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Abstract: In recent decades, numerous tunnels have been built in the cold region of China. However,
the temperature field of topographically biased tunnels in the monsoon freeze zone has not been
sufficiently studied. In this study, we monitored the temperature of the surrounding rock in two
topographic bias sections of the Huitougou Tunnel and analyzed the results by fitting them to the
monitoring results. The results showed that the temperature of the surrounding rock on both sides
after tunnel excavation varied periodically in an approximate triangular function. As the distance
from the cave wall increased, the annual average temperature of the surrounding rock did not change
significantly, the amplitude decreased, and the delay time increased, while the annual maximum
temperature decreased, and the annual minimum temperature increased. The heat generated by
blasting, the heat of hydration of the primary and secondary lining, and the decorated concrete
all caused a significant increase in the temperature of the surrounding rock within 4 m for a short
period of time. Both construction and topographic factors led to asymmetry in the distribution of the
surrounding rock temperature in different ways. The results of this paper are intended as a reference
for other studies on temperature in deviated tunnels.

Keywords: topographic bias tunnel; surrounding rock temperature; asymmetric temperature; field
monitoring; frozen depth

1. Introduction

With the rapid growth of China’s economy, the number and total length of the tunnels
constructed in China have increased dramatically [1]. However, there are many problems
related to the construction and operation of tunnels, and the study of tunnel temperature
field has been the focus of many scientists and engineers [2–5]. The temperature field of
tunnels in cold zones has been the focus of research because tunnel frost damage problems
easily occur, such as lining concrete damage, cracking and peeling, leakage, icicles, and
pavement icing [6–8].

Currently, research on tunnel temperature fields is mainly conducted through field
monitoring, theoretical calculations, numerical simulations, and model experiments [9–11].
He et al. [12] monitored the temperature and humidity in a sub-sea tunnel. Jun et al. monitored
the temperature of the air, road surface, lining surface, and other locations in 104 tunnels [13].
As for theoretical calculations, Zhang et al. [14] proposed a two-dimensional unsteady heat
transfer formalism based on Green’s function method (GFM) and finite element method (FEM)
to consider the realities in underground tunnels. Lyu et al. established an analytical solution of
frost heaving force and stress distribution in cold region tunnels under non-axisymmetric stress
and transversely isotropic frost heave of surrounding rock [15]. For numerical simulations,
Zhang et al. [16] conducted a three-dimensional simulation of the temperature field in the cold
region. Tan et al. studied the temperature field change pattern and insulation measures in the
Tibetan Galungla Tunnel’s surrounding rock under ventilation conditions [17]. In terms of
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physical modeling, Zhang et al. investigated the effect of construction temperature disturbance
and boundary temperature disturbance on the temperature distribution in the permafrost
tunnel envelope by developing a physical model [18]. Zeng et al. investigated the coupling
effect of convective conduction and low inlet temperature airflow by similar simulation model
tests [19].

However, researchers have mostly conducted longitudinal temperature distributions
in tunnels with flat ground surfaces, but there is a lack of in-depth research on the tempera-
ture distribution in the transverse section of tunnels. When the surface of the tunnel section
is inclined, the temperature field of shallow buried bias tunnels located in cold regions are
not symmetrically distributed along the tunnel axis. Therefore, it is of great relevance to
study the distribution of temperature field in this special type of tunnel and to determine
the distribution range of freezing depth for the prevention and control of frost damage in
this type of tunnel in China’s seasonal freezing zone.

In this paper, long-term temperature monitoring was conducted for both deep and
shallow buried biased tunnel cross-sections in the Huitougou Tunnel. By setting two sets of
symmetrical measurement lines on the cross-section, the temperature variation pattern of the
tunnel in the short- and long-term after tunnel excavation was examined. The temperature
change curves at the monitoring points were fitted by trigonometric functions, and the
distribution patterns of the surrounding rock temperature and the annual minimum and
maximum temperatures over distances were investigated. The asymmetry of the temper-
ature field in the topographic deviated tunnel was analyzed, for which an explanation
was also given. This paper completes the study of the distribution of temperature fields in
topographic bias tunnels in cold regions and offers guidance for the freeze protection of
such tunnels.

2. Engineering Geological Conditions

The Huitougou Tunnel is part of the He-Da Expressway. The tunnel entrance is 829 m
above sea level. Due to the restrictions on route selection and topography, the tunnel runs
through the sloped terrain near the entrance. This tunnel involves building two separate
tunnels [17]. The left tunnel is 720 m long (from LK315 + 655 to LK316 + 375), and the right
tunnel is 660 m long (from RK315 + 680 to RK316 + 340).

As illustrated in Figure 1a, Section 1 (LK316 + 260) is buried at a depth of 40.83 m,
and the surface slope is approximately 15◦. The stratum crossed by the section is medium-
weathering granite gneiss. There are joints and cracks in the rocks, and the structure is
fractured. Drill hole data show that the angle of joints and fissures is mainly 60◦. According
to the survey data, the longitudinal wave speed of granite gneiss is from 4789 to 5139 m/s,
and the uniaxial compressive strength Rc = 42.41 Mpa. According to the Chinese Code for
the Design of Road Tunnels, the surrounding rock is classified as Class IV. Groundwater is
mainly fissure water. The survey work found that relatively soft gneisses 1–2 m thick were
locally trapped in the area near the cross-section.

The tunnel excavation profile is 9.58 m high and 12.36 m wide. As shown in Figure 1b,
the initial lining of the tunnel is in the form of anchors, lattice steel arch, and shotcrete. The
anchor rod is Φ22 grouted anchor bolts, 3.5 m long. The sprayed concrete is 21 cm thick,
and the second lining concrete is 40 cm. The tunnel was excavated using step method.

As illustrated in Figure 2a, Section 2 (RK315 + 710) is buried at a depth of 14.49 m,
and the surface slope is approximately 21◦. The stratum crossed by the section is strongly
weathered gneiss. The rock is more broken in a fractured structure and locally in a bulk
structure. The longitudinal wave speed of rock is 1573 m/s. According to the Chinese Code
for the Design of Road Tunnels, the surrounding rock is classified as Class V. Groundwater
is mainly fissure water. Similarly, there are no discontinuous geotechnical bodies such as
faults in the vicinity of this section.
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Figure 1. Section 1 (LK316 + 260) (unit: m): (a) cross-section of the monitoring section; (b) excavation method and support 
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Figure 2. Section 2 (RK315 + 710) (unit: m): (a) cross-section of monitoring section; (b) excavation method and support 
structure. 
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The tunnel excavation profile is 10.26 m high and 12.76 m wide. As shown in Figure 2b,
the initial lining of the tunnel is in the form of anchor rod, steel arch, and shotcrete. The
anchor rod is Φ22 grouted anchor rod, 3.5 m long. The sprayed concrete is 26 cm thick, and
the second lining concrete is 50 cm thick. The tunnel was excavated in a circular pattern to
reserve the core soil.

3. Monitoring Arrangement and Results
3.1. Monitoring Arrangement

The temperature sensor was provided by Changsha Yituo Civil Engineering Moni-
toring Instruments Co. As shown in Figure 3a, the thermometer model was YT-BD-0101,
the accuracy was 0.5 ◦C, the measurement range was −40/125 ◦C, and it had a waterproof
treatment. The installation was pre-buried by drilling, i.e., drilling holes at the observation
site, burying the thermometer at the specified depth, and then pouring with the concrete.
Temperature sensors were manually read using a readout.
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Figure 3. Temperature sensor: (a) substance; (b) on-site installation.

Figure 4a shows the layout of the measurement lines and the location of the tempera-
ture sensors installed in Section 1. Four measurement lines were symmetrically installed
about the tunnel centerline. As depicted in Figure 4b, monitoring point 1-3 was 0.4 m away
from the tunnel wall, monitoring point 1-2 was 2 m away from the tunnel wall, and the
deepest monitoring point 1-1 was 3.7 m away from the tunnel wall. Temperature sensors
on other measurement lines were also attached in accordance with this rule.

The layout of the measurement line and the temperature sensor installation positions
in Section 2 are presented in Figure 5a. The positions of the measurement lines were
symmetrically installed about the tunnel centerline. Figure 5b reveals that the temperature
sensor installation position in Section 2 was distinct from that of Section 1. On the ML-III
measuring line, the monitoring point 2-1 was 1 m away from the tunnel wall, 2-2 was
2.5 m away from the tunnel wall, and 2-3 was 4 m away from the tunnel wall. The same
was applied to the other measuring lines. The deepest temperature sensor on the ML-III
measuring line was damaged during installation and backfilling of the concrete; thus, it
was not plotted in the figure.
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The installation of the temperature sensors in both sections was conducted at a sim-
ilar time due to the arrival date of the tunnel monitoring instruments. Due to this, the
excavation statuses of the two sections were different when the monitoring instruments
were installed. All monitoring points for the full section were installed after the lower
step excavation and started working after the construction of the second lining at section
LK316 + 260. For section RK315 + 710, sensors numbered 1 to 6 were installed after the ex-
cavation of the upper step, and sensors numbered 7 to 10 were installed after the excavation
of the lower step. The monitoring period was 14 months, from May 2015 to June 2016.

3.2. Monitoring Results of Section 1 (Section LK316 + 260)
3.2.1. Patterns of Temperature Change in the Short-Term

As the temperature trends in the surrounding rock were essentially the same in
the short-term, we present only the temperature results for one measurement line in
Figure 6. As shown in Figure 6, the temperature of the perimeter rock at different depths
increased with time due to the general increase in external air temperatures during the
period from May to August. As the second lining of the section was completed by the
time the monitoring device was installed, the temperature of the surrounding rock varied
moderately from outside to inside. The temperature of the monitoring point closest to the
wall fluctuated with the change in temperature outside the tunnel wall.
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3.2.2. Temperature Change in the Long-Term

(1) Fitting equation

In previous studies, the annual period sine function has been widely used to fit temper-
ature data. We used Equation (1) adopted by [20–22] to determine the annual temperature
variation of the tunnel envelope.

T = Tm + Tasin
[

2π

T1
(t − tc)

]
(1)

where t is time and Ta is the annual temperature amplitude (◦C). T1 is one year and was
taken as 12 months in this paper, i.e., fixed at T1 = 12. Tm is the average temperature in one
year (◦C); tc is the phase difference, which is consistent with the unit of t.

In this paper, we fitted the monthly average temperature curve with time at the monitor-
ing sites by custom trigonometric functions with Origin software according to Equation (1).
The fitted equations were used to derive the corresponding parameters to study the temporal
and spatial variation in the surrounding rock temperature.

(2) Temperature variation

Figure 7 plots the variations in temperature by month for each monitoring point in
this tunnel section. The monthly temperature curve of the tunnel surrounding the rock
temperature monitoring point was roughly sinusoidal. According to Equation (1), the
data were fitted to the points. The obtained equation and correlation coefficient R2 are
both listed in Figure 7. The R2 was greater than 0.7, indicating that the temperature fitting
degree of each monitoring point was also relatively good.

As illustrated in Figure 7, the annual maximum temperature of the surrounding
rock decreased, but the annual minimum temperature increased as the distance from the
tunnel wall increased. Synchronously, the temperature amplitude of the surrounding rock
decreased and the peaks and troughs at the rock monitoring points appeared later.
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Figure 7. Monthly average temperature curves of each monitoring point of the RK316 + 260 section: (a) ML-I; (b) ML-II; (c)
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The inflow of air after tunnel excavation was the main reason for the change in the
temperature field of the surrounding rocks inside the mountain. As the distance from
the tunnel opening increased, the temperature inside the tunnel became less affected by
fluctuations in the external air temperature, and equally, the temperature of the tunnel
envelope was less affected.

Since the parameters adopted by the fitting equation each represent several charac-
teristics, we separately describe the parameters of the fitting equation. Figure 8 describes
the relationship between the parameters of the fitting equation of each monitoring point
and the distance from the tunnel wall. In general, the pattern of the coefficient variation
was approximately consistent across the four measuring lines. As the distance from the
tunnel wall increased, the mean annual temperature Tm increased; the annual temperature
amplitude Ta decreased, and the phase difference tc increased.
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Based on the characteristics of the sine function, Tm + Ta represents the annual maxi-
mum temperature at the monitoring site and Tm − Ta for the annual minimum temperature.
Figure 9 shows that the trends in the temperature distance measurements were the same
for all four lines of measurement in this section. The annual maximum and minimum
temperature of the surrounding rock varied curvilinearly with the distance from the tunnel
wall and gradually tended toward a stable value. This was consistent with the trend of
temperature propagation within the one-dimensional cylindrical cavern wall.

According to this trend, we chose the appropriate formula temperature distance curve
for fitting.

T = T0 + αe−
x
θ (2)

where T is the annual maximum or minimum temperature at a point within the surrounding
rock, T0 is the stable value at infinite distances, α and θ are constant parameters, and x is
the horizontal distance from the tunnel wall.
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the surrounding rock decreased, and the annual minimum temperature increased. The
fitting results revealed that T0 varied among the measuring lines. The results of the curve
fitting showed that the annual maximum temperature of the surrounding rock on the
left side of the tunnel was greater than that on the right side, and the annual minimum
temperature was lower than that on the left side, with a difference of 0.6 to 1 ◦C. However,
the difference in temperature on the same side is not significant. This indicates that the
temperature distribution in the surrounding rock in this section was not symmetrical along
the central axis of the tunnel.

3.3. Monitoring Results of Section 2 (RK315 + 710)
3.3.1. Temperature Changes in the Short-Term after Excavation

Figure 10 demonstrates that the temperature variations in Section 2 were completely
different from those in Section 1. The temperature of the surrounding rock in Section 2
mainly experienced three major temperature fluctuations, which were caused by the on-
site construction.

After the excavation of section RK315 + 710, the blasting generated heat that caused the
temperature at monitoring point 4 to reach 19.8 ◦C on 8 May 2015, while the temperature
at deeper monitoring points 5 and 6 remained normal. The heat of hydration generated by
the shotcrete caused a rapid increase in the temperature of the surrounding rock within
the monitored area after 9 May. As shown in Table 1, the magnitude of the temperature
increased and then decreased with increasing distance from the tunnel wall and the time to
reach the extreme value was delayed accordingly. After the temperature of each monitoring
point reached the extreme value, the temperature transitioned smoothly after a continuous
decrease in temperature.
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Table 1. Temperature extremes and times of monitoring points.

Monitoring
Point

Time to First
Extremum

First Extreme
Temperature/◦C

Time to the Second
Extremum

Second Extreme
Temperature/◦C

Time to the
Third Extremum

Third Extreme
Temperature/◦C

2-4 12 May 28.3 15 July 26.3 25 August 21.4
2-5 14 May 14 20 July 17.6 25 August 14.6
2-6 22 May 8.4 None None None None

Excavation to the lower step of this section and shotcrete was conducted on 2 July, and
the second lining was applied on 9 July. The explosion heat produced by the excavation of
the lower steps caused the temperature of monitoring point 4 to increase by 1.6 ◦C and then
slowly increase. Due to the insulation of the primary lining, monitoring point 4 reached its
extreme value only on the 6th day after the construction of the second lining. Because of
the greater thickness of the secondary lining, the heat of hydration generated was greater
and took longer to dissipate. Despite the barrier of the primary lining and geotextile, the
extreme temperature at monitoring point 4 still reached 26.3 ◦C. The heat of hydration
caused by the cement during post-decoration in the tunnel resulted in the temperature
of the surrounding rock to rise to a third extreme when the tunnel was at breakthrough.
However, with the insulation of the second lining, primary lining, and geotextiles, the
temperature change in the surrounding rock was less than the previous two times.

At 4 m from the tunnel wall, the temperature of the surrounding rock was less affected
by external influences, and there was a slow transition rather than a clear extreme point.
Overall, the heat from the blasting of the tunnel excavation, the hydration heat of the
primary and secondary linings, and the hydration heat of the decorative tunnel concrete
raised the temperature of the surrounding rock within 4 m in the short-term.
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3.3.2. Temperature Change in the Long-Term

We monitored the LK315 + 710 transect for 14 months from May 2015 to June 2016.
The monthly mean temperature at each monitoring point and the same that fitted according
to Equation (1) are also plotted in Figure 11.
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As presented in Figure 11, the temperature-time curve of each monitoring point was a
sine function with a good fitting degree. As the horizontal distance from the tunnel wall
increased, the annual maximum temperature of the surrounding rock decreased, while
the annual minimum temperature increased, and the time to reach the extreme point
was delayed.

In addition, the initial monitored temperatures were all greater than the fitted data,
owing to the heat generated by the various construction activities prior to tunnel penetra-
tion, which heated the surrounding rock directly or raised the rock temperature by means
of elevated air temperatures.
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Figure 12 illustrates the variation of each fitting parameter with the horizontal distance
from the tunnel wall. As the horizontal distance increased, the average annual temperature
of the surrounding rock increased and the annual temperature amplitude decreased, but
the phase difference of the annual variation period became larger.
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Figure 13 shows that the trend in temperature distance measurements was the same
for all four lines of measurement in this section. The annual maximum and minimum
temperatures of the surrounding rock varied curvilinearly with the distance from the
tunnel wall and gradually tended toward a stable value. As depicted in Figure 13, the
annual maximum temperature tended to have a higher stable value for the upper step on
the left side of the tunnel than on the right side, and the annual minimum temperature
was less than on the right side. In contrast, the trend for the lower steps of the tunnel was
approximately opposite.
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4. Discussion
4.1. Frozen Depth

Based on the variations in the annual minimum temperature in the tunnel with the
horizontal distance from the tunnel wall, we roughly estimated the location of the annual
minimum temperature at 0 ◦C. It was also possible to determine the extent to which the
current section was subjected to tunnel frost damage.

Figure 14 illustrates that the freezing depth distribution pattern was essentially the
same in both sections. The freezing depths on the same side of the tunnel were close, but
the freezing depth on the left side was greater than that on the right side. In addition, the
freezing depth of the upper measurement line was generally smaller than the freezing
depth of the lower measurement line since cold air is at the bottom and hot air is at the top,
which is consistent with the phenomenon observed in a previous study [6]. The freezing
depth in Section 2 is greater than that of Section 1 due to the closer proximity of Section 2
to the cavern entrance.
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4.2. Asymmetric Temperature Fields

The temperature distribution of the monitoring points on the two measurement lines
symmetrical about the center line on both sides of the tunnel was not symmetrical along the
center line of the tunnel. The results of the tunnel monitoring and fitting of the monitoring
data were used to analyze the degree of asymmetry in the temperature distribution at
each section.

As shown in Figure 15a, there was a significant difference in the annual maximum
temperature between the two sides of the section, with a difference of 0.3~0.9 ◦C, and a
difference in the annual minimum temperature of 0.5~1.6 ◦C.

As shown in Figure 15b, the annual mean temperatures (Tm) of the surrounding rock
on both sides of the tunnel were approximately the same, with a significant difference of
only 3.7 m. In the meantime, the annual temperature variations (Ta) on both sides of the
surrounding rock differed visibly, and this disparity decreased with increasing distance
from the tunnel. The large gap between the recommended annual maximum and minimum
temperatures was on account of the differences in the annual variation of temperature in
the surrounding rock on both sides.
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As shown in Figure 15c, the tc of the surrounding rock on both sides was essentially
the same.

The depth of burial in this section of the tunnel was 42.7 m, which is a deeply buried
tunnel. The temperature of the surrounding rock on both sides of this tunnel section had,
in principle, been unaffected by the fluctuations in the temperature outside the ground
surface. Moreover, the tc and annual average temperatures of the surrounding rock on
both sides were essentially identical. The difference in temperature between the two sides
of this section is therefore attributable to the annual temperature amplitude. Given the
presence of 1–2 m thick, softer gneiss in the section, the difference in thermal conductivity
between the gneiss and granitic gneiss may be responsible for the difference in temperature
between the two sides.

As shown in Figure 16a, there was a large difference between the annual maximum
temperatures of the measured lines on both sides of this section. The value of ML-II on
the deep buried side was greater than the temperature of ML-I on the shallow buried side,
with the difference ranging from 0.6 to 1.1 ◦C. However, the difference in annual minimum
temperatures was not substantial.

We found that the annual temperature variation Ta varied more consistently (differ-
ence of 0.3 to 0.5 ◦C) for the two lines of measurement from Figure 16b. The value of ML-II
on the deep buried side was greater than that of ML-I on the shallow buried side. However,
the mean annual temperature (Tm) varied more, with a gap of 0.3/0.8 ◦C. The addition and
subtraction of annual temperature variations and annual average temperatures ultimately
results in large differences in annual maximum temperatures.

As indicated in the Figure 16c, the tc of the survey line ML-I was greater than that of
ML-II, with a difference of 0.1/0.2 months, which indicates that the temperature change on
the shallow buried side occurred later than that on the deep buried side.

The signature of the temperature field that appears above was related to the sloping
ground surface above the tunnel. The initial temperature field before the tunnel excavation
would be roughly inclined with the slope of the terrain, which resulted in the temperature
on the deep buried side to be generally higher than that on the shallow buried side for
the same horizontal height case. This explains the greater Tm on the deep buried side.
Concurrently, under the influence of cold air, the temperature difference between the
surrounding rock and air temperature was greater on the deep buried side, an equilibrium
was reached earlier, and its variation was greater. This explains the larger Ta and smaller tc
on the deep buried side.
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5. Conclusions

In order to study the distribution characteristics of temperature in topographically
biased tunnels, temperature monitoring was conducted for 14 months for this research.
The temperature in the short-term after tunnel excavation was analyzed. The annual mean
temperature was fitted by means of a sine function and the variation of its fitted parameters
was analyzed, leading to the following conclusions.

(1) The blasting of the rock, the initial lining, the second lining, and the hydration of
the concrete for later decoration generated a large amount of heat, causing the temperature
of the surrounding rock within 4 m to change dramatically in a short period of time;

(2) The temperature of the surrounding rock on both sides of the tunnel varied in
a sinusoidal curve after excavation. As the distance from the tunnel wall increased, the
annual average temperature of the surrounding rock elevated, the amplitude decreased,
and the delay time increased. Meanwhile, the annual maximum temperature decreased
and the annual minimum temperature increased;
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(3) On the basis of the annual minimum temperature versus distance from the cav-
ern wall, the maximum freezing depth for each section was roughly determined. The
differences in freezing depth between the same sides of the tunnel were small, but the
distribution of freezing depth in the tunnel was not symmetrical about the axis;

(4) All of the sections monitored in this paper exhibited an asymmetric distribution
of temperature with different origins. According to the temperature fitting equation, the
asymmetric distribution of temperature in the surrounding rock of Section 1 was driven
by large differences in the magnitude of annual variation, and it is speculated that the
difference was in thermal conductivity between the weak gneiss and granite gneiss locally
present in the section. In contrast, the asymmetric distribution of temperature in Section 2
was influenced by topographic deviations;

(5) The distance from the tunnel portal was an important factor that mainly affected
the temperature of the surrounding rock. The greater the distance from the tunnel portal,
the smaller the maximum freezing depth of the section, the lower the annual maximum
temperature, and the higher the annual minimum temperature.
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