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Abstract To study active heat insulation roadway in high temperature mines, the typical high temperature roadway of

- 965 m in Zhujidong Coal Mine of Anhui, China, is selected as prototype. The ANSYS numerical simulation method is

used for sensitivity analysis of heat insulation layer with different thermal conductivity and thickness, as well as sur-

rounding rock with different thermal conductivity and temperature on a heat-adjusting zone radius, surrounding rock

temperature field and wall temperature. The results show that the heat-adjusting zone radius will entirely be in the right

power index relationship to the ventilation time. Decrease in thermal conductivity and increase in thickness of insulation

layer can effectively reduce the disturbance of airflow on the surrounding rock temperature, hence, beneficial for

decreasing wall temperature. This favourable trend significantly decreases with ventilation time, increase in thermal

conductivity and temperature of surrounding rock, heat-adjusting zone radius, surrounding rock temperature field, and wall

temperature. Sensitivity analysis shows that the thermal physical properties of surrounding rock determine the temperature

distribution of the roadway, hence, temperature of surrounding rock is considered as the most sensitive factor of all

influencing factors. For the spray layer, thermal conductivity is more sensitive, compared to thickness. It is concluded that

increase in the spray layer thickness is not as beneficial as using low thermal conductivity insulation material. Therefore,

roadway preferential consideration should be given to the rocks with low temperature and thermal conductivity. The

application of the insulation layer has positive significance for the thermal environment control in mine roadway, however,

increase in the layer thickness without restriction has a limited effect on the thermal insulation.

Keywords High temperature mine � Active thermal insulation � Temperature field of surrounding rock � Numerical

simulation � Sensitivity analysis

1 Introduction

Deep mining of underground engineering is normalised and

the thermal environment of mine, caused by high ground

temperature, restricts further excavation (Yi et al. 2019;

Xie et al. 2012). During recent years, many mines in China

have gradually entered the deep mining stage. So far, the

main mining depth has reached up to 800 m, with an

excavating downward at the speed of 8–12 m, every year.

Most of the mines have entered the First and Second Grade

Heat Damage Area (In China, according to the original

rock temperature of the mine field, the heat damage can be

divided into two grades, including the First Grade, which is
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between 31 and 37 �C, and the Second Grade, which is

higher than or equal to 37 �C). He and Guo (2013), espe-

cially in the old mining area of east, north, and north-east

of China. Wu et al. (2019) and Xu (2014) explored the

geothermal geological characteristics of the Huainan

Mining Area in Anhui, China. In this area, the geothermal

gradient is between 1.00 and 4.00 �C/hm, the average is

2.80 �C/hm. Moreover, the average geothermal tempera-

ture is 29.96 �C for the burial depth of - 500 m, 41.84 �C
for - 1000 m, and 69.62 �C for - 2000 m. It can be seen

that the geothermal temperature gradually increases with

the increase of burial depth. Focusing on the Pansan Coal

Mine in Huainan, Yuan (2007) enumerated the proportion

of various heat sources in the heat release and concluded

that the heat of surrounding rock accounted for more than

40% of the total heat sources. Therefore, the control of

heat, released from roadway surrounding rock, was con-

sidered as a sensitive matter to be solved and discussed

urgently in the future.

Scholars have successively proposed an active thermal

insulation method that covers the surrounding rock surface

to prevent spreading of the surrounding rock heat into the

roadway. A considerable amount of laboratory work and

research on engineering applications in this field have been

completed, so far. For instance, boiler slag concrete spray

layer was used to insulate heat in high-temperature road-

ways in Russia. The chemical polyurethane materials were

used for roadway heat insulation in South Africa, Russia,

and other countries (Du Plessis et al. 2013a, b). In China,

Yao and Zhang (2002) and Guo et al. (2003) developed

thermal insulation materials, with thermal conductivity of

0.17 W/(m K), using cement, silica lime, perlite, fly ash,

and various supplementing additives. Li (2010b) developed

a new type of insulating material made of ‘‘slurry inject-

ing’’ and ‘‘sprayed concrete’’ for the roadway, using glazed

hollow bead-based material, which was applied to the heat

insulation structure of the high temperature roadway. The

release mode of heat from surrounding rock to the roadway

and the change of heat-adjusting zone were discussed in his

study. Li (2010a) developed a polyurethane heat insulation

and waterproof material which could effectively reduce the

thermal radiation and latent heat exchange between the

airflow and the roadway, when coated on the inner wall of

the roadway. Zhang and Wan (2016) investigated the idea

of combining the thermal insulation material of spraying

and injecting into the roadway to form a thermal insulation

structure between the thermal insulation material and the

loose broken rock of the roadway, in order to prevent the

heat release of the surrounding rock and the flow of hot

water in the fissures. Focusing on the development of

thermal insulation materials and application technology,

Yao (2019) used ceramsite and glazed hollow bead as

lightweight coarse and fine aggregate, respectively. The

optimum proportion of thermal insulation shotcrete was

obtained by the orthogonal test and the engineering appli-

cation was completed in Zhujidong Coal Mine, Anhui,

China.

Currently, the numerical methods have been used to

calculate the temperature field of surrounding rocks. For

instance, Sun (2005) used numerical models to simulate the

temperature and heat dissipation characteristics of the

surrounding rock of roadway. Qin et al. (2017) calculated

the roadway surrounding rock temperature field, using

finite volume calculation method. Furthermore, some

scholars have discussed the influence of thermal physical

parameters of a thermal insulation layer on the thermal

insulation effect and airflow temperature of mine roadway

(Zhou and Song 2018; Zhou et al. 2019; Zhang et al. 2019;

Song et al. 2017; Zhu et al. 2017). Based on these studies,

the thermal insulated layer could slow down the heat dis-

sipation of the surrounding rock to the air flow, with the

internal temperature gradient change in the surrounding

rock. However, the existing research fail to clarify the

influence of thermal parameters of thermal insulation layer

on the thermal insulation effect of roadway, in strata with

different thermal parameters. Indeed, in these studies, the

temperature field distribution spatiotemporal evolution law

of surrounding rock in the active thermal insulated road-

way has not been discussed. Hence, the mechanism behind

the insulation has not been fully understood, causing failure

in providing effective guideline field application.

Combining thermal insulation and support, this study

aims to investigate the active thermal insulation roadway.

Indeed, the shotcrete layer has certain heat insulation

ability, while, satisfying the support strength. The software

ANSYS is used to analyse the influence of the thermal

insulation layer and surrounding rock with different ther-

mal physical parameters on the roadway temperature field

and the sensitivity analysis of the influence factor.

2 Numerical model of active insulation roadway

2.1 Mathematical model of temperature field

of roadway surrounding rock

According to the energy conservation law and Fourier’s

law, a cylindrical coordinate system is used to express the

heat conduction control equation of a roadway surrounding

rock with thermal insulation (Zhang et al. 2007), as

follows:

qici
oTi
ot

¼ k
1

r

oTi
or

þ o2Ti
or2

� �
i ¼ 1; 2; 3ð Þ ð1Þ
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The boundary conditions:

k1
oT1
or

¼ h tb � tf
� �

ðr ¼ r0Þ ð2Þ

T1 t; rð Þ ¼ T2 t; rð Þ
k1

oT1
or

¼ k2
oT2
or

(
ðr ¼ aÞ ð3Þ

T3 t; rð Þ ¼ T2 t; rð Þ
k3

oT3
or

¼ k2
oT2
or

(
ðr ¼ bÞ ð4Þ

The initial conditions:

T3 t;1ð Þ ¼ T0
Ti 0; rð Þ ¼ T0

�
ð5Þ

where Ti is the temperature of the No. i layer medium, �C.
A total of three layers are existed, including thermal

insulation layer, surrounding rock layer 1, and surrounding

rock layer 2. qi,ci, and ki are density, specific heat, and

thermal conductivity, respectively in kg/m3, J/(kg �C) and
W/(m K). t is the ventilation time, s. r is the distance from

the centre of the roadway, m. r0 is the distance from the

roadway wall to the roadway centre, m. h is the heat

transfer coefficient of the wall and wind, W/(m2 �C). tb is
the wall temperature, �C. tf is the wind temperature, �C. a is
the distance from the boundary between the thermal insu-

lation layer and the surrounding rock layer 1 to the road-

way centre, m. b is the distance from the interface between

the surrounding rock 1 and the surrounding rock 2 to the

roadway centre, m. Finally, T0 is the rock temperature, �C.
Based on Eqs. (1)–(5), the temperature field distribution

of the roadway surrounding rock depends on the thermal

parameters of thermal insulation layer and surrounding

rock, including the thickness and the thermal conductivity

of the thermal insulation layer, as well as the temperature

and the thermal conductivity of surrounding rock. Subse-

quently, the ANSYS numerical simulation of the above

parameters is carried out in the next sections.

2.2 Numerical model and assumptions

In this study, the - 965 m return air roadway of Zhujidong

Coal Mine of Anhui, in China, is selected as the typical

high temperature prototype. After the roadway surrounding

rock excavation, the active thermal insulation model is

constructed in the roadway full-face spraying thermal

insulation spray layer. It is assumed that the original rock

integrity has remained good after excavation. Moreover,

the structure of the pray layer and the original rock layer

are stable and the coupling effect is good. Figure 1 repre-

sents the active thermal insulation roadway, with a thermal

insulation layer, formed after ventilation. It has a

dimension of height 9 width = 4110 mm 9 5400 mm,

with a cross-section area of about 19.06 m2.

The ANSYS software and the transient algorithm are

used to carry out the heat transfer analysis, with the sim-

plifications and assumptions, as follows:

(1) According to the test, the heat-adjusting zone

thickness in the surrounding rock tends to be

stable after 3 years of ventilation with a radius of

15–40 m (Gao and Yang 2005). Therefore, the

length and width of the modelling range are both

100 m and the roadway is located at the centre of the

model.

(2) The far-field boundary condition of surrounding rock

are the upper and lower boundaries of the model,

which are set as constant temperature boundaries and

the inner boundary spray layer as convective heat

transfer boundary. According to Yao et al. (2018),

initially after the excavation, the wall temperature of

the newly excavated roadway was relatively high.

However, after long-term ventilation, the wall tem-

perature has been maintained in the range of

24–28 �C. Therefore, the average airflow tempera-

ture of the roadway is assumed to be 26 �C.
(3) Assuming that the material isotropy, homogeneity,

and thermal physical parameters of each layer are

constant, a good thermal contact is existed between

each layer. Furthermore, the air temperature and the

heat conduction coefficient of the airflow in the

roadway wall are both constant.

2.3 Parameter selection

Following the specifications in the current literature and the

laboratory test results from previous studies, as well as

construction design specification, field testing in Anhui

Mining Area, the parameters of each group of the driving

factors and the basic conditions are selected, as follows:

Heat-adjusting zone

Thermal insulation spray layer

Temperature field of  original rock

Temperature field after ventilation

Fig. 1 Schematic diagram of active insulated roadway
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(1) Thermal conductivity of spray layer: Based on data

in Yao and Zhang (2002), Guo et al. (2003), Li

(2010a, b) and Yao and Pang (2017a, b), the thermal

conductivity of spray layer is considered between

0.10 and 1.80 W/(m K), the interval as 0.20 W/

(m K), and the basic parameter as 0.80 W/(m K).

(2) Thickness of spray layer: Based on field construction

design specification (Cheng et al. 2019), the opti-

mum thickness of spray layer ranges from 80 to

240 mm, with intervals of 20 mm, and a basic

parameter of 120 mm.

(3) Thermal conductivity of surrounding rock: following

Wu et al. (2019) and Xu et al. (2014), the thermal

conductivity of surrounding rock in the study area is

considered between 0.37 and 4.36 W/(m K), with an

average value of 2.54 W/(m K), after removal of

coal, sand, and other special rock masses. The

thermal conductivity of surrounding rock is consid-

ered between 0.50 and 4.50 W/(m K), with an

interval of 0.50 W/(m K) and the basic parameter

of 2.50 W/(m K), when the rock is homogeneous.

(4) Temperature of surrounding rock: According to the

Safety Regulations in Coal Mine in China, the

original rock temperature exceeding 31 �C is termed

as the First Grade Heat Damage Area and the

exceeding 37 �C is termed as the Second Grade Heat

Damage Area. Based on our field observations, the

rock temperature in the newly excavated roadway

and the transient temperature of the original rock at

- 965 m fluctuates between 37 and 40 �C. Hence,
the rock temperature is considered in a range of

31–40 �C, with 1.0 �C interval, and the basic

parameter of 37 �C.

The determination of each working condition is pre-

sented in Table 1. The thermal physical parameters of

thermal insulation spray layer and surrounding rock are

demonstrated in Table 2.

2.4 Numerical model calibration and validation

In this study, the software ANSYS is used to calculate the

temperature field of roadway surrounding rock, under the

basic conditions. To verify the reference of the calculation

results, the calculation results are compared and verified

with the actual field measurement data, obtained during the

field observations (Fig. 2). As can be seen from Fig. 2, the

numerical simulation has high accuracy, hence, they can be

used to calculate the temperature field of the roadway

surrounding rock, with thermal insulation layer.

3 Temperature field distribution of roadway
surrounding rock

The stabilities of grid sizes and times steps are tested,

before simulation calculation. Taking the basic working

condition as an example, the thermal conductivity of spray

layer is 0.80 W/(m K), the thickness of spray layer is

120 mm, the thermal conductivity of surrounding rock is

2.50 W/(m K), and the temperature of surrounding rock is

37 �C. In calculation analysis, the model is assumed in the

original rock temperature conductions, then is restricted to

the boundary lines around the model and the adiabatic

conduction is considered. The convective heat transfer

boundary is taken from the inner spray layer. Moreover, the

corresponding convective heat transfer coefficient and

temperature values are set to analyse the temperature field

distribution of the roadway, under different ventilation

times.

3.1 Distribution of the surrounding rock heat-

adjusting zone

The temperature fields of the roadway after 1 day, 30 days,

90 days, 365 days, 1095 days, and 3650 days are obtained,

as presented in Fig. 3. With the prolongation of ventilation

time, the surrounding rock temperature around the roadway

gradually decreases, thus, forming the heat-adjusting zone,

Table 1 The basic parameter and range variation of working condition

Working

condition

Thermal conductivity of spray

layer (W/(m K))

Thickness of spray layer

(mm)

Thermal conductivity of

surrounding rock (W/(m K))

Temperature of

surrounding rock (�C)

1 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,

1.4, 1.6, 1.8

120 2.5 37

2 0.8 80, 100, 120, 140, 160, 180,

200, 220, 240

2.5 37

3 0.8 120 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,

4.0, 4.5

37

4 0.8 120 2.5 31, 32, 33, 34, 35, 36, 37,

38, 39, 40
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gradually. The wall temperature of the roadway lining after

30 days, 1 year, and 3 years of ventilation are 26.470,

26.218, and 26.218 �C, respectively. Eventually, after

10 years of long-term ventilation, the wall temperature is

maintained at a value of 26.138 �C (Fig. 3).

An area, in which the temperature reduction value of

surrounding rock exceeds 1% of the original rock tem-

perature, is defined as the heat-adjusting zone. Subse-

quently, the distance between the interface of the heat-

adjusting zone, original rock, and the centre of the roadway

is defined as the radius of the surrounding rock heat-ad-

justing zone (Qin et al. 2017). As seen in Fig. 3, the sur-

rounding rock is continuously cooled and the heat-

adjusting zone expands with the airflow. Figure 4 shows

the formation law of the heat-adjusting zone, in 10 years

under the basic working condition. The heat-adjusting zone

radius in 30 days, 180 days, 365 days, 3 years, and

10 years after ventilation are 6.163, 13.049, 17.048,

26.708, and 41.973 m, respectively. According to the fit-

ting data, the heat-adjusting zone radius is in the right

power index relationship to the ventilation time.

R ¼ 0:864
ffiffi
t

p
þ r0 R2 ¼ 0:994 ð6Þ

where, R is the radius of the heat-adjusting zone, m; t is

ventilation time of roadway, d; r0 is the distance from the

centre of the roadway to surrounding rock, which is 2.82 m

in this case.

3.2 Distribution of surrounding rock temperature

field

Generally, the temperature field of the surrounding rock of

roadway tends to be stable after 3 years. According to the

above calculation, the heat-adjusting zone radius is about

30 m. Taking 3 years as the research period, the 1.41 m

high lining wall point on the left side of the roadway is

selected and a ray is drawn from the point to the boundary

of the roadway surrounding rock, in the model. Figure 5

demonstrates the temperature changes of the lining wall,

the interface of the spray layer and rock layer, and the

measuring points range of 1–30 m in the surrounding rock

layer, during the research period.

As presented in Fig. 5, spatially the roadway lining wall

temperature is the lowest because of the influence of ven-

tilation. The temperature of other rock layers increases

with the radial depth and gradually tend to be consistent

with the original rock temperature, in other words, it

gradually reaches the edge of the heat-adjusting zone.

With respect to time, the temperatures of each measur-

ing point decrease gradually with time. The temperature of

the roadway lining wall decreases sharply and tends to be

flat, after 30 days. After 90 days, the temperature still

decreases slowly and tends to be stable.

4 Analysis of influencing factors of surrounding
rock temperature field

4.1 Influence of spray layer thermal conductivity

4.1.1 Influence of spray layer thermal conductivity

on heat-adjusting zone radius

Taking 3 years ventilation time of roadway as the research

period, the change of heat-adjusting zone under different

spray layer thermal conductivity is calculated, as shown in

Fig. 6, for working conduction 1 in Table 1. It can be seen

from Fig. 6 that the heat-adjusting zone radius decreases,

as the spray layer thermal conductivity decreases. After

30 days of ventilation and cooling, the heat-adjusting zone

of spray layer with 0.1 W/(m K) thermal conductivity is

less by 19.44%, compared to the spray layer with thermal

conductivity of 1.8 W/(m K). After 1095 days, the

Table 2 Thermal physical parameter of materials

Materials Density (kg/m3) Specific heat capacity (J/(kg �C)) Heat transfer coefficient (W/(m2 �C))

Surrounding rock 2500 896 20

Concrete spray layer 1705 970 20

Fig. 2 Comparison of calculation results and measured results
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decrement rate is 13.33%. This suggests that the enhanced

thermal insulation ability of the spray layer can effectively

reduce the airflow disturbance to the temperature field of

the deep surrounding rock.

4.1.2 Influence of spray layer thermal conductivity

on surrounding rock temperature field

The disturbance of ventilation cooling on the surrounding

rock temperature field gradually weakens, with the pro-

longation of ventilation time and the increase in radial

depth. Hence, considering ventilation for 30 days and

Fig. 3 Temperature field of roadway surrounding rock under basic working condition

52 W. Yao et al.
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1095 days as examples for the initial and long-term exca-

vation of roadway, the variation of surrounding rock tem-

perature field under different spray layer thermal

conductivity is demonstrated in Fig. 7.

Based on the results, the temperature of the rock layers

gradually increases with an increase in rock layer radial

depth, during the research time. The temperature of each

point increases with a decrease in spray layer thermal

conductivity, at different rates. The smaller the radial depth

is, the higher the increase rate is, which is due to greater

degree of cooling through ventilation. The greater the

radial depth along the roadway is, the weaker the degree of

improvement is, because the original rock temperature is

cooled through ventilation and it increases with time, thus,

causing the heat-adjusting zone to increase.

The reason for the above phenomena is that when the

thermal insulation ability of the spray layer is stronger, the

cooling effect of the roadway airflow on the rock layer

temperature field is blocked, thus, the influence on the

original temperature of the rock layer is gradually weak-

ened. This results to an increase in temperature, at all spray

layer points and temperature gradient of the spray layer.

The temperature difference between the shotcrete and rock

layer is very large, hence, it indicates that shotcrete plays a

significant role in reducing heat dissipation of the sur-

rounding rock, through airflow.

However, the heat dissipation of surrounding rock

through airflow is inevitable. The main purpose of the

thermal insulation spray layer is to slow down the heat

transfer in the surrounding rock, in order to achieve the

purpose of reducing airflow temperature. Therefore, the

temperature distribution of the surrounding rock is the

same, under each thermal conductivity, but with a different

increasing rate at each point. The thermal insulation

capacity of the spray layer increases and the disturbance of

temperature field of roadway surrounding rock decreases,

as the thermal conductivity increases. In contrast, when the

thermal conductivity decreases, the thermal insulation

capacity tends to be saturated. After 30 days and

1095 days, the temperature of the interface between the

spray layer and the original rock with thermal conductivity

of 0.1 W/(m K) is 21.44% and 13.60% higher than that of

1.8 W/(m K), respectively.

4.1.3 Influence of spray layer thermal conductivity

on roadway wall temperature

Since, the wall temperature of the roadway lining has an

important reference for mine thermal environment, the

influence of spray layer thermal conductivity on wall

temperature with time is evaluated in this study and the

results are presented in Fig. 8.

Based on Fig. 8a, in the initial stage of ventilation, the

wall temperature of the roadway decreases sharply with

ventilation time and then gradually stabilizes. As presented

in Fig. 8b, at each typical point, the lower the spray layer

thermal conductivity is, the lower the wall temperature is.

It also indicates that heat insulation capability is stronger in

the first 30 days of excavation, compared to the later days.

In 30 days, the wall temperature for the spray layer with

thermal conductivity of 0.1 W/(m K) is 1.27% lower, in

0 400 800 1200 1600 2000 2400 2800 3200 3600
0
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suidar
enoz

gnitsujda-tae
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Fig. 4 Change and fitting of heat-adjusting zone radius of basic

working condition

Fig. 5 Temperature distribution of roadway surrounding rock of

basic working condition
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Fig. 6 Influence of spray layer thermal conductivity on heat-adjust-

ing zone radius
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comparison with the spray layer with thermal conductivity

of 1.8 W/(m K). This indicates that improving the thermal

insulation capacity of the material increases the thermal

insulation effect of the spray layer. However, the cooling

effect is not obvious in the later stage of the ventilation. As

the ventilation time is prolonged, the heat-adjusting zone of

the surrounding rock is gradually formed, followed by

stabilisation, resulting the same temperature of airflow, in

the roadway. After 1095 days of ventilation, the wall

temperature of spray layer with thermal conductivity of

0.1 W/(m K) is about 0.29% lower than that of 1.8 W/

(m K). This indicates after a certain ventilation time, the

effect of spray layer thermal conductivity is gradually

weakened on wall temperature.

The above analysis shows that the small spray layer

thermal conductivity can effectively reduce the disturbance

of airflow to the surrounding rock temperature field and

reduce the heat dissipation of the surrounding rock to air-

flow, which is beneficial for the reduction of the roadway

wall temperature. When the thermal conductivity of spray

layer decreases, the favourable range increases and when

the ventilation time is prolonged, the favourable trend

decreases.

4.2 Influence of spray layer thickness

4.2.1 Influence of spray layer thickness on heat-adjusting

zone radius

Figure 9 represents the change of heat-adjusting zone

under the different spray layer thickness results, based on

the working condition 2, presented in Table 1. As

Fig. 7 Influence of spray layer thermal conductivity of surrounding rock temperature field

(a) (b)

Fig. 8 Influence of spray layer thermal conductivity on wall temperature
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Fig. 9 Influence of spray layer thickness on heat-adjusting zone

radius
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presented in the figure, the influence of spray layer thick-

ness on the heat-adjusting zone is not as significant as that

of the spray layer thermal conductivity. From the data

analysis, it can be concluded that the heat-adjusting zone

radius decreases with the increase of spray layer thickness

and decreases with the ventilation time. After 30 days, the

heat-adjusting zone radius of the spray layer with thickness

of 240 mm is 4.54% less than that of the 80 mm. After

1095 days, the heat-adjusting zone radius decreases by

1.61%.

This suggests that increase in the spray layer thickness

can prevent the disturbance of roadway airflow to the

temperature field of the deep surrounding rock, however, it

is not as significant as reducing the spray layer thermal

conductivity. This can be explained by the thermal con-

ductivity of the concrete spray layer, which is 0.8 W/(m K)

in this working condition, which is improved from the

ordinary concrete of thermal conductivity of 1.2–1.8 W/

(m K), although, there is still a difference between the

general thermal insulation material and the foam concrete

with thermal conductivity below 0.05 W/(m K). It is also

closely related to decrease of the spray layer thermal

conductivity, which can effectively reduce the disturbance

to the surrounding rock temperature field.

4.2.2 Influence of spray layer thickness on surrounding

rock temperature field

Considering 2 examples of 30 days after excavation and

1095 days of long-term ventilation, the temperature vari-

ation of surrounding rock under the different spray layer

thickness is demonstrated in Fig. 10, based on the working

condition 2, in Table 1. The rock layer temperature

increases as the rock layer radial depth increases and

approaches the original rock temperature, hence the

smaller the radial depth of surrounding rock, the greater the

increment in temperature (Fig. 10). Indeed, as the spray

layer thickness increases, the temperature of each point in

the surrounding rock also increases. After 30 days, the

temperature between the interface of the spray layer with

thickness of 240 mm and the rock layer increases by

6.79%, compared to the spray layer with thickness of

80 mm and increases 3.15% after 1095 days. This is due to

the fact that when spray layer thickness increases, it hin-

ders the heat transfer from the air to the surrounding rock,

thus, weakening the disturbance of the surrounding rock

temperature field.

4.2.3 Influence of spray layer thickness on roadway wall

temperature

Figure 11 represents the influence of spray layer thickness

on roadway wall temperature. As presented in Fig. 11a, the

temperature roadway lining wall decreases rapidly in the

initial stage of ventilation and then tends to be stable,

which is similar to the effect of the spray layer thermal

conductivity on the roadway wall temperature. Based on

Fig. 11b, in each period as the spray layer thickness

increases, the temperature of the roadway wall decreases

with a limited decrement value. In 30 days, the influence of

the spray layer thickness of 240 mm on the wall temper-

ature is weaker than that of the 80 mm, because of the

following reasons. Firstly, when the spray layer thickness

exceeds 160 mm, the change of wall temperature tends to

stabilised at each time, indicating that increases in the

spray layer thickness without restriction cannot signifi-

cantly improve the thermal insulation. Secondly, as the

ventilation time is prolonged, the roadway wall is gradually

cooled by the airflow, hence, the influence of the spray

layer on the roadway wall temperature is almost negligible.

Fig. 10 Influence of spray layer thickness on surrounding rock temperature field
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The above analysis suggests that at the initial stage of

ventilation, any increase in the spray layer thickness can

reduce the heat dissipation of surrounding rock to airflow

and the disturbance of surrounding rock temperature field.

However, increasing in the spray layer thickness cannot

significantly improve the thermal insulation, because it

causes the temperature gradient in the spray layer to

increase, hence, it increases the thermal insulation capac-

ity, due to saturation impact.

4.3 Influence of surrounding rock thermal

conductivity

4.3.1 Influence of surrounding rock thermal conductivity

on heat-adjusting zone radius

Based on the working condition 3, presented in Table 1,

the changes of the heat-adjusting zone under different

surrounding rock thermal conductivity is demonstrated in

Fig. 12. As the surrounding rock thermal conductivity

increases, the heat-adjusting zone expands, remarkably.

After 30 days, the heat-adjusting zone radius of the sur-

rounding rock with thermal conductivity of 4.5 W/(m K) is

57.62% larger than that of the 0.5 W/(m K) and after

1095 days, the enlargement is 129.48%. This shows that

the influence of the heat conduction property of the sur-

rounding rock is a very important factor.

4.3.2 Influence of surrounding rock thermal conductivity

on surrounding rock temperature field

The temperature changes of surrounding rock under dif-

ferent thermal conductivity is shown in Fig. 13, based on

the working condition 3 of Table 1.

After 30 days, at the interface of the spray layer and

surrounding rock, as the surrounding rock thermal con-

ductivity increases, the temperature also increases. How-

ever, the temperature of large surrounding rock thermal

conductivity decreases, with the increase of the surround-

ing rock radial depth. The temperature of the surrounding

rock with the thermal conductivity of 4.5 W/(m K) is

8.52% higher than that of the 0.5 W/(m K), meanwhile, the

temperature decreases by 7.26% at the radial depth of 2 m.

After 1095 days, at the interface of spray layer and

surrounding rock, the temperature of the surrounding rock

with the thermal conductivity of 4.5 W/(m K) is 4.44%

higher than that of the 0.5 W/(m K). At the radial depth of

8 m, the temperature decreases by 7.05%, then as the radial

depth increases, it becomes consistent with the original

rock temperature.

Indeed, the temperature inside the original rock transfers

to the roadway airflow, which results in the zoning of

surrounding rock near the roadway. The rock temperature

decreases, in varying degrees, with the increase of the

surrounding rock thermal conductivity. The decreasing

extent is related to the location of the rock and the variation

interval of the thermal conductivity. This is consistent with

Fig. 11 Influence of spray layer thickness on wall temperature
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Fig. 12 Influence of surrounding rock thermal conductivity on heat-

adjusting zone radius
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the research conclusions of the tunnel temperature field, in

a cold region (Li et al. 2017; Zhao et al. 2019).

4.3.3 Influence of surrounding rock thermal conductivity

on roadway wall temperature

The change of wall temperature under different surrounding

rock thermal conductivity is concluded in Fig. 14. Based on

Fig. 14a, at each point in time, the wall temperature

decreases, as the surrounding rock thermal conductivity

decreases. As shown in Fig. 14b, the reduction rate is dif-

ferent, at different times. As the ventilation time is pro-

longed, the rate of decline increases rapidly, followed by a

decrease. Compared to the thermal conductivity of 4.5 W/

(m K), the wall temperature of surrounding rock with ther-

mal conductivity of 0.5 W/(m K) decreases by 2.15%,

1.72%, 1.51%, 1.33%, and 1.12%, after 30, 90, 180, 365,

and 1095 days, respectively. This is because the heat

preservation and the insulation abilities of surrounding rock

are good, hence, hindering the heat transmission from the

original rock to inside the roadway. Therefore, the smaller

the thermal conductivity of the surrounding rock is, the more

favourable it is for cooling the roadway and controlling the

thermal hazards, in the initial stage of ventilation.

Based on the above analysis, for the thermal environ-

ment control of the mine with an objective of reducing the

wall temperature and initial cooling of the roadway, low-

ering the surrounding rock thermal conductivity is

favourable, as it reduces the airflow temperature in the

roadway. If the objective is to reduce the temperature of the

surrounding rock and enlarge the heat-adjusting zone,

increasing the surrounding rock thermal conductivity is

(a) (b)

Fig. 13 Influence of surrounding rock thermal conductivity on temperature field

(a) (b)

Fig. 14 Influence of surrounding rock thermal conductivity on wall temperature

Fig. 15 Influence of surrounding rock temperature on heat-adjusting

zone radius
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more favourable, because it enlarges the heat-adjusting

zone.

4.4 Influence of surrounding rock temperature

4.4.1 Influence of surrounding rock temperature on heat-

adjusting zone radius

Based on the working condition 4, presented in Table 1,

the change of the heat-adjusting zone under different sur-

rounding rock temperatures is presented in Fig. 15. As seen

in the figure, the heat-adjusting zone radius enlarges with

the increase of the surrounding rock temperature. This

influence is similar to that of the surrounding rock thermal

conductivity on the heat-adjusting zone radius. The rock

temperature at 40 �C increases by 12.95%, compared to

that of 31 �C after 30 days, also further increases by

22.09%, after 1095 days.

4.4.2 Influence of surrounding rock temperature

on surrounding rock temperature field

The temperature changes of the surrounding rock at dif-

ferent temperatures is demonstrated in Fig. 16, based on

the working condition 4, presented in Table 1. The law of

temperature development is the same at all points, in the

surrounding rock. The temperature of each location at the

surrounding rock increases, as the rock temperature

increases, however, at different rates. Indeed, the greater

the radial depth along the surrounding rock is, the lower the

increase rate is. The increment continues until the sur-

rounding rock temperature is the same as the original rock

temperature. This is because the higher the rock tempera-

ture is, the weaker the cooling effect of the roadway,

through ventilation and the weak cooling effect is enhanced

as the surrounding rock radial depth increases.

4.4.3 Influence of surrounding rock temperature

on roadway wall temperature

The influence of the surrounding rock temperature on the

wall temperature with time is shown in Fig. 17. Based on

Fig. 17a, the wall temperature increases linearly, with the

increase of rock temperature at each time. This influence is

similar to the effect of the surrounding rock thermal con-

ductivity on the roadway wall temperature. From Fig. 17b,

in comparison with 31 �C, the rock temperature of 40 �C,
for 30, 90, 180, 365, and 1095 days is 1.87%, 1.35%,

1.13%, 0.95%, and 0.75% higher, respectively, and this

influence is gradually weakened. This suggests that the

rock temperature has a significant impact on the tempera-

ture of the internal surrounding rock and the lining wall.

The lower the surrounding rock temperature is, the more

conducive it becomes to the treat thermal hazards.

Based on different working conditions, we attempted to

analyse the single-factor influences of the thermal con-

ductivity, thickness of spray layer, thermal conductivity,

and the temperature of surrounding rock on the heat-ad-

justing zone radius, the rock temperature, and the wall

temperature. However, it was difficult to distinguish the

significant and sensitivity influence of each factor on the

temperature field, hence, a sensitivity analysis was carried

out for this purpose.

5 Sensitivity analysis of surrounding rock
temperature field

5.1 Method of sensitivity analysis

Sensitivity analysis is a method used to analyse the system

stability. The model is assumed y = f (x1, x2,…, xk,…),

where, xk is the No. k influence factor of the model and

each factor is a change in the range of possible values. The

Fig. 16 Influence of surrounding rock temperature on temperature field
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influence of factors change on the model output is already

studied (Li et al. 2017; Fu et al. 2017).

Firstly, the system model should be established and then

the benchmark parameter set should be given. When ana-

lysing the influence of parameter xk on characteristic y, the

signal-factor analysis method can be used. That is, the

other parameters are fixed to the benchmark parameter, and

the xk is changed within its possible range, the system

characteristic y is shown, as follows:

y ¼ f ðxk1; xk2; . . .; xknÞ ð7Þ

If a small change in xk causes a large change in y, then y

is more sensitive to xk. Alternatively, if a large change in xk
causes a small change in y, then y is less sensitive to xk. To

facilitate the comparative analysis of different dimensional

parameters, the dimensionless form sensitivity factor is

defined, as follows:

sk ¼
x�k
y�

� Dy
Dxk

����
���� ð8Þ

where sk is the sensitivity of parameter xk, x�k is the

benchmark parameter of parameter xk, y
* is the system

characteristic value, corresponding to the benchmark

parameter set, and Dy/Dx is the change rate of character-

istic y to parameter xk in the range of parameter xk.

When multiple systems need to be analysed at the same

time, sensitivity factors are normalised for comprehensive

analysis. If the sum of the sensitivity factors of all the

influencing parameter for the same system is 1, then the

sensitivity factors of the normalised parameters are, as

follows:

s0k ¼
skPn
i¼1 si

ð9Þ

Therefore, the thermal conductivity of spray layer,

thickness of spray layer, as well as the thermal conductivity

of surrounding rock and temperature of the surrounding

rock are taken as the influencing parameters x1, x2, x3, x4,

respectively. Meanwhile, the heat-adjusting zone radius,

rock layer temperature, and wall temperature are taken as

the characteristics y. The sensitivity of each parameter to

the characteristic is calculated under each working condi-

tion, presented in Table 1.

5.2 Sensitivity analysis of different factors

to the heat-adjusting zone radius

The normalised sensitivity of each factor to the heat-ad-

justing zone radius is obtained according to Eq. (9).

Finally, the sensitivity of each factor to the heat-adjusting

zone radius is further visually expressed as shown in

Fig. 18.

Based on Fig. 18, the sensitivity of the thermal physical

properties of the surrounding rock to the heat-adjusting

zone radius always take up a large proportion, while the

sensitivity of structural factors of the spray layer is small.

For the surrounding rock, the temperature sensitivity is

higher, while, for the spray layer, the thermal conductivity

is higher. The thermal conductivity sensitivity of the spray

layer is at a high level within 90 days of ventilation,

especially in the first 10 days, followed by a gradual

decrease with time. Therefore, the thermal physical prop-

erties of the surrounding rock determine the range of the

heat-adjusting zone.

5.3 Sensitivity analysis of different factors

to the surrounding rock temperature

The sensitivity analysis of the surrounding rock tempera-

ture field, affected by different factors in the early venti-

lation (30 days) and the long-term ventilation (1095 days),

is presented in Fig. 19. As the radial depth increases, the

thermal physical properties of the surrounding rock grad-

ually dominate, hence, the influence of the surrounding

rock temperature is much more significant, in comparison

with the thermal conductivity. However, the thermal con-

ductivity and thickness of the spray layer still affect the

Fig. 17 Influence of surrounding rock temperature on wall temperature
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surrounding rock temperature field in the radial depth of

3 m and the thermal conductivity is more significant than

thickness. The latter suggests the limited capacity of

increasing in the thickness of the thermal insulation spray

layer to improve the thermal insulation capacity of the

roadway. Therefore, it is better to use low thermal con-

ductivity thermal insulation material.

5.4 Sensitivity analysis of different factors

to the roadway wall temperature

The sensitivity analysis of the roadway wall temperature,

affected by different factors, is demonstrated in Fig. 20.

Based on the figure, the surrounding rock temperature is

considered as the most influential factor and its sensitivity

accounts for the largest proportion, at each time. The

surrounding rock thermal conductivity is the second

important influential factor and its sensitivity gradually

increases with time. The sensitivity of the thickness of the

spray layer is the smallest and it decreases gradually with

time. The spray layer thermal conductivity is more sensi-

tive in the initial stage of ventilation, followed by a grad-

ually decrease in its sensitivity. This suggests that the

changes of the thermal conductivity and the thickness of

the spray layer can reduce the wall temperature and the

disturbance of surrounding rock temperature field to the

airflow, at the initial stage. However, with a prolongation

of ventilation time, the heat-adjusting zone gradually sta-

bilises, resulting in a gradual weakening of the influence.

In the entire test, the thermal conductivity sensitivity of

the spray layer is larger than that of its thickness, which

indicates the remarkable decreasing effect of the spray
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layer thermal conductivity on the wall temperature, com-

pared to the increasing effect of the spray layer thickness,

under this working condition.

In conclusion, the thermal physical properties of the

surrounding rock determine the temperature distribution of

surrounding rock. The method of using the spray layer with

low thermal conductivity and increased thickness can

prevent the heat dissipation of the surrounding rock and

reduce the influence of the airflow to the surrounding rock,

however, it gradually weakens with the time. Therefore,

when arranging roadways, the low temperature and thermal

conductivity of the surrounding rock should be prioritised.

The use of low thermal conductivity thermal insulation

spray layer has a positive significant impact on controlling

the thermal environments of the mine roadway, although,

the unlimited increase of the spray layer thickness has a

limited effect on the improvement of the thermal

insulation.

6 Conclusions

In this study, the temperature field of the active thermal

insulation roadway is analysed in detail, using the numer-

ical test method. The influence of the thermal conductivity

of the spray layer, the thickness of the spray layer, the

thermal conductivity of the surrounding rock, and the

temperature of the surrounding rock on the temperature

field are discussed. The main findings of our study are, as

follows:

(1) The heat-adjusting zone radius increases exponen-

tially with ventilation time. With the increase of the

radial depth, the surrounding rock temperature

increases gradually and tends to be consistent with

the original rock temperature. The wall temperature

decreases sharply in the initial stage of ventilation,

then tends to be flat after 30 days, followed by a

gradual decrease, and finally stabilises after 90 days.

(2) With the decrease in the thermal conductivity and an

increase in the spray layer thickness, the thermal

insulation layer can be constructed, which can

effectively reduce the disturbance of airflow to the

surrounding rock temperature and is beneficial to

decrease the wall temperature. With the decrease of

the thermal conductivity and the increase of the

spray layer thickness, the advantageous range

increases, while, the ventilation time advantageous

trend decreases. The temperature gradient in the

spray layer increases with the increase of spray layer

thickness, resulting in the increase of the thermal

insulation capacity, due to saturation. The thermal

conductivity and temperature of the surrounding

rock have significant effects on the heat-adjusting

zone radius, rock temperature, and wall temperature.

As the thermal conductivity and rock temperature

increase, the heat-adjusting zone radius, rock tem-

perature, and wall temperature increase,

significantly.

(3) The thermal physical properties of the surrounding

rock determine the temperature distribution of the

roadway. Rock temperature is the most sensitive

factor and the thermal conductivity of the spray layer

structure is more sensitive than that of the thickness.

It is concluded that increase in the thickness of the

spray layer is not as beneficial as using low thermal

conductivity insulation material. Therefore, when

arranging roadways, the low temperature and the

thermal conductivity of the surrounding rock should

be prioritised. The use of low thermal conductivity

thermal insulation spray layer has positive signifi-

cant impact on controlling the thermal environment

of the mine roadways, however, the unlimited

increase of the spray layer thickness has a limited

effect on the improvement of thermal insulation.
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