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In this study, a ﬁeld temperature test was performed to reveal the insulation eﬀect of the thermal insulation layer installed at lining
surface. The thermal insulation layer is made of polyphenolic, and the thickness is 7 cm. According to the test results, the
temperature of the thermal insulation layer and lining continuously changes with the air temperature in the tunnel in an
approximately trigonometric function. The temperature of tunnel lining without thermal insulation layer is close to the air
temperature, which results in the lining frost in winter. The maximum temperature diﬀerence between the two sides of the thermal
insulation layer can be 27°C. In the section whose buried depth is more than 11.4 m, the temperature of lining with thermal
insulation layer in winter is mainly inﬂuenced by the cold air in the tunnel. When the monthly mean and lowest daily mean air
temperature are lower than − 10°C and − 14.3°C in the coldest month, the temperature at the inner side of the thermal insulation
layer is below 0°C. When the buried depth is less than 11.4 m, the temperature of lining is also inﬂuenced by the low temperature at
ground surface. The temperature of lining is lower. The thicker thermal insulation layer and even active heat measure are needed.
Therefore, the design of thermal insulation layer thickness should consider the air temperature distribution and tunnel buried
depth along the tunnel length.

1. Introduction
To date, numerous cold region tunnels have been built in
North Europe, North America, Japan, and China. Under the
inﬂuence of periodic negative and positive temperatures,
damage and cracking of concrete structure will occur [1–3].
Moreover, if the tunnel is underground, groundwater usually
exists. In cold season, the groundwater in the lining structure
or rock mass will freeze and the frost heave is formed [4],
which continuously aggravates tunnel lining damage and
cracking. Then, concrete peeling oﬀ (Figure 1(a)) and
leakages will occur, and icicles and pavement icing are
formed at low temperature (Figures 1(b) and 1(c)) [5–8].
Such damages increase the investment for tunnel maintenance, threaten traﬃc safety, and shorten tunnel service life
[9].

Low temperature and groundwater are the two necessary
conditions for the occurrence of tunnel frost damage. The
groundwater situation in tunnels is complicated. Therefore,
the main measure to prevent tunnel frost damage is to
control tunnel temperature at present, such as thermal
insulation doors [10], electric heat tracing [11], ground heat
exchanger [12, 13], and thermal insulation layer. The thermal
insulation layer with a light-weight insulation material is
easily constructed with less investment and does not aﬀect
tunnel traﬃc. Therefore, it is extensively applied in the cold
region tunnel to prevent the tunnel lining and rock mass
frost [14–19].
At present, there are two diﬀerent ways to install the
thermal insulation layer in the tunnel. One method is installing the thermal insulating layer between the primary and
secondary linings; the other method is installing the thermal
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Figure 1: Tunnel frost damage in cold region. (a) Tunnel lining concrete peeling oﬀ. (b) Tunnel leakage and icicles. (c) Tunnel pavement
icing.

insulating layer at the surface of the secondary lining. Ma
et al. proved that the two ways can provide an eﬀective
insulation eﬀect to prevent tunnel frost damage based on the
numerical calculation results [20]. However, considering the
reliability, it is better to lay the thermal insulation layer at the
secondary lining surface. The ambient air temperature
outside the Zhegushan tunnel in China could be − 20°C. A
4 cm-thick thermal insulation layer made of polyurethane
whose thermal conductivity is 0.027 W/(m·k) was installed at
the tunnel lining surface. Based on the results of ﬁnite element numerical calculation and ﬁeld temperature measurement, it was veriﬁed by Xie et al. that the thermal
insulation layer is enough to keep the temperature of tunnel
lining higher than 0°C in winter [21]. Tan et al. established a
numerical calculation model considering the ice-water phase
change to calculate the temperature of the Galongla tunnel
in China [22]. The lowest ambient air temperature outside
the tunnel could be − 28°C. The calculation results show that
the 6 cm-thick polyphenolic insulation layer whose thermal
conductivity is 0.025 W/(m·k) can prevent the tunnel lining
and surrounding rock from freezing-thawing damage. Song
et al. established a two-dimensional ﬁnite element calculation model to analyze the insulation eﬀect of the thermal
insulation layer with diﬀerent thicknesses installed at tunnel
lining surface [23]. The thermal conductivity of the thermal
insulation layer is 0.025 W/(m·k). The results show that the
thermal insulation layers with thicknesses of 5 cm and 7 cm

can increase 4.85°C and 5.8°C temperature, respectively, to
prevent the Houanshan tunnel frost. Li et al. established a
coupled heat-water model to calculate the optimal thickness
of the thermal insulation layer with a thermal conductivity of
0.025 W/(m·k) for the Jiangluling tunnel in China [24]. The
lowest ambient air temperature outside the tunnel is lower
than − 15°C. The calculation results show that the 8.5 cmthick thermal insulation layer can ensure the tunnel without
frost risk. Yan et al. calculated the optimal thickness of the
thermal insulation layer with a thermal conductivity of
0.024 W/(m·k) for the Dege tunnel in China through numerical calculation [25]. The lowest ambient air temperature
outside the tunnel is approximately − 20°C. The calculation
results show that the 4 cm-thick thermal insulation layer is
enough to prevent the tunnel lining frost. Yu et al. took the
Huitougou tunnel in China as an example and analyzed the
inﬂuences of thermal conductivity and thickness of the
thermal insulation layer on tunnel temperature through
numerical calculation [26]. The air temperature load in the
tunnel in winter was selected as − 20°C. The results show that
the temperature of tunnel lining is close to 0°C in winter,
when the thermal insulation layer whose thickness and
thermal conductivity are 5 cm and 0.02 W/(m·k), respectively, is installed at the lining surface. In view of the
above analysis, the insulation eﬀect of the thermal insulation
layer has been veriﬁed through a lot of numerical calculations. However, the majority of the research results lack the

Advances in Civil Engineering
evidence from ﬁeld temperature measurement. Moreover,
the insulation limit or the applicable air temperature condition of the thermal insulation layer was not proposed in
these studies.
According to the ﬁeld temperature measurement results in the Tianhengshan tunnel in China, Luo found that
the temperature at the waterproof board between the
secondary and primary linings was still below 0°C in winter,
although a 5 cm-thick thermal insulation layer made of
polyurethane was installed at the lining surface [27]. The
groundwater in the tunnel would freeze in winter, and the
frost heave load would act on the tunnel lining. Feng et al.
investigated the reliability of the 5 cm-thick thermal
insulation layer that was installed at the lining surface of the
Yuximolegai tunnel in China, through ﬁeld temperature
measurement and physical model test [28, 29]. Based on the
temperature distribution in the tunnel lining and rock
mass, it can be found that the 5 cm-thick thermal insulation
layer whose thermal conductivity is 0.03 W/(m·k) can only
stop about 86.5% of the lowest temperature, and there is
still a freezing depth of approximate 0.5 m in the rock mass.
The ideal thickness of the thermal insulation layer was
calculated to be 27 cm through numerical calculation,
which is diﬃcult to achieve in the actual tunnel engineering. On the basis of the temperature distributions in
the lining and rock mass in the Wusongling tunnel and
Tianhengshan tunnel, Lai et al. proposed that the insulation
eﬀect of the thermal insulation layer is limited. Only the
thermal insulation layer hardly eliminates tunnel frost
damage, and the relevant active heating measures, such as
electric heat tracing and ground heat exchanger, should be
combined [11, 30]. Therefore, the actual insulation eﬀect of
the thermal insulation layer is not clear at present, and no
consensus has been established.
In this paper, a comprehensive temperature measurement was conducted along the length of the Zuomutai
tunnel in the Hegang-Dalian highway (G11) in China. The
temperature change rules of air, thermal insulation layer,
and lining in the tunnel were investigated. The actual
insulation eﬀect of the thermal insulation layer was analyzed
on the basis of the temperature changes of the thermal
insulation layer and lining under diﬀerent air temperature
loads in diﬀerent monitoring sections. The results can
provide references for thermal insulation layer thickness
design in seasonally frozen region tunnels.

2. Project Profile
2.1. Test Site and Climate. The Zuomutai tunnel in the
Hegang-Dalian highway is located in the north of Changbai
Mountain in Jilin, China, as depicted in Figure 2. It was
completed in October 2016. Two northwest and south bound
separated tunnels were designed. The south bound tunnel
was chosen as the test object in this study. The length of the
tunnel is 2910 m, which is from K628 + 536 (tunnel entrance
at the Hegang side) to K631 + 446 (tunnel exit at the Dalian
side). The traﬃc volume of the tunnel is small, and the
mechanical ventilation machines are not always turned on.
Therefore, the natural wind dominates in this tunnel aﬀect
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the tunnel temperature. The elevation at the tunnel entrance
is higher than that at the tunnel exit. The height diﬀerence is
28 m.
The tunnel location is in the seasonally frozen region,
where the minimum annual average temperature is from
2005 to 2014 is 3.8°C, and the lowest monthly mean temperature is − 16.1°C. In accordance with the classiﬁcation of
tunnel frost damage by Luo et al. [27, 31], the coldness of the
tunnel belongs to “severe cold” level. The serious (V level)
tunnel frost damage easily occurs. The thermal insulation
layer is necessary to be installed to prevent tunnel frost
damage.
2.2. Thermal Insulation Layer Installation. The thermal
insulation layer in this tunnel is installed at the tunnel
secondary lining surface, as shown in Figure 3. The
insulation board is made of polyphenolic material whose
thermal conductivity is 0.026 W/(m·k). The thickness of
the thermal insulation board is 7 cm. The thermal insulation boards are installed at the lining surface through
expansion bolts, U-shaped steel components, and steel
keels (Figure 4). Fireproof boards are set outside the
thermal insulation boards, which are installed at the steel
keels through tapping screws. Fire retardant coatings are
sprayed at the outer surface of ﬁreproof boards. The
installation lengths of the thermal insulation layer are
450 m and 830 m at the tunnel entrance and exit,
respectively.

3. Tunnel Temperature Test
3.1. Test Scheme. The resistance temperature sensors of
PT100 A (A level platinum resistor sensor) (Figure 5) with a
large measuring range, fast temperature response, and good
stability were applied to measure the temperature of the
tunnel. All the sensors were calibrated before installation to
ensure the measurement accuracy. The temperature test
equipment was developed through introducing integrated
electric chips to achieve automatic temperature test. On the
basis of the accuracy analysis, the ﬁnal temperature test error
is less than 0.29 and may even be less than 0.06°C [32]. The
test frequency was set as 20 minutes.
The sensors were installed during thermal insulation
layer construction. The temperature monitoring system
was arranged along the full length of the tunnel. Given the
signiﬁcant temperature variation at the area approaching
the tunnel portal, the interval between monitoring sections
is small. With the increase of the distance from the tunnel
portal, the interval between monitoring sections increases.
Three measuring points are set at the vault (height from the
pavement of 7.1 m), waist (height from the pavement of
5.4 m), and side wall (height from the pavement of 1.6 m) in
every monitoring section. The speciﬁc layout of the
monitoring sections and sensors is presented in Figure 6.
The air temperature in the tunnel and the temperature at
diﬀerent surfaces of the thermal insulation layer and inside
the tunnel lining (15 cm from the lining surface) were
measured.
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Figure 2: Zuomutai tunnel.
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Figure 3: Tunnel lining, thermal insulation layer, and drainage.

In addition, an automatic meteorological observation
station was set at both outsides of the tunnel entrance and
exit, which is approximately 50 m away from the tunnel
portal. The meteorological observation station can automatically monitor the ambient air temperature, wind direction, and velocity outside the tunnel. The test frequency is
1 minute.
3.2. Test Results
3.2.1. Temperature Change over Time. Figure 7 shows that
the daily mean air temperature changes at both outsides of
the tunnel entrance and exit with the date increasing from
January 2017 to April 2018 (more than a whole year time).

The overall temperature change rules at both outsides of the
tunnel are coincident and in an approximately trigonometric
function. The temperature values are also close.
The typical sections of K628 + 541, K628 + 900,
K629 + 091, K630 + 490, K630 + 690, and K631 + 441 in the
tunnel were taken as examples. Due to the temperature
changes at the different heights in the same monitoring
section are similar, only the daily mean temperature changes
of the air, thermal insulation layer, and lining at the side wall
of the typical sections with the date increasing from January
2017 to January 2018 are demonstrated in Figure 8.
Under the effect of the airflow outside the tunnel, the air
temperature in different monitoring sections along the length
of the tunnel changes with the ambient air temperature
outside the tunnel, whose overall change rules are similar and
in an approximately trigonometric function. The air temperature in January is lowest in the whole year. The temperature values of the air, fireproof layer surface, and outer
surface of the thermal insulation layer are close in the sections
with the thermal insulation layer, and the temperature change
rules are coincident. However, the temperature differences
between the inner and outer sides of the thermal insulation
layer are large due to the great insulation effect of the thermal
insulation layer. But, the heat transfer also occurs in the
thermal insulation layer, which makes the temperature at the
inner side of the thermal insulation layer continuously change
with the air temperature. When the air temperature is lowest,
the temperature at the lining surface and inside lining also
reaches the lowest. However, the change amplitude of the
temperature of lining is much smaller than that of the air.
In the sections where no thermal insulation layer is
installed, the change rules of the temperature of the air and
lining were completely coincident. Moreover, the temperature values of the air and lining are close. Therefore, the
temperature of lining is low in winter.
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Figure 4: Installation of thermal insulation boards.

Figure 5: PT100 A sensors.

3.2.2. Temperature Distribution along the Tunnel Length.
In winter, the cold air outside the tunnel will ﬂow into the
tunnel and inﬂuence the air temperature distribution in the
tunnel. As such, the air temperature is negative within a
certain length range inside the tunnel. Given that the air
temperatures in January are lowest, only a statistics
analysis of the wind directions and velocities at both
outsides of the tunnel in January 2018 is conducted
(Figure 9), and the distributions of monthly mean temperature of the air and lining along the tunnel length are
illustrated in Figure 10.
The natural wind dominates in this tunnel, which is
attributed to the excess static pressure diﬀerence, ventilation-wall pressure diﬀerence, and thermal potential diﬀerence [33, 34]. As the change rules of ambient air temperature
at the both outsides of the tunnel are coincident and the
temperature values are close, the excess static pressure
diﬀerence in this tunnel mainly results from the atmospheric
horizontal pressure gradient. However, the tunnel length is
less than 3000 m. The excess static pressure diﬀerence in this
tunnel is relatively low. When the natural wind blows to the
tunnel, part of the wind pressure transforms into the airﬂow
pressure in the tunnel, which causes the ventilation-wall
pressure diﬀerence in the tunnel. On the basis of the wind
test results, the winds outside the tunnel usually blew to the
two sides of the tunnel in January 2018, that is, southerly and
northerly winds prevailed outside the tunnel entrance and
exit, respectively (Figure 9). Therefore, the ventilation-wall

pressure at the tunnel entrance is intermittent or transient.
The thermal potential diﬀerence is caused by temperature
diﬀerence between inside and outside the tunnel. In winter,
the air temperature inside the tunnel is higher than that
outside the tunnel, which causes the air inside the tunnel to
ﬂoat up to the high elevation side and the cold air outside the
tunnel to ﬂow into the tunnel from the low elevation portal
and out to the high elevation portal. Therefore, under the
eﬀect of thermal potential diﬀerence, the cold air outside this
tunnel is always ﬂowing into the tunnel from the exit and
out to the entrance in winter. The air temperature at the
tunnel exit is more inﬂuenced by the cold air outside the
tunnel. As a result of the above, the monthly mean air
temperature distributions inside the tunnel present an
asymmetric inverted U-shaped pattern in the longitudinal
direction of the tunnel in January 2018, as shown in
Figure 10.
The lowest air temperature is at the tunnel exit, which is
approximately − 16°C. The air temperature at the tunnel
entrance is much higher than that at the exit. The temperature diﬀerence between the tunnel entrance and exit is
approximately − 6°C at the side wall, and higher than − 11°C
at the vault and waist. The highest air temperature was
approximately − 5°C at the vault of the monitoring section
K629 + 091, which is 555 m from the tunnel entrance. Both
the air temperatures at the side wall and waist are approximately − 6°C in this section. According to the previously proposed air temperature threshold values of 0°C
[23, 25, 35, 36] or − 5°C [35, 37] used to determine the length
of thermal insulation layer length, the thermal insulation
layer needs to be installed in the full length of the tunnel. It is
inconsistent with the conventional design of tunnel thermal
insulation layer length in China [38, 39], which is always
approximately 1000 m.
Indeed, the temperature of lining drops abruptly in the
sections without thermal insulation layer installed. In the
section K629 + 091 where the air temperature is highest, the
temperature inside lining is still lower than − 2°C. In the
section K630 + 490, the temperature inside lining is lowest,
which is lower than − 6°C. Moreover, ﬁeld investigation
shows that due to tunnel frost, tunnel lining cracking,
leakage, and icicle have occurred in April 2017 in some
sections without thermal insulation layer (Figure 11).

6

Advances in Civil Engineering
242.1 m
186.7m

140.6m
63.1m
3.4m

Entrance
K628 + 536

K628
+ 541

12.4m

177.8 m
136.9m

91.1m

75.5m

82.0 m

31.6m

K628 K628
+ 602 + 687

38.4m

K628
+ 900

K629
+ 091

K629
+ 308

K629
+ 605

K629
+ 895

K630
+ 190

K630
+ 490

K630
+ 690

K630
+ 891

K631
+ 090

23.9 m
17.5m

5.9m

K631 K631
+ 295 + 380

K631
+ 441

Exit
K628 + 546

(a)
Fireproof
board

Thermal
insulation board

Secondary
lining concrete

Secondary
lining concrete

Waterproof
board

Waterproof
board

Fireproof
board

Wire

Wire
Wire
PT100 A

K628
+ 900

PT100 A

K629
+ 091

K629
+ 308

Waterproof
board

Wire
PT100 A

PT100 A

K629
+ 605

Secondary
lining concrete

Wire
Wire

PT100 A

K628 K628 K628
+ 541 + 602 + 687

Thermal
insulation board

K629
+ 895

K630
+ 190

450m
Thermal insulation layer

K630
+ 490

K630
+ 690

K630
+ 891

PT100 A

K631
+ 090

K631 K631 K631
+ 295 + 380 + 441
830 m
Thermal insulation layer

(b)

Figure 6: Layout of monitoring sections and sensors in the test tunnel. (a) Monitoring sections and their buried depths (from the tunnel
vault lining surface to ground surface). (b) Sensors in the monitoring sections.
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Figure 7: Daily mean air temperature changes at both outsides of
the tunnel entrance and exit with the date increasing from January
2017 to April 2018.

With the distance from the tunnel exit increasing, the
temperature of lining in the sections with thermal insulation
layer increases with the air temperature increasing. However, due to the lower air temperature at the side of the
tunnel exit, the temperature of lining in the sections is below
0°C, except the section K630 + 690. In addition, although the
air temperature of the section K631 + 295 is close to that of
the adjacent section K631 + 380, even a little higher, the

temperature of lining in this section is much lower. Similarly, the air temperature of the adjacent sections K631 + 380
and K631 + 441 are also close. But, the temperature of lining
at the vault in the section K631 + 441 is much lower. As the
air temperature at the side of the tunnel entrance is higher,
the temperature of lining in the sections with thermal
insulation layer is higher than 2°C, except the section
K628 + 541. In the section K628 + 541, the temperature of
lining is much lower, especially at the vault where the
temperature of lining is approximately − 2.5°C. On the basis
of the above analysis, the 7 cm-thick thermal insulation layer
is not enough to prevent tunnel lining frost in most sections
at the tunnel exit. While in the most of the sections at the
tunnel entrance, the thickness of the thermal insulation layer
is enough, even superfluous, to make the lining temperature
higher than 2°C due to the higher air temperature.

4. Analysis of Insulation Effect of Thermal
Insulation Layer
According to the above results of the temperature of lining
along the tunnel length, the temperature of lining in the
sections K628 + 541, K631 + 295, and K631 + 441 is much
lower than that of the adjacent sections. Therefore, the
temperature changes of lining with time in these three
sections and the adjacent sections, in which the air temperature is close, were compared and analyzed. Figure 12
shows the changes of temperature inside lining at the tunnel
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Figure 8: Daily mean temperature changes of the air, thermal insulation layer, and lining at the side wall in the typical monitoring sections
with the date increasing from January 2017 to April 2018. (a) Section K628 + 541. (b) Section K628 + 900. (c) Section K629 + 091. (d) Section
K631 + 490. (e) Section K630 + 690. (f ) Section K631 + 441.
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Figure 10: Distribution of the monthly mean temperature of the air and lining along the tunnel length in January 2018. (a) Vault. (b) Waist.
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Figure 11: Tunnel frost damage in the sections without thermal insulation layer. (a) Near section K629 + 091. (b) Near section K630 + 490.

vault, waist, and side wall in the sections K628 + 541,
K628 + 602, and K628 + 687 from January 2017 to April
2018. Figure 13 shows the changes of temperature inside
lining in the sections K631 + 090, K631 + 380, and K631 + 441
from January 2017 to April 2018.
The temperature changes of lining in the sections
K628 + 602 and K628 + 687 are coincident, and the temperature values are close. However, the temperature change
amplitude of tunnel lining in the section K628 + 541 is much
larger; that is, the temperature of lining in this section is
much lower in winter and higher in summer. According to
the tunnel design data, the buried depth of the section is only
3.4 m (Figure 6), which is much shallower than those of the

sections K628 + 602 and K628 + 687 of 12.1 m and 30.9 m,
respectively. Therefore, the temperature of lining in the
section K628 + 541 is influenced by the temperature of the
ground surface, which causes the larger temperature change
amplitude, especially at the vault. The buried depths are
larger at the waist and side wall, which are 5.1 m and 8.9 m,
respectively. The influence of the temperature at the ground
surface is less. Correspondingly, the change amplitudes of
temperature inside the tunnel lining are smaller. Similarly,
the buried depth of the section K631 + 441 is only 5.9 m. It is
much shallower than the two adjacent sections K631 + 090
and K631 + 380, where the buried depths are more than
17.5 m. Therefore, under the effect of the temperature at the
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Figure 12: Changes of temperature inside lining at the tunnel vault, waist, and side wall in the sections K628 + 541, K628 + 602, and
K628 + 687 from January 2017 to April 2018. (a) At vault. (b) At waist. (c) At side wall.

ground surface, the temperature change amplitude of the
tunnel lining in the section K631 + 441 is also larger. The
temperature change amplitudes at the waist and side wall are
smaller than that at the vault in this section because of the
larger buried depth. Moreover, the temperature change
amplitude of lining at the side wall with the buried depth of
11.4 m is close to those of the two adjacent sections. Especially in winter, the temperature changes of lining at the
side wall in the two sections K631 + 441 and K631 + 380 are
coincident, and the temperature values are very close, due to
the thermal insulation of snow at the ground surface.
Therefore, when the buried depth is larger than 11.4 m, the
inﬂuence of low temperature at the ground surface on the
tunnel with thermal insulation layer installed is little in
winter. The temperature of lining is mainly inﬂuenced by the
cold air in the tunnel.

In addition, the temperature change amplitudes of
tunnel lining in the section K631 + 295 are larger than that in
the adjacent section K631 + 380 in the whole year. It may be
caused by the poor construction quality and low insulation
eﬀect of the thermal insulation layer.
On the basis of the above, a statistics analysis of the
temperature of the air and lining in the monitoring sections
with thermal insulation layer was conducted, excluding the
test results in the sections K628 + 541, K631 + 295, and
K631 + 441. Table 1 shows the statistic results of the monthly
and lowest daily mean air temperature and the lowest
temperature of the air and lining surface in the monitoring
sections in January 2017 and 2018.
According to the results of Table 1, the temperature
diﬀerence between the inner and outside sides of the thermal
insulation layer, namely, the diﬀerence between the lowest
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Figure 13: Changes of temperature inside lining at the tunnel vault, waist, and side wall in the sections K631 + 090, K631 + 380, and
K631 + 441 from January 2017 to April 2018. (a) At vault. (b) At waist. (c) At side wall.

temperature of air and lining surface, is higher than 14°C.
The maximum temperature difference can reach 27°C. The
air temperature in the tunnel is constantly changing.
However, the heat transfer in the thermal insulation layer is
slow and takes time, due to the great insulation effect of the
thermal insulation layer. Therefore, the transient air temperature load cannot cause significant temperature change at
the back of the thermal insulation layer. The correlation
between the lowest temperature of the air and lining surface
is not good. It cannot accurately reveal the insulation effect
of the thermal insulation layer. The temperature of lining
changes continuously with the air temperature in the tunnel.
Moreover, when the daily mean air temperature changes
dramatically in winter, the daily mean temperature of lining
fluctuates accordingly, as shown in Figure 8. Therefore, the
data of monthly and lowest daily mean air temperature are
selected and compared with the lowest temperature at the

lining surface, in order to investigate the insulation effect
of the thermal insulation layer. According to the data in
Table 1, the correlations between the monthly mean air
temperature, lowest daily mean air temperature, and lowest
temperature at the lining surface are shown in Figures 14
and 15, respectively.
There is a strong linear polynomial relationship between
the coldest monthly mean air temperature and the lowest
temperature at the lining surface with thermal insulation
layer. The square of the adjusted correlation coefficient R2 is
0.95. When the monthly mean air temperature is lower than
− 10°C, the temperature at the lining surface can be below
0°C. There is a linear relationship between the lowest daily
mean air temperature in the coldest month and the lowest
temperature at the lining surface. The square of the adjusted
correlation coefficient R2 is 0.96. When the lowest daily
mean air temperature is lower than − 14.3°C, the temperature
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Table 1: Monthly and lowest daily mean air temperature and lowest temperature of the air and lining surface in the sections with thermal
insulation layer in January 2017 and 2018.
Monthly mean air
temperature (°C) (2017/2018)

Sections
K628 + 602
K628 + 687
K628 + 900
K630 + 690
K630 + 891
K631 + 090

− 5.4/− 5.4
− 6.7/− 6.7
− 7.6/− 7.8
− 4.7/− 5.3
− 6.4/− 6.4
− 6.8/− 6.9
− 4.9/− 5.1
− 5.8/− 6.2
− 6.2/− 6.4
− 9.9/− 11.5
− 11.7/− 13.3
− 11.6/− 13.4
− 9.6/− 12.4
− 11.4/− 13.9
− 12.8/− 14.1
− 10.6/—
− 12.1/—
− 12.3/—
− 12.7/− 15.5
− 13.5/− 16.3
− 13.6/− 16.3

4

4

2
0
–2
–4
–6

–14.9
–18

–16

–14
–12
–10
–8
–6
Monthly mean air temperature (°C)

–4

Temperature data
Fitting curve
y = –0.033x2 + 3.3
R2 = 0.95

Figure 14: Correlation between the monthly mean air temperature
and the lowest temperature at the lining surface in January (the
coldest month).

at the lining surface can be below 0°C. On basis of the above,
the lining temperature changes in these sections in Table 1,
whose buried depths are all higher than 12.5 m, are mainly
attributed to the air temperature changes in the tunnel. When
the monthly mean and lowest daily mean air temperature in
January are lower than − 10°C and − 14.3°C, respectively, the
temperature at the lining surface is below 0°C.

Lowest temperature at lining surface (°C)

Lowest temperature at lining surface (°C)

K631 + 380

Vault
Waist
Side wall
Vault
Waist
Side wall
Vault
Waist
Side wall
Vault
Waist
Side wall
Vault
Waist
Side wall
Vault
Waist
Side wall
Vault
Waist
Side wall

Lowest daily mean air
Lowest air temperature (°C) Lowest temperature at lining
temperature (°C)
(2017/2018)
surface (°C) (2017/2018)
(2017/2018)
− 8.3/− 9.3
− 15.2/− 19.6
2.8/1.8
− 10.1/− 10.5
− 20.2/− 22.8
2.0/1.2
− 11.7/− 12.8
− 21.1/− 25.7
—/—
− 7.5/− 9.2
− 13.2/− 16.4
2.8/2.0
− 9.4/− 10.5
− 17.0/− 20.3
2.3/1.2
− 10.4/10.7
− 18.3/− 19.7
1.6/0.9
− 6.8/− 9.2
− 11.3/− 13.4
3.0/2.1
− 8.0/− 10.5
− 15.0/− 17.7
3.2/2.3
− 8.6/− 10.8
− 15.1/− 17.9
2.2/1.4
− 12.9/− 18.1
− 20.3/− 24.3
—/—
− 15.9/− 21.1
− 22.2/− 26.8
0.5/− 1.6
− 16.0/− 21.2
− 22.2/− 27.0
− 0.7/− 3.3
− 13.1/− 18.1
− 20.2/− 24.6
0.59/− 1.9
− 16.8/− 22.5
− 23.1/− 27.9
− 0.4/− 2.6
− 18.3/− 22.8
− 24.4/− 28.3
− 1.2/− 3.7
− 15.1/—
− 22.1/—
− 0.3/—
− 18.1/—
− 24.5/—
—/—
− 18.2/—
− 24.4/—
− 3.7/—
− 18.9/− 24.8
− 26.1/− 30.8
− 2.0/− 5.1
− 20.3/− 27.1
− 26.5/− 32.0
− 3.2/− 5.0
− 20.0/− 26.8
− 27.0/− 31.6
− 5.0/− 5.2

2
0
–2
–4
–6

–23.8
–30

–14.3

–25
–20
–15
–10
Lowest daily mean air temperature (°C)

–5

Temperature data
Fitting curve
y = 0.42x + 6.0
R2 = 0.96

Figure 15: Correlation between lowest daily mean air temperature
and the lowest temperature at the lining surface in January (the
coldest month).

5. Conclusions
In this study, the field temperature measurement, including
the temperature in the air, thermal insulation layer, and
lining, was performed along the length of the tunnel. The
temperature change rules and distribution characteristics in
the tunnel were analyzed. The insulation effect of the thermal

Advances in Civil Engineering
insulation layer was investigated. Some conclusions are
drawn as follows:
(1) The temperature of air and lining is close in the
section without thermal insulation layer. As the
monthly mean air temperature in the whole tunnel is
below − 5°C in January, the temperature inside tunnel
lining (from the lining surface 15 cm) is lower than
− 2°C. Therefore, the thermal insulation layer needs
to be installed in the whole tunnel to prevent tunnel
lining frost, even the tunnel length is approximately
3 km.
(2) The temperature of the thermal insulation layer
changes with the air temperature in an approximately trigonometric function. The maximum
temperature diﬀerence between the inner and outer
sides of the thermal insulation layer can be 27°C.
When the tunnel buried depth is larger than 11.4 m,
the temperature of lining with thermal insulation
layer in winter is mainly aﬀected by the cold air in the
tunnel. When the monthly and lowest daily mean air
temperature are lower than − 10°C and − 14.3°C,
respectively, in January, the temperature at the inner
side of the 7 cm-thick thermal insulation layer is
below 0°C.
(3) If the tunnel buried depth is less than 11.4 m, the
temperature of lining is lower, resulting from the
combined eﬀect of low temperature in the tunnel and
at ground surface. The thicker thermal insulation
layer is needed. It is even necessary to take an appropriate active heating measure, if the buried depth
is too shallow.
(4) The thermal insulation layer thickness needs to be
calculated and designed considering the longitudinal
air temperature distribution and the buried depth
along the tunnel length, especially the long tunnel, in
order to prevent tunnel lining frost and reduce
engineering cost.
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