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Abstract 

In this paper, finite element method (FEM) of axisymmetric linear elastic model has been used to calculate the tilt 
and strain induced by small annual temperature variations in a deep tunnel. The results show that even if the am-
plitude of the annual variation meets the construction standard of seismic station issued by China Earthquake Ad-
ministration (the annual temperature variation amplitude in the tunnel is no more than 0.5 °C), a small annual tem-
perature variation of amplitude just 0.2 °C in the tunnel would produce 10−7 rad changes in tilt and 10−7 changes in 
strain. Especially, at the end and the corner of the tunnel, changes of tilt and strain can be even larger. Therefore, in 
the future, it is an important task to reduce the annual temperature variation in the tunnel as far as possible. Within 
the tunnel, for both baseline instrument and pendulum instrument, the modeling suggests ways of construction of 
the tunnel and installation of the instrument to decrease the influence of the annual temperature variation. 
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Introduction 
Tilt and strain observations in seismic crustal deformation stations are the main source of data 

to analyze earthquake precursor anomaly. The observation conditions in the tunnel are relatively 
good. The effects of temperature, humidity, atmosphere pressure, gale, rainfall and other meteoro-
logical factors on the observation results are small, and surface noise is significantly reduced in the 
tunnel. Therefore, instruments installed in tunnels can carry out continuous automatic observation 
and the accuracy is relatively high. Observations in tunnels play an important role in earthquake 
monitoring. However, in the tunnel where observation conditions are good, what interference fac-
tors can still play a dominant role? And what degree of impact on the measurement results might be 
caused with these interference factors? Researches to better understand these problems has an im-
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portant role to eliminate the interference factors, highlight the anomaly response for earthquake, 
determine appropriate observation conditions and instrument precision selection. 

In order to identify anomalies, it is essential to understand various factors which may influence 
the deformation measurement, including climate change, human activities, equipment faults and 
many unknown cases. With the current cognitive power, it’s difficult to distinguish the difference 
between interference from the changes with what are regarded as earthquake precursors (WANG et 
al, 2004a). Among these interference factors, climate changes mainly include atmospheric pressure, 
temperature, rainfall, gale and thunder. Human activities include load and surface noise. Equipment 
faults are mainly about the instrument drift. In regard to the quantitative research on various inter-
ference factors, scholars worldwide have done a lot of work. With observation data of volume strain 
gauge in Huailai crustal deformation station, WANG et al (2004b) analyzed the effect of atmospheric 
pressure and drift and provided a number of methods for eliminating interference and data process-
ing methods. MOU (1999) gave some data processing methods about the instrument drift with the 
observation results of volume strain gauge in the Xichang seismic station. HU et al (2002) did some 
experiments about the effect of load in the surface on the strain and stress. Using the observation 
data in the area of Friluli, Italy, Zadro et al (1988), Moro and Zadro (1998), Garavaglia et al (2000) 
did some research about how atmospheric pressure, rainfall and temperature impact on the strain and 
stress. Furthermore, seismic stations have different response to various interference factors. Gener-
ally, to a station, it usually responds dominantly to one or two interference factors. WANG and JI 
(2000) have analyzed the anomaly characters at many seismic stations in Shangdong Province and 
gave some conclusions. For example, the Yantai station is obviously influenced by the atmospheric 
pressure and rainfall while the Taian station is affected by the temperature obviously. 

Among these interference factors, the impact of temperature is undoubtedly an important factor. 
Previous works have noticed the changes of tilt and strain due to temperature variation. However, 
they are mostly limited to analyze the relation of them, but did not give a quantitative analysis on the 
physical mechanism. In recent years, some researchers begin to focus on this quantitative research 
about the physical mechanism. CAO and SHI (2005) have done some quantitative research about the 
stress and tilt due to the surface annual temperature variation, in the case of topography, with finite 
element method. Furthermore, SUN et al (2008) have calculated and analyzed the strain and tilt due 
to surface annual temperature variation using the observation data from Taian seismic station. 

To the deformation measurement in the tunnel, the China Earthquake Administration (2004) has 
issued the construction standard of seismic station; there are some rules to guarantee the observation 
condition in the tunnel and instrument installation. The annual temperature variation amplitude in the 
tunnel is required no more than 0.5°C and the amplitude of daily variation is required no more than 
0.03°C. But can we eliminate the influence of temperature change if we meet the requirement of 
specification? In this paper, we apply finite element method (FEM) to calculate the strain and tilt due 
to the small annual temperature variation in the tunnel which meets the official standard requirement, 
and discuss how to reduce the impact of annual temperature variation based on our calculation results. 

1 Model and methodology 
1.1 Calculation model 

Consider a semi-infinite half-space in the region y≥0. The surface is defined by the plane y=0. 
If we assume that the surface temperature T is a periodic function of ω, T=T0+ΔTsin(ωt). Then the 
subsurface temperature is (Turcotte and Schubert, 1986) 
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Where T0 is the surface average temperature, ΔT is amplitude of surface temperature, κ is thermal 
diffusivity, t is time, y is depth. With this equation, given ω =2×10−7 rad⋅s−1, κ =1×10−6 m2⋅s−1, 
when amplitude of surface temperature ΔT=10 °C and y =50 m, the subsurface temperature is only 
1.37×10−6 °C. Therefore, if the depth of the tunnel is deep enough, the influence of surface tem-
perature annual variation can be neglected. Therefore, in the following model we will no longer 
discuss the effect of the surface temperature and we mainly study the question of tilt and strain due 
to small annual temperature variation in the tunnel. 

As the structure of actual tunnels is very complicated, we have to generate a large number of 
grids in the 3-D FEM simulation if we want to get a relative high accuracy results. As a result the 
computational complexity is too large to carry out with serial computer code. Therefore, in this 
paper we make some appropriate assumption and give a relatively simple model. We consider a 
simple case: First excavate a shaft, and then dig some horizontal tunnels. In this model, neglecting 

 

Figure 1 Model establishment 
(a) Schematic diagram of the tunnel; (b) Simplification of the axisymmetric issue; (c) Schematic diagram 
of the mesh; (d) Calculation model and its sizes  

the influence of the shaft, we just consider the effect of temperature in the horizontal tunnels. And 
the left and right tunnels are symmetrical to the shaft. So we just consider the right part of the 
shaft axis AA’ (see Figure 1a). Assuming that the horizontal tunnel has a diameter of 2 m and the 
length of it is 15 m. Since the 3-D structure of actual tunnel is complicated, further study on the 
right of the model is to regard it as an axisymmetric problem (see Figure 1b). That is we consider 
the axis of the horizontal tunnel as the symmetrical axis of the model. The plane of BACDEF ro-
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tates 360° around the axis of EF to get a spatial cylinder (To see it clearly, we give a three-quarter 
of the cylinder). If CA is large enough, we can neglect the effect of the outer cylinder temperature 
and the surface temperature (Considering the linear problem can be superimposed, we can con-
sider it separately). To the 3-D axisymmetric problem, the deformation of the plane represents the 
entire deformation of the cylinder. So we finally simplify the model as a 2-D plane (see Figure 1d). 
The horizontal length of the model is 50 m. The radius of the cylinder is also 50 m. EF is the 
symmetrical axis. Temperature boundary conditions of the model are given as: temperature of CD 
and EF which are the wall of the tunnel change as T=0.2sin(ωt), other boundary are adiabatic. 
Mechanical boundary conditions of the model are given as the horizontal displacement of AC and 
BF is 0 and the vertical displacement is free. CD, EF and AB are all free boundaries. 
1.2 Equations 

In the cylindrical coordinate system r, θ, z (z is the symmetrical axis), variables in axisym-
metric problem have no relation with θ. Shear stress τrθ, τzθ and displacement uθ are all equal to 0. 
Therefore, the equations can be simplified (LU and LUO, 1990). We consider the medium as lin-
ear elastic and calculate them with following equations: 

Heat transfer equation 
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Equilibrium equations (no body force) 
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Compatibility equations 
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Constitutive equations 
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The temperature condition in the horizontal tunnel is  
)sin(2.0 tT ω=  (6) 

Where T is temperature; t is time; κ is thermal diffusivity; ur and w are the displacement at the 
direction of r and z; εr, εθ, εz,are the normal strain at the direction of r, θ, z; γzr is shear stress; σr, 
σθ, σz are the normal stress at the direction of r, θ, z; τzr is shear stress，E is elastic modulus, μ is 
Poisson’s ratio, α1 is thermal expansion coefficient. We use international system of units and 
κ=1×10−6 m2⋅s−1, α1=10−5 K−1, E=70 GPa, μ =0.25, ω =2×10−7 rad⋅s−1 in this calculation. 

2 Results and discussion 
Usually, in the crustal deformation stations, there are two kinds of instruments: One is a base-

line instrument which is to measure tilt and strain by observing the change of two points’ position. 
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Between the two points is the baseline. The other is a pendulum instrument whose work principle 
is to measure the change of pendulum’s angle to one point. According to these principles we ana-
lyze the results of our calculation. For the baseline instrument, we set the observe points below 
ground level a certain distance actually. So we select M and N as two observe points of the base-
line. M and N are at the same horizontal level which has 0.2 m from the line of CD, the wall of 
horizontal tunnel (see Figure 1d). For the pendulum instrument, we select three points on the line 
of CD: M’, P’, N’. The horizontal distance between M’ and N’ is 12 m. From M’ to the point C is 
1 m and from N’ to the end of the tunnel is 2 m. P’ is the horizontal center of line M’N’. For the 
baseline instrument, considering M and N as two observe points, we calculate tilt and strain with 
equations: 

M N
L

v v
L

α Δ − Δ=  (7) 

L
uu NM

L
Δ−Δ=ε  (8) 

Where L is the distance between M and N. u is velocity of horizontal direction and v is velocity of 
vertical direction.  

For the pendulum instrument, taking P’ as an example, we calculate tilt and strain with equa-
tions: 
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Finite element method (FEM) is employed to calculate and analyze the model. We adopt the ele-
ment type is quadrilateral and generate more grids near the tunnel. The element number is 149 301 
and the node number is 149 500. We calculate for 6 periods (equivalent 6 years) and the time step 
is 1 day. After the results departure from the effect of initial transient and close to stability cyclical 
changes, we take the final period for analysis. 

We set the distance between M and line AC to be 1 m and change the position of N, making 
the distance between M and N respectively equal to 6 m, 9 m, and 12 m. Considering MN as base-
line, we calculate tilt and strain with equations (7) and (8) for the three different baseline lengths. 
The results are shown in Figure 2. Although perturbation of temperature in the tunnel is small, it 
produces the magnitude of tilt up to 10−7 rad and strain up to 10−7. These changes can have effect 
on the actual data because the accuracy of instrument is 10−9 rad to tilt and 10−9 to strain (construc-
tion standard of seismic station in China, 2004). According to the results, when we meet the stan-
dard requirement: the amplitude of annual temperature variation is no more than 0.5 °C, the 
changes of tilt and strain due to the small perturbations of annual temperature is obvious, and this 
effect cannot be neglected. 

Additionally, in Figure 2 it is shown that tilt and strain due to the annual temperature varia-
tion are different to various length of baseline. Therefore, an appropriate length of baseline and 
two end points can be selected to reduce the effect of the annual temperature variation. What 
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Figure 2 Results of tilt and strain vary with time steps based on the baseline MN 

length of the baseline is reasonable? Figure 3 shows that tilt and strain which are calculated with 
equations (9) and (10) vary with the length of tunnel (The 0 point is entrance of the tunnel) at the 
last period to different steps: 1910 days, 1850 days, 1760 days, 1670 days and 1580 days. Figure 3 
suggests that with the increase of the length of the tunnel, especially at the end of the tunnel (to tilt 
at the length of 11~14 m and to stain at the length of 14 m), tilt and strain increase sharply. Tilt 
increase to 10−6 rad from 10−8~10−7 rad and strain increase to 10−6 from 10−8~10−7. The same phe-
nomenon will happen at the corner of the tunnel. Figure 4 shows the contour of tilt and strain 
which are calculated by equations (9) and (10) at 1 910 days. Because tilt and strain change very 
little far from the tunnel so we only select a region near to the tunnel. The selected region with 
computation mesh is shown in Figure 4. From Figures 4a and 4b we can see that tilt and strain 
increase near to the tunnel. The distribution of temperature is uneven because of the tunnel. And 
the annual temperature variation will lead to heat convergence and diffusion. So this result in that 
tilt and strain are different at the same level. CAO and SHI (2005) pointed out that there are heat 
convergence and diffusion at the top or foot of the mountain. So the case at the corner or the end 
of the tunnel is similar. Heat convergence and diffusion will produce the changes of tilt, strain and 
stress. And this make there are fluctuation in our observation data. So to reduce the influence of 
annual temperature variation, we should avoid setting the two baseline points at the corner or the 
end of the tunnel. Especially for the baseline instrument, the space of the tunnel should be suffi-
cient. The two baseline points should be installed at the center of the horizontal tunnel as far as 
possible to avoid the effect of annual temperature variation. To the requirement of the construction 
standard of seismic station in China (2004), the length of the baseline instrument room should be 
no less than 10 m, width 2 m and height 2.5 m; the length of the pendulum instrument room 
should be no less than 3 m, width 2 m and height 2.5 m. Additionally, considering symmetry of the 
model (see Figure 1b), we can set two baseline points symmetrically to the axis of the shaft (see 
Figure 1a) because the results shown in Figure 3 also suit to the right region of the axis of shaft if 
the actual tunnel is the same with our model. So to these two baseline points, tilt and strain due to 
annual temperature variation in the tunnel is the same and changes will be eliminated when calcu-
late with equations (7) and (8). So for the baseline instrument, we can reduce the influence of an-
nual temperature variation in the tunnel by selecting two baseline points appropriately.  

According to pendulum instrument, Figure 5 shows that tilt and strain which are calculated 
with equations (9) and (10) change with time steps at three points: M’, P’ and N’. As discussed 
above, heat convergence and diffusion have greater impact on the pendulum instrument. Tilt of 
point M’ which is at the entrance of the tunnel is 10−8 rad which increased to 10−6rad sharply at the  
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Figure 3 Tilt and strain vary with the length of the tunnel at different time steps 

 
Figure 4 The contour of tilt and strain at 1910 days and part mesh of the model 

(a) The contour of tilt; (b) The contour of strain; (c) Part mesh of the model 

points N’ which is at the end of the tunnel (Figure 5a). So for the pendulum instrument, the posi-
tion of the instrument installation is very important. Actually, we can select the position to install 
instrument where annual temperature variation has little influence on tilt and strain and avoid the 
corner or the end of the tunnel where heat convergence and diffusion is most obvious. The accu-
racy of the pendulum instrument is always very high but it is easy to be affected by surface factors. 
Some Japanese researchers thought it is not instability because it only reflects the measuring point 
(ZENG, 1984). In recent years, some high-precision, intelligent and network instrument have been 
produced and the accuracy of observation and resistance to jamming are also greatly enhanced 
(WANG et al, 2005, XIAO et al, 2005, SHI and WU, 2007). Strain due to annual temperature 
variation in the tunnel is very little if we select a reasonable point (Figure 5b). In fact, volume 
strain gauge can measure the strain to a point. 

Comparing the calculation results of baseline (Figure 2) and pendulum (Figure 5), we find 
that the annual changes to these two instruments are different. The analysis of tilt indicate the 
magnitude of annual changes is 10−7rad in Figure 2a, but the magnitude ranges 10−8~10−6 rad in 
Figure 5a. The analysis of strain indicate the magnitude of annual changes is 10−7 in Figure 2b, but 
the magnitude ranges 10−6~10−7 in Figure 5b. Therefore, from the same instrument at various loca- 
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Figure 5 Tilt and strain of points M′, P′, N′ vary with the time steps 

tions, we will get different calculated annual variations, and to these two kinds of instruments (the 
baseline instrument and the pendulum instrument) installed at the same location, the calculation of 
annual variations are also different. This conclusion has been verified in actual observation. The 
annual variation of tilt and strain observed by the Taian seismic station are shown in Figure 6. The 
extensometer and water piper meter are types of the baseline instrument. The length of the base-
line is 10.8 m. The quartz pendulum is based on the principle of the pendulum instrument. As the 
actual structure of the tunnel in the Taian seismic station is very complicated the direction of tilt 
and strain has close relation to the location of instrument. So in this paper, we only consider the 
annual variation of tilt and strain and neglect the direction of them. Either in Figure 6a or in Figure 
6b the magnitude of annual variation of tilt is 10−6 rad. But there are some differences. The mag-
nitude of annual variation of strain is 10−7 in Figure 6c and there are also some differences. These 

 

Figure 6 Observation results at Taian seismic station 
(a) Observation results of tilt with water pipe; (b) Observation results of tilt with quartz pendulum; (c) Observa-
tion results of strain with extensometer 

observations illustrate that different instrument installed in the same tunnel and under the same 
environment will get various observation results. However, we must indicate that the changes of 
tilt and strain in Figure 6 not only due to annual temperature variation inside the tunnel but also 
have relation to the temperature coefficient of instrument themselves. In actual seismic stations, 
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because of the complicated structure of the tunnel and some other factors, different instruments 
will get various observation results and even the same instrument will have distinction observation 
results if installed at different location within the same tunnel. So selecting an appropriate location 
to install instrument is very important. 

In this paper, we consider the medium as linear elastic and give some hypothesis when we 
establish the simple model for calculation. The results show that even a small perturbations of an-
nual temperature inside the tunnel (~0.2 °C) will produce a large changes of tilt and strain (~10−7) 
because this variation can be observed actually. Although according to the requirement of con-
struction standard of seismic station in China (2004), annual temperature variation amplitude 
smaller than 0.5 °C is qualified, for better reduction of annual changes in deformation, the annual 
temperature variation inside the tunnel should be further reduced as far as possible and maintain-
ing a constant temperature is the best. For either the baseline instrument or the pendulum instru-
ment, the modeling can give guidelines in construction of the tunnel and installation of the instru-
ments to reduce the effect of annual temperature variation inside the tunnel. 

If the actual condition is more complicated and the medium is heterogeneity or there is to-
pography on the surface, the magnitude and phase of temperature will be more complicated (CAO 
and SHI, 2005). However, with a variety of interference factor superposition, the fluctuations will 
be greater than the results of our calculation. This conclusion is also correct. 

3 Conclusions 
In this paper, finite element method (FEM) is employed to calculate the tilt and strain due to 

annual temperature variation inside the tunnel. The results show that even a small perturbations of 
temperature inside the tunnel (~0.2°C) will produce a large changes of tilt and strain (~10−7). The 
distribution of thermal strain is uneven at different location. The changes of tilt and strain are lar-
ger at the corner or the end of the tunnel because heat convergence and diffusion is obvious there. 
The observation results of baseline instrument and pendulum instrument are distinctive. The 
changes of tilt and strain observed by the same instrument are various at different location. 

The conclusion of our research is very useful to design and construction of tunnel, and in-
stallation of observation instruments. Though the construction standard of seismic station in China 
(2004) has regulated the magnitude of temperature inside the tunnel (the annual temperature varia-
tion is no more than 0.5 °C), it does not means that if meet the requirement we can eliminate the 
effect of annual temperature variation. To improve the quality of observation, seismic station 
needs to take further measures to reduce the annual temperature variation inside the tunnel. When 
the existence of small annual temperature variation is inevitable, we should consider the thermal 
deformation on the design of the tunnel and instrument installation, that is, the horizontal tunnel 
should be symmetrical to the shaft as far as possible and avoid setting baseline points at the corner 
or the end of the tunnel. For the baseline instrument, we can reduce the effect of annual tempera-
ture variation inside the tunnel if we set baseline points symmetrical to the shaft. On the other 
hand, for the pendulum instrument, the location of its installation is an important issue. We should 
select the location where the annual temperature variation is the smallest and avoid the corner or 
the end of the tunnel where heat convergence and diffusion are obvious. 
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