipation of heat as it passes through the bubbles.
To better visualize and analyze the heat transfer pathway

inside the foam concrete sample and to determine the thermal
resistance of different compound configurations, we conducted
a simulation using case 4 as the model. The size and quantity of
pores are determined through imaging techniques using a
Canon EOS 5DS SLR camera, while Image-Pro Plus 6.0
software is used to observe the distribution of pore sizes in each
sample group. Using COMSOL simulation software, we created
a two-dimensional model of the instantaneous heat transfer
within the pore structure of the foam concrete. (For the sake of
clarity, we designated circles of varying diameters to represent
the pores within the foam concrete.). The foam concrete section
in the model had a side length of 100 mm × 100 mm, with a
thermal conductivity of 0.194 W/(mK) and a dry density of
602.7 kg/m3. The thermal conductivity of the air bubbles
present in the simulation was set to 0.023 W/(mK), with a
specific heat capacity of 1005 J/(kg·°C) and density of 1.18 kg/
m3. The initial temperature at the left boundary of themodel was
set to 40 °C, while the right boundary temperature was 20 °C.
The right and left boundaries exchanged heat through
convective heat flux, with a heat transfer coefficient of 0.1 W/
(m2·K). The rest of the boundary was insulated, and the external
ambient temperature was maintained at 20 °C. Under the given
conditions, the grid is divided into a free-form triangle grid,
while the foam is further subdivided into finer grids and the
pores are divided into ultrafine grids, as demonstrated in Figure
5. Figure 6 shows the heat transfer process of foam concrete with
a density of 602.7 kg/m3 at different moments.

Upon examination of Figure 6, it is evident that as heat
transfer time increases, heat is continuously transferred from
areas of high temperature to those of lower temperature.
Specifically, the transfer occurs from the left side of the foam
concrete section to the right side. The black line in the figure
depicts the path of heat transfer within the foam concrete, with

the direction of the arrow indicating the direction of heat
transfer. Multiple routes of heat transfer are present within the
foam concrete, with the heat flow line assuming a concave or
convex form when encountering bubbles. These routes can be
categorized into two types: the first being the forward transfer
that avoids bubbles (i.e., slurry) and the second being the
transfer through bubbles, which corresponds to the heat-
blocking effect that foam concrete has.

5. ENGINEERING SIMULATION AND ANALYSIS OF
THERMAL INSULATION EFFECT

5.1. Engineering Simulation Objects and Basic
Parameters. With the help of Ansys Fluent software, a physical
model of the tunneling roadway solely made of coal had been
constructed. The model comprises the roadway and the
encompassing rock, and its cross-section can be visualized in
Figure 7. The model roadway had a length of 300m, and Table 8
shows the situation of its roof and floor. The roof and floor were
made of limestone, while the sidewall consists of a coal seam. To
provide optimal heat insulation, we applied a newmaterial to the
internal sidewall and roof of the roadway. The tunnel was a
newly dug tunnel; the initial temperature of the surrounding
rock was set to the original rock temperature of 39.7 °C; and the
internal diameter of the surrounding rock was 40 m.
The inlet for the model was established as a velocity inlet at

the section where air exits the duct tunnel. The exit of the duct
tunnel was defined as the entrance boundary of the model and
set to have a pressure exit boundary condition. The dry bulb
temperature of the inlet air in winter was 19.8 °C, the wet bulb
temperature was 19.4 °C, and the wind speed was 1.683m/s; the
dry bulb temperature of the inlet air in spring and autumn was
25.2 °C, the wet bulb temperature was 24.6 °C, and the wind
speed was 0.9 m/s; the dry bulb temperature of the inlet air in
summer was 34.7 °C, the wet bulb temperature was 33.9 °C, and
the wind speed was 0.9 m/s. The alleyway was not equipped
with drains, and the heat emitted by the gushing water to the
alleyway was taken as 126 kW, 105 kW, and 42 kW in winter,
spring and autumn, and summer, respectively, which were
converted into the internal heat source of fluid area, 30, 25, and
10 W/m3, respectively. The physical properties of air were
determined based on the temperature and humidity of the inlet
airflow, while the key performance parameters of other materials
are presented in Table 9.
Ansys Meshing was utilized for the meshing process, resulting

in 835,400 mesh cells. The Fluent software was employed to
conduct the calculations using the k−ε model for the turbulence
model and activating the energy model. For heat transfer
analysis of the insulation layer, the shell conduction model was
utilized. In the solver parameters, the pressure−velocity
coupling method was set to SMPLEC.

5.2. Systematic Analysis of Engineering Simulation
Results. 5.2.1. Analysis of Temperature Changes in the
Tunnel. Figures 8 and 9 show the temperature distribution of the
cross-sectional plane (z = 150m) and axial plane (x = 0m) of the
model, respectively, under varying ventilation durations with
100 mm insulation thickness during winter conditions.
As shown in Figure 8, it is evident that as ventilation time

increases, the temperature distribution across the cross-section
of the tunnel enclosure undergoes continuous changes.
Additionally, the radius of the regulated heat circle gradually
expands. This is primarily due to the disturbance of the original
thermal balance of the rock at the periphery of the roadway
during excavation and ventilation. As a result, the temperature

Figure 5. Gridding diagram of foam concrete.
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difference between the airflow and the surrounding rock drives
continuous heat transfer from the rock to the airflow.
Subsequently, the airflow carries away the accumulated heat
from the surrounding rock, resulting in a steady decrease in its
temperature. As ventilation progresses, the cooling reduction
zone extends further into the rock, and the radius of the heat
transfer zone gradually increases. Moreover, due to the lower
thermal conductivity of bituminous coal compared to limestone,
the affected area of the temperature at the sidewall caused by
bituminous coal is smaller than that at the vault of limestone.
From Figure 9, it can be concluded that as the ventilation time
keeps increasing, the wind flow continuously absorbs the heat
released from the surrounding rock and gushing water during
the flow in the tunnel, resulting in a gradual increase in the
temperature of the wind flow, which in turn eventually reaches

the maximum average temperature at the model exit (entrance
of the dug tunnel).
5.2.2. Analysis of Heat Dissipation in the Tunnel Envelope

and Airflow Outlet Temperature. Figures 10 and 11 depict the
pattern of heat dissipation from the adjacent rock to the wind
flow and the outlet temperature of the tunnel wind flow across
varying insulation thicknesses (0−400 mm) during the winter,
correspondingly.
From Figures 10 and 11, it is clear that the trend of heat

dissipation from the surrounding rock to the wind flow and the
average temperature of the wind flow outlet in the roadway,
during different thicknesses of insulation layers in wintertime,
are similar for the all-coal tunneling roadway. Both display a
gradual decrease as the ventilation time increases, with the most
notable reduction in heat dissipation and wind flow outlet

Figure 6. Teat transfer process at different moments. (a) Heat transfer time is 40 min. (b) Heat transfer time is 120 min.

Figure 7. Physical modeling of an all-coal roadway (unit: mm). (a) Physical model of all-coal heading roadway. (b)Cross-section of a physical model of
an all-coal roadway.

Table 8. Table of Roof and Floor of the All-Coal Tunneling
Roadway

roof and floor name rock category thickness

roof immediate roof limestone 5.39 m
false roof no no

floor direct floor sandy mudstone 4.03 m
basic floor limestone 11.6 m

Table 9. Material Parameter Table of the All-Coal Tunneling
Roadway

rock
properties

density,
m3/kg

specific heat capacity,
J/(kg·K)

thermal conductivity,
W/mK

sandy
mudstone

2655 932.14 2.00

limestone 2679 907.06 2.28
anthracite coal 1400 1130 0.24
thermal
insulation

602.7 840 0.194 Figure 8. Temperature distribution at the cross-section of surrounding
rock (z = 150 m).
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temperature occurring between 5 and 20 days of ventilation. The
decrease in ventilation time results in a continuous rise in
temperature in the rock wall of the surrounding tunnel. This in
turn reduces the temperature difference between the wind flow
and the rock wall, leading to a decline in heat transfer and
ultimately causing the tunnel wind flow outlet temperature to

plummet. Compared to unsprayed insulation, the heat
dissipation from the surrounding rock to the wind flow and
the average temperature at the outlet are reduced to less than 80
kW and 26.5 °C, respectively, during initial ventilation.
Additionally, when ventilation is terminated, heat dissipation
and the average temperature at the outlet fall to less than 46 kW
and 25.3 °C, respectively. With a 400 mm thickness of sprayed
insulation, surrounding rock heat dissipation to wind flow and
the average temperature at the tunnel’s outlet can be reduced to
below 33 kW and 25 °C, respectively. The main reason for this is
that increasing the thickness of the thermal insulation layer can
reduce the heat transfer from the tunnel’s surrounding rock to
the airflow when the ventilation time is the same. This reduction
will result in a decrease in the average temperature of the wind
flow outlet in the tunnel, as well as a decrease in the average
temperature of the wind flow within the tunnel. Therefore, the
developed shaft insulation material provides superior insulation
effectiveness.
5.2.3. Analysis of the Rate of Reduction of Heat Dissipation

and Gushing Water Discharge in the Roadway Enclosure.
The insulating properties of the insulating layer are assessed by
measuring the reduction rate of heat dissipation from the
surrounding rock:

Q Q

Q
100%i= ×

(1)

where η is the reduction rate of heat dissipation of surrounding
rock, Q is the heat dissipation of surrounding rock to wind flow
when no insulation layer is applied, andQi is the heat dissipation
of surrounding rock to wind flow when different thickness of
insulation layer is applied.
The rate of heat dissipation reduction in the surrounding rock

is calculated by using numerical methods for different insulation
thicknesses, as shown in Figure 10. Figure 12 illustrates the
changes in the heat dissipation reduction rate of the surrounding
rock during winter for different insulation thicknesses and
ventilation durations.
As presented in Figure 12, it is evident that the reduction rate

of heat dissipation in the surrounding rock of the all-coal
tunneling tunnel decreases with an increase in the ventilation
time for the same thickness of the thermal insulation layer. The
magnitude of this decrease gradually diminishes. Additionally,
the reduction rate of heat dissipation in the surrounding rock

Figure 9. Temperature distribution at the axial section of surrounding rock (x = 0 m).

Figure 10. Heat dissipation of surrounding rock to airflow under
different thicknesses of the thermal insulation layer (winter).

Figure 11. Average temperature of roadway airflow outlet under
different thicknesses of the thermal insulation layer (winter).
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increases as the insulation layer thickness increases for the same
ventilation time. The magnitude of this increase gradually
decreases as well. Among them, when the ventilation period is 60
days, the presence of insulation layers with thicknesses of 300
and 400mm can reduce the heat dissipation of surrounding rock
by 26.7 and 31.8%, respectively, compared with scenarios
without insulation layers. This finding suggests that insulation
layers can effectively mitigate heat transfer from surrounding
rocks to the roadway. In addition, greater thickness of the
insulation layer leads to a greater reduction in heat transfer from
surrounding rocks to the roadway.
Based on the calculation above, it can be observed that the

heat dissipation of the surge water is higher than that of the
surrounding rock. For example, when the insulation layer is 300
mm, the surge water dissipates 126 kW, while the surrounding
rock only dissipates 34.0 kW after a ventilation period of 60 days.
In order to analyze the influence of the surge water dissipation
on the performance of the insulation layer, Figure 13a,b displays
the average temperature of the surrounding rock and the wind
flow heat dissipation at the tunnel outlet under different surge

water dissipation, respectively, for an insulation layer thickness
of 300 mm.
Based on Figure 13a,b, it is evident that the heat dissipation of

the surrounding rock and the average air outlet temperature
exhibit similar variation trends under different water inflows and
heat releases. Both show a decreasing trend as ventilation time
increases, with the most significant reduction in heat dissipation
occurring between 5 and 20 days of ventilation. As the water
inflow heat increases, the heat dissipation of the surrounding
rock and the average temperature of the air outlet gradually
decrease, while the ventilation time remains constant.
Specifically, when the water inflow heat reaches 126 kW and
the ventilation period is 60 days, the minimum heat dissipation
of the surrounding rock can be reduced to 34 kW, and the air
outlet temperature can be lowered to 21.3 °C. The reason for
this is mainly due to the escalating heat release caused by the
influx of water. As a result, more heat is released to the roadway,
leading to a continuous rise in the outlet temperature of the
airflow in the roadway. As a result, the average temperature of
the airflow in the roadway gradually increases, causing thermal
stability and environmental deterioration. However, this reduces
the temperature difference in heat transfer between the roadway
and the surrounding rock, resulting in reduced heat dissipation
from the surrounding rock to the roadway in proportion to the
heat released by the water influx.
Figure 14 shows the rate of reduction in the heat dissipation of

the surrounding rock under four types of water inrush heat
release. Despite the decrease in heat dissipation of the
surrounding rock with an increase in water inrush heat release,
the reduction in heat dissipation rate of the surrounding rock
remains consistent with different ventilation times, as compared
to that without a thermal insulation layer.
5.2.4. Analysis of Thermal Insulation Effect of the Thermal

Insulation Layer in Different Seasons. Figures 15 and 16 show
the dissipation of heat from the surrounding rock, the outlet
temperature of the airflow, and the decrease in the dissipation
rate of heat from the surrounding rock across different insulation
thicknesses during spring, autumn, and summer, respectively.
Compared with the winter working conditions depicted in

Figures 10−12, it is evident that the heat dissipation of the
surrounding rock with varying insulation thickness, the outlet

Figure 12. Reduction rate of surrounding rock heat dissipation under
different thicknesses of the thermal insulation layer (winter).

Figure 13.Heat dissipation (a) of surrounding rock to airflow and average temperature of airflow outlet (b) under different water gushing heats of all-
coal tunneling roadway (winter).
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temperature of the airflow, and the reduction rate of the heat
dissipation of the surrounding rock exhibit similar trends during
spring, autumn, and summer working conditions. Specifically,
they gradually decrease with an increased ventilation time.
When the seasonal working conditions and ventilation time are
the same, the heat dissipation of the surrounding rock and the

outlet temperature of airflow decrease with the increase of
insulation layer thickness. The reduction rate of heat dissipation
of the surrounding rock gradually increases with the increase of
insulation thickness.
In order to gain a clearer understanding and conduct a

thorough study of the impact of seasonal working conditions on
the performance of the thermal insulation layer, an analysis and
comparison of heat dissipation and air outlet temperature of the
surrounding rock with a 300 mm thermal insulation layer was
carried out for 60 days across various seasons. The results were
then compared with those without the thermal insulation layer,
as outlined in Table 10.
Based on the findings in Table 10, it can be inferred that the

heat dissipation of the surrounding rock and the temperature of
the airflow exiting the roadway with a 300 mm thermal
insulation layer are remarkably lower than those without
insulation.
This provides evidence that the thermal insulation material

used in the layer has an effective thermal insulation capacity. Due
to the higher air temperature in the tunnel during summer
compared to winter, spring, and autumn, and the small heat
transfer temperature difference between the tunnel and
surrounding rock, which is only 0.09 °C, the dissipation of
heat from the surrounding rock is reduced. However, after the
installation of a thermal insulation layer, the reduction in the

Figure 14. Reduction rate of surrounding rock heat dissipation under
different water gushing conditions and heat release (winter).

Figure 15.Change of parameters under different insulation thicknesses (spring and autumn). (a) Heat dissipation quantity. (b) Outlet temperature of
roadway airflow. (c) Reduction rate of surrounding rock heat dissipation.
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heat dissipation from the surrounding rock will be lessened.
However, in all seasons, the heat dissipation reduction rate of the
surrounding rock with a thermal insulation layer is almost
equivalent to that without a thermal insulation layer at about
26.7%. This is mainly due to influential parameters, such as air
temperature, wind speed, and water inflow heat release, while
the heat dissipation reduction rate of the surrounding rock is
mainly influenced by the thickness of the thermal insulation
layer and ventilation time. The impact of the working conditions
in all seasons is relatively minimal.

6. CONCLUSIONS

(1) Based on orthogonal experiments and microscopic
morphology structure verification, the optimal ratio for
the comprehensive performance of the new heat

insulation material was determined through synergistic
regulation using mechanical and chemical methods. The
ideal ratio comprises 2500 g cementitiousmaterial, 30% of
which is fly ash, and 0.5% and 0.4% redispersible latex
powder and polypropylene fiber, respectively, doped with
the cementitious material, and a water−cement ratio of
0.6.

(2) Using Image-Pro Plus 6.0 software to perform black and
red binarization on captured photographs, we quantified
the internal structure of foam concrete. The resulting
fitting equation y = 0.266 − 0.00025 × x provided the
thermal conductivity coefficient of the foam concrete and
internal air pores. The equation had a correlation
coefficient (R) of 0.935 and a negative slope, indicating
a strong negative correlation between the two variables.
This is mainly because an increase in the number of

Figure 16. Change of parameters under different insulation thickness (summer). (a) Heat dissipation quantity. (b) Outlet temperature of roadway
airflow. (c) Reduction rate of surrounding rock heat dissipation.

Table 10. Main Performance of the Thermal Insulation Layer in the All-Coal Tunneling Roadway in Different Seasons
(Ventilation Time 60 d)

season

heat dissipation of the
surrounding rock (kW)

temperature of the airflow
exiting the roadway (°C) thermal insulation effect

no thermal
insulation
layer

300 mm
thermal

insulation layer

no thermal
insulation
layer

300 mm
thermal

insulation layer

reduction of surrounding
rock heat dissipation

(kW)

reduction rate of
surrounding rock heat

dissipation (%)
temperature

(°C)
winter 46.48 34.05 25.43 25.05 12.43 26.74 0.38

spring and autumn 33.17 24.31 29.78 29.5 8.86 26.72 0.28
summer 11.12 8.15 36.47 36.38 2.97 26.68 0.09
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stomatal pores with a diameter of 1−2 mm results in air
becoming an excellent insulating medium that can inhibit
heat transfer.

(3) To better visualize and analyze the thermal resistance of
various foam concrete composites, we selected working
condition 4 as our simulation subject and utilized the
COMSOL simulation software to create a 2D model of
the foam concrete. This allows us to intuitively
demonstrate the path of heat transfer within the foam
concrete and study its thermal characteristics.

(4) Based on the results of Fluent simulation experiments, the
heat insulation layer of the new insulation material
effectively minimizes heat dissipation from surrounding
rock to the roadway, consequently reducing the temper-
ature of wind flow in the tunnel. The rate of reduction in
heat dissipation from the surrounding rock also increases
with the heat insulation layer thickness, but the increase is
not proportional.

(5) There are differences in the dissipation and reduction of
heat from surrounding rock in roadway during different
seasons; the main influencing factors are wind flow
temperature, wind speed, heat release of gushing water,
etc.
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