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Introduction: The study proposes a method for evaluating stress distribution in
high-altitude Tibetan Plateau railway tunnels using high-precision radar satellite
time-series interferometric synthetic aperture radar technology.

Methods: To effectively monitor and prevent geological hazards during the
construction process, this method i employed, as it serves as a component of
advanced geological prediction and surrounding rock deformation monitoring
technology for high-altitude tunnels, particularly in the Dongelu Tunnel of the
China—Tibet Railway. The study utilizes time-series interferometric synthetic
aperture radar to obtain deformation information for Dongelu Tunnel area
between 2022 and 2023 from Sentinel- 1A orbit images. This quantitatively
investigates the upper mountain body and line-of-sight direction along the
tunnel. The deformation characteristics are correlated with high-frequency and
high-precision automated vertical displacement monitoring results, determining
the spatiotemporal distribution of tunnel deformation. In this study, a model that
determines the vertical stress state of the Dongelu Tunnel under loading near the
entrance and evaluates its health status was established.

Results: The results show that the surface deformation of the mountain above
the tunnel axis develops slowly and is relatively small, with a maximum vertical
deformation rate of 1-3 mm/year. The average stress on the tunnel arch
is 5.54 MPa, with a fluctuation range of 0.01 MPa. Temporal Q9 changes in
various parts of the tunnel are periodic, with maximum fluctuations observed in
December 2022. The study reveals inconsistent surface settlement of the tunnel
arch and mountain above it, causing minor vertical stress changes. As the tunnel
construction progresses, vertical stress variation shows periodicity because of
an initial imbalance in internal stress within the mountain. Stress fluctuations
near the tunnel entrance occur during the initial excavation phase, gradually
diminishing as the project progresses and internal stress stabilizes.
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Discussion: The proposed tunnel monitoring and stability assessment method
can reduce its impact on engineering construction and provide guidance for
advanced geological prediction.

KEYWORDS

time-series interferometric synthetic aperture radar, plateau railway, deformation
monitoring, spatiotemporal analysis, stress assessment

1 Introduction

The
with population increase, and railway transportation—which

range of economic activities gradually expands
makes up the majority of land transportation—has made a
substantial and lasting contribution to the advancement of
human development. All countries have begun building the
plateau railway to develop the economy, consolidate national
defense, promote ethnic unity, and economic development
in the plateau area, considering it as a strategic artery for
national defense security (Jianbing et al., 2020). The engineering
construction is considerably more difficult than the usual
railway engineering because of the unique and complicated
geological structure of the plateau area. In particular, geological
disasters must be adequately monitored and avoided. The
railway area experiences mixed formation lithology, new tectonic
movement, deep activity faults, and strong earthquakes. It also
experiences large-magnitude collapses, landslides, debris flow,
and other giant geological bodies, as well as special rock and soil
development.

During the engineering design stage, numerous research
works on the geological elements that influence the route
direction scheme are conducted. Geological line selection is a
set of concepts and principles that are proposed for specific
geological issues that include active faults and high ground
temperatures. Nevertheless, despite the presence of several
geological difficulties, current research methods employed to
perform qualitative and quantitative analyses of safety and
stability are few. In terms of regional security stability, there
are two types of stability: the stability of the internal dynamic
crust, which primarily pertains to new tectonic movement,

and the stability of the rock, soil, and mountain slopes under
the influence of internal and external forces, which primarily
manifest as ground collapse and mountain disasters (Zhang et al.,
2016). Thus, more stringent guidelines for the sophisticated
geological prediction of tunnels must be developed, the impact
associated with these geological calamities on engineering
development should be minimized, and problems must be
monitored and regulated effectively. One of the most efficient
approaches to geological catastrophe mitigation and prevention
is early detection. However, identifying landslides in complicated
terrain regions, particularly the buried landslides in the plateau
railway building area situated in the valley and mountains,
in a timely manner has been challenging (Zhangetal,, 2024a;
Fangetal, 2024). Landslides, being the most prevalent type
of geological hazard, are widely distributed, frequently occur,
and pose notable threats to human life and property safety
(Zhang et al., 2024b).

Interferometric synthetic aperture radar (InSAR) technology
has recently been widely employed for high-precision monitoring of
slope deformations, which is critical for analyzing dangers including
landslides above high-altitude railway tunnels (De-hong, 2019;
Xinghong et al., 2020). The permanent scatterer InSAR and small
baseline subset synthetic aperture radar (SBAS-InSAR) techniques
mainly have been utilized to mitigate the atmospheric effects
and temporal and spatial decorrelation inherent in traditional
interferometric measurement methods, as well as to overcome
the limitations of temporal decorrelation in the early detection
of landslides. These developments provide precise and continuous
land deformation results in space and time, which is a dependable
method for enhancing the accuracy of landslide identification
and monitoring. The permanent scatterer synthetic aperture radar

FIGURE 1
Schematic of railway tunnel and landform.
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FIGURE 2
Site construction diagram on the front of the tunnel entrance.

and SBAS-InSAR technologies have been widely applied to early
identification of landslide hazards and have yielded successful
outcomes in some present studies (Sun et al., 2016; Daqing et al.,
2019; Keren et al., 2019; Dai et al., 2020). Chaoying et al. (2019) used
InSAR technology to carry out a multitemporal cataloging, long-
term monitoring, and instability mode recognition investigation of
possible loess landslides in the Heifang area of Gansu Province. The
excellent dependability of landslides detected by InSAR technology
was confirmed by field studies. Huiyan etal. (2019) used high-
resolution optical remote sensing image visual interpretation and
SBAS-InSAR technology to identify landslide hazards within a
30-km upstream and 100-km downstream range of the Jinsha
River Basin, a critical area for Sichuan-Tibet Railway. Using
SBAS-InSAR technology, Hongetal. (2021) investigated the
subsidence rates and sequences in VV polarization and VH
polarization in the Liaoning Province encompassing regions
of Panjin, Yingkou, Haicheng, and Anshan. Moreover, they
examined and forecasted the subsidence along the passenger
lines of Panjin-Yingkou and Ha-Da Railway, which traverse the
research area.

Through the advantages of wide-area identification, InSAR
technology has been widely validated for effective early
identification of construction areas in plateau regions, particularly
landslide hazards (Zhao etal., 2012). However, problems with
data processing, including decorrelation and shadowing, could
result in omitted or inaccurate results. Sentinel-1 (an ascending
orbit) and RADARSAT-2 (a descending orbit) data combined in a
complimentary fashion can effectively solve the issue of landslide
dangers along Lancang River section of Sichuan-Tibet Railway
(Shietal, 2016). Using the SBAS-InSAR technique, Jiajia etal.
(2021) combined data in a complimentary way from the descending
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orbit RADARSAT-2 satellite and the ascending orbit Sentinel-1
satellite. In the Lancang River section of the Qinghai-Tibet Railway,
this method successfully avoids shadow overlap areas and allows
for the early identification of landslide hazards. To demonstrate
the specific geometric distortion areas and the applicability of
Sentinel-1 ascending and descending orbit data in high-mountain
canyon areas, Kerenetal. (2020) employed time-series InSAR
technology to conduct broad-area early identification of landslide
hazards in Ya-Luo River Basin from Ya County to Muli County.

To solve the concerns raised above, this work focuses on
improved geological prediction and rock deformation monitoring
technologies for plateau tunnels. For this studys deformation
monitoring research using InSAR technology, Dongelu Tunnel on
China-Tibet Railway was observed and analyzed. To assess the
stability of the tunnel’s physical condition, the stress condition of the
tunnel was forecasted. This approach, which uses time-series InNSAR
technology, can give some assistance in assessing stress distribution
in high-altitude railway tunnels.

2 Engineering background and the
data sources

2.1 Research area

Dongelu Tunnel is located on the southern side of the transition
from the Sichuan Basin to the Qinghai-Tibet Plateau. The external
force is predominantly caused by freezing and thawing, which is
accompanied by biological weathering and other influences that are
characteristic of plateau landforms. The elevation of the research
area spans between 3,468 and 3,802 m, with a relative elevation
difference of 334 m and a generally natural slope of 30°-40°. A
dirt road leads approximately 520 m south of the tunnel entrance
from National Highway 318, with no traffic access; the tunnel exit is
located in East Village, Xinduqiao Town, with a cement village road
leading about 240 m north of the tunnel exit, with general traffic
conditions. The length of the tunnel is 1,163 m. Figure 1 shows the
distribution diagram of the landform and railway tunnel.

The research region is located in Hengduan Mountain range, at
a high altitude. The complicated topography has altered the latitude
climatic evolution sequence, which resulted in a unique plateau
continental monsoon climate. Subtropical climatic traits are only
seen in valleys with low heights. The high-altitude plateau area
includes Xindugiao area, which is situated at an elevation of more
than 3,000 m. This area’s climate is classified as high altitude. The
environment is characterized by a chilly temperature, alengthy frost-
free season, and plenty of sunlight. Zheduo Mountain—located in
the heart of Daxueshan series, which the main mountain range
in the research region—splits the climate in the Xindugiao area
into two sections. The southeast monsoon brings warm, muggy,
wet, and concentrated weather to the eastern area. Summer is
hot and muggy, whereas winter is frigid. There are four distinct
seasons throughout the frost-free period, which vary depending
on altitude. Western Zheduo Mountain experiences a year-round
climate with plenty of sunshine; low temperatures; long, dry winters;
and cool, breezy summers due to the influence of the southwest
monsoon (Changyan et al., 2005). The tunnel is situated in western
Zheduo Mountain. The yearly average temperature of Xindugiao
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FIGURE 3
Schematic of the satellite image data in the study area.

TABLE 1 Main parameters of Sentinel-1 satellite images used in this study.

parameters Ascending orbit ‘ Descending orbit
Imaging mode TOPS TOPS
Range resolution (m) 2.33 2.33
Azimuth resolution (m) 13.99 13.99
Average incidence angle (°) 39.6 39.6
Look angle (°) -12.7 192.7

Orbit number 41, 143,70, 172, 99, 26, and 128 150, 77, 4, 106, 33, 135, 62
Line-of-sight azimuth angle (°) 77.3 282.7

region is 5.2°C, with typical temperatures of 3.6°C in January
and 12.8°C in July. The extreme maximum temperature is 32.7°C,
and the extreme lowest temperature is 8.2°C, based on the data
from Xinduqiao weather station, which is located at an altitude
of 3,460 m. There is a 922.7-mm annual average rainfall, a height
of 146.1 mm per day, 761.7-mm annual average evaporation, 61%
relative humidity, 2,525.9 h of sunlight, and 95 days without frost.
The schematic layout of the site building in front of the tunnel
entrance is depicted in Figure 2.

2.2 Data source
2.2.1 Synthetic aperture radar (SAR) satellite data

Sentinell is made up of two European Space Agency-launched
and European Space Agency-operated Earth observation satellites
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that carry C-band SAR with a wavelength of approximately 5.6 cm
and a 12-day revisit time. Terrain observation by progressive
scanning (TOPS) offers a horizontal single-field coverage of up
to 250 km x 170 m, enabling the provision of high-resolution
radar data in all weather conditions and during the day.
Progressive scanning (TOPS) can offer high-resolution radar
satellite data with all-weather, all-day coverage up to 250 km X
170 m. Sentine-1 satellite has been widely utilized in the field
of geohazards since it offers the most convenient open SAR
data gathering, the greatest coverage area, and the best time
resolution in the world (Yafengetal., 1999; Tomas etal., 2014;
Dong et al., 2018).

Herein, the real topography of the mountain above the tunnel,
along with the quantitative analysis of the appropriateness of the
tunnel axial range in the research region, should be effectively
completed. The unique criteria for estimating the slope direction
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FIGURE 4
Schematic of automated monitoring system inside the tunnel.

Connection Data Pair Super Master

Connection

Diagram Generation Image Selection

Connection

Interferogram Interferogram

Interferogram —> Registering

R 2

Orbital

Reference

Diagram Editing

Ground 1+GCP Estimation For

|

| ' Orbital
|

|

[EE

Resampling

Refinement and Removing Residual

Control Point Referen  \

Tl

First Estimation

Connection

First Inversion —-—>

Refinement

of Displacement Rate

| — !

[ e |

r-—-—- T - - - - - = -/ - - - - T T T T -
1 . IS

Second Time Series

FIGURE 5
Schematic of the SBAS-INSAR data processing flow in the study area.
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of the mountain in raised orbit data (typically north-south and  images that were obtained over the course of a year, from November
eastward tendency is appropriate for elevated orbit data) was 2022 to June 2023, using SAR images with resolutions of 5 and
considered. The present research examines 21-view IW-mode IAR 20 m, from the Sentinel-1 satellite in an elevated orbit. Figure 3

Frontiers in Earth Science 06 frontiersin.org


https://doi.org/10.3389/feart.2024.1367978
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Lyu et al.

displays the coverage of the image data. WorldDEM grid interval
of 30-m digital elevation model data is used for the topographic
and geomorphic feature characteristics. The positioning accuracy
of the POD precision orbit data, which is released after 21 days
of imaging, might exceed 5 cm. SBAS-InSAR then processes the
data. As the experimental area-specific parameters are shown in
Table 1 following 21 days of imaging, the elevated track data can
fully cover the longitudinal and protibial 10-km range along the
tunnel area. The positioning accuracy can reach 5 cm, and SBAS-
InSAR is then used to process the data. Table 1 displays the particular
specifications of the experimental region that the lifting rail data may
cover, which includes the whole longitudinal 10-km range along the
tunnel area.

2.2.2 Tunnel internal monitoring data

To deduce the spatial and temporal distribution of tunnel
deformation and quantitatively study the correlation between
internal and external deformation of the tunnel, the internal
monitoring data of the tunnel are mainly the results of high-
frequency and high-precision total station automated vertical
displacement monitoring at the same time period as InSAR
monitoring. The data were measured by China Construction
Civil Engineering & Architecture Co., Ltd., in the field; the data
collection time was 2022.11-2023.6, and the sampling frequency
was two times/day. This study recorded the temperature changes
during each observation at the same time as the automated
observation of deformation, and the format of its raw data
is shown in Table 2. The large temperature difference between
day and night in the Tibetan Plateau region is likely to be
one of the driving factors for the stress changes inside the
tunnel, as shown in the schematic diagram of the automated
monitoring inside the tunnel in Figure 4. The raw data should
be resampled for the correlation qualitative study’s subsequent
phase to synchronize it with the temporal sampling of the external
monitoring data.

2.2.3 SBAS-InSAR

The SBAS-InSAR technology used in this study was proposed
by Berardino et al. (2002). The fundamental idea underlying
this technique is to obtain all SAR images and combine the

400

Temporal-Spatial Baseline Diagram
300

200
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=¥

Il ‘ | 1 Il 1
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FIGURE 6
SBAS-INSAR spatiotemporal baseline plot.
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results into a small baseline set, such that the image baseline
space within each subset is small. Subsequently, using the least
squares method of the images in each subset could compute the
surface deformation of the time series in each subset (Nestor et al.,
2016; Guitang etal., 2020). The linear deformation model is
constructed using a combination of interferograms based on the
high coherence sites to acquire the linear deformation rate and
elevation error information. Next, the non-linear deformation
information is obtained by decomposing the residual error. The
specific algorithm is described as follows: After obtaining N +
1 SAR images of the same area, one of the images was selected
as the reference image and underwent registration, resampling,
leveling, and topographic phase. The M interference images
were obtained based on a suitable spatial-temporal baseline
threshold, and each interference pair had to satisfy the inequality
-(N+1)/2 < M < N(N +1)/2. The phase value of the pixel (x,y)
in the iM(i=1...,M) amplitude difference interference map is
in Eq. 1:

Agx(x,y) = ¢ (tB,x,y) — ¢ (tA,x,y) = Agpdefo,(x,y),i "
+A@topo, (x,y),i+ Agatm, (x,y),i+ Agnoise, (x,y) , i

Herein, t,,t5(t, > t) is the SAR image acquisition time
corresponding to the i interference map, Agqdefo,(x,x),i is
the deformation phase corresponding to the diagonal upward
deformation from t to t, Agtopo,(x,x),i is an atmospheric phase
error, and Agnoise, (x,x),i is the noise phase error.

The reference image is baseline estimated, screened, registered,
and resampled with all pictures simultaneously throughout the data
processing phase. Subsequently, the remaining phase is eliminated
by orbit refining and releveling after the differential interference
map and unwrapping map are acquired via decapping, interference
processing, and phase unwinding. Further, using the high coherence
linear deformation model inversion to obtain linear deformation
rate and elevation error information, a 4:1 ratio, a resolution of
15m, a filter window of 32, and a coherence threshold of 0.3
were selected. The residual error is then used to decompose the
non-linear deformation information, and the surface temporal
deformation information is obtained using the SVD method,
as shown in Figure 5.

Figure 6 shows the reference images that were selected and
which date back to April 1, 2023. To invert the initial average
deformation rate of high coherence sites and the residual height
correction coefficient, the first inversion employs the SVD approach
using minimal baseline data and a linear model. To estimate
the atmospheric interference phase components, the second
inversion employs a first-order linear model. The atmospheric
filter eradicates atmospheric interference phase components
by using a time high-pass filter and a space low-pass filter.
Finally, the sight deformation rate and time-series deformation
accumulation are used simultaneously with radar incident data.
Eq.2 represents the angle of sight to the deformation to the
vertical deformation. This time-series differential interferogram was
analyzed using SBAS-InSAR, as shown in Figure 7. The time-series
coherence coeflicient that was produced during processing is shown
in Figure 8.

d=dLos/ cos 0 (2)
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FIGURE 7

Time-series differential interferogram processed using SBAS-InSAR.

InEq. (2),d},, is the line-of-sight to the deformation results, d,, is
the vertical direction deformation result, and 6 is the radar incident
angle, respectively.

2.3 Calculation of tunnel vertical pressure
under load

The vertical pressure under the load can be calculated according

to formula (3) (Dong et al., 2017; Liu et al., 2018; Meng et al., 2019;

Zhenlin et al., 2019), and Figure 9 shows the schematic of boron
action (load) of bias tunnel lining.

Q= g[(h+h’)B—()Lh2+)L'h'2)tan 0] (3)

where y is the surrounding rock heavy (kN/m?), h and h' are the

inner and outer levels from the vault to the ground (m), B is the
pit span (m), and 0 is the friction angles on both sides of the roof
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Earth column (°). Table 3 describes the circumstance in the absence
of measured data.

A and A" are respectively lateral pressure coefficient of the
inner and outer sides, calculated by the following formulas
(Eqs 4-7):

A= %[(h +H)B— (AR + Vh'?)tan 0] )
V= 1 tan 8 — tan ¢, )
Ctan B +tana 1+ tan B/ (tan @, — tan 6) + tan ¢_ tan O
(tan’g_+1)(tan ¢_— tan a)
tan 8= tan ¢_+ fan g, —tan 0 (6)
tan’g_+1)(tan ¢_+ t
an §' = tan g+ (tan’p_+1)(tan ¢+ tan ) @)

tan ¢_— tan 6

Among them, a: Ground slope Angle (°);
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FIGURE 8
Time-series coherence coefficient map generated using SBAS-InSAR
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FIGURE 9
Schematic of boron action (load) of bias tunnel lining.
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FIGURE 10
Correlation of the INSAR results.

¢.: Calculate the friction angle for one surrounding rock (°);

B,B': A rupture angle for maximum thrust (°);

It is also assumed that the bias distribution pattern is consistent

TABLE 3 Friction angle 6 value.
surrounding | ~1ll
rock level
Ovalue 0.9 (0.7 ~0.9) (0.5~0.7) (0.3 ~0.5) )
v v v v with the ground slope.
09 frontiersin.org
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FIGURE 11
Schematic diagram of the sedimentation rate monitoring of 2022.102-2023.5 InSAR in the study area (mm/year).
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FIGURE 12

(A) displays the cumulative settlement field of the deformation monitoring of the tunnel axis—covered region, as shown by the analysis of the tunnel
axis direction feature points 9, and (B) displays the time series ofthe elevation measurement change at the exit of the axis direction. The time-series
deformation trend chart of the nine typical characteristic points selected directly above the tunnel axis is displayed in (C). The overall result exhibits an
obvious seasonal cycle variation, with the uplift range being larger in autumn and winter than in the summer. The seasonal shift brought on by frost is
the potential origin of the aforementioned explanation, and the total yearly change is a modest upward tendency.

3 Results and analySiS confirm the validity of the InSAR monitoring findings presented
in the present research. As shown in Figure 10, the correlation
3.1 Precision validation coefficient is 0.72, and the two monitoring results are highly

correlated, which indicates the accuracy of the two methods.
The correlation between the spatial monitoring results derived =~ However, the majority of points are concentrated, approximately
from the SAR data of rising and lowering rail is computed to ~ 5-5mm apart, and a few are spread, which might be due to a
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FIGURE 13
Analysis of typical tunnel section. (A) the tunnel mountain elevation diagram and (B) the section of 11 monitoring point elevation time sequence
change trend diagram.

different selection procedure for connecting diagrams and geodetic
control point, resulting in differing deformation rate estimates.
Overall, the cross-validation of SBAS-InSAR monitoring data
demonstrated that InSAR monitoring results were reliable in the
present study.

3.2 Analysis of mountain deformation of
the upper part of the tunnel

3.2.1 Unitary analysis

The vertical surface deformation monitoring data of the
mountain surface above the East Aurora 2 Tunnel from October
2022 to May 2023 were obtained using SBAS-InSAR technology
based on 21 ascending rail Sentinel-1A images (Figure 11). The
mountain surface that covers the tunnel has a maximum vertical
settlement rate of approximately 26 mm/year and a maximum
vertical uplift rate of 22 mm/year.

The statistical curves for the northwest and southeast directions
of the mountain near the tunnel have peaks of approximately -1 mm
and -3 mm, respectively, based on the statistical histogram of the
four directional variables of the tunnel in Figure 14. According
to the InSAR timing, the tunnel southeast of the mountain is
expected to settle faster than the northwest by 1-2 mm/year. This
phenomenon can be attributed to the fact that the southeast inlet
of the tunnel was constructed before the northwest exit tunnel,
which indicates that although the total settlement is within a
safe range, the cumulative settlement will be higher than the
northwest.

3.2.2 Analysis of characteristic point deformation
of tunnel axis orientation

Figure 12A displays the cumulative settlement field of the
deformation monitoring of the tunnel axis—covered region, as shown
by the analysis of the tunnel axis direction feature points 9, and
Figure 12B displays the time series of the elevation measurement
change at the exit of the axis direction. The time-series deformation
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trend chart of the nine typical characteristic points selected directly
above the tunnel axis is displayed in Figure 12C. The overall result
exhibits an obvious seasonal cycle variation, with the uplift range
being larger in autumn and winter than in the summer. The
seasonal shift brought on by frost is the potential origin of the
aforementioned explanation, and the total yearly change is a modest
upward tendency.

From the tunnel exit section analysis diagram, before 2023,
overall deformation changes, because the construction is causing
mountain changes. In the middle of February, it began to
slowly stabilize and presented small amplitude seasonal cycle
changes. Figure 13 displays the tunnel exit D2K391 + 675 mileage
pile section deformation analysis diagram. Figure 13A shows
the tunnel mountain elevation diagram. Figure 13B presents the
section of 11 monitoring point elevation time sequence change
trend diagram.

4 Tunnel stress status assessment

Herein, we examined the vertical stress time series (Figure 14)
from October 2022 to May 2023 using the interior tunnel parameters
that China Construction Group provided (Table 4. The vertical
stress on the top of the tunnel can be attributed to the mountain
gravity generated by the top of the tunnel. The settlement value of
the tunnel vault differs from that of the mountain surface directly
above it, suggesting that the tunnel activities are causing periodic
variations in the vertical stress of the vault. The vault stress induced
by the uneven settlement of the mountain and the tunnel varies
slightly, with an average stress of 5.54 MPa (553.5 kN/cm?) and
a variation range of 0.01 MPa on the mountain directly above
the tunnel.

The uneven settlement of the mountain along the tunnel
direction has a greater impact on the tunnel’s stress than the
change in mountain load. The average stress of the tunnel mouth is
5.88 MPa, whereas the middle tunnel mouth section (650 measuring
points) has an average stress of 4.90 MPa (499.32 kN/cm?). The
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FIGURE 14
Schematic of the time-series analysis of the changes in section elevation and arch point stress at each mileage stake near the tunnel entrance.

two measuring points are 15m apart, and the stress difference  The middle tunnel section and the tunnel mouth have a stress
is 0.98 MPa. This results in an average shear stress of 0.98 MPa differential of 0.98 MPa in this result, which indicates that the
on the periphery of the tunnel, affecting the tunnel’s stability. — average shear stress on the periphery of the tunnel is 0.98 MPa.
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TABLE 4 Calculation parameters of tunnel vault stress

parameters Numerical
values
Surrounding rock density y (kN/m?*) 26
Calculation of friction angle for surrounding rock (°) 50
Tunnel span B (m) 1.276
Friction angle on both sides of the roof soil pile ¥ (°) 80

Additionally, the stress distribution of each section of the tunnel
is simulated using the difference method. The time change of
each part of the tunnel has a certain periodicity, and it fluctuates
the most in December 2022. It is speculated that the state of
the mountain near the tunnel entrance is weak at the beginning
of the tunnel project, which causes stress fluctuation at the
top of the tunnel. The stress condition of the tunnel eventually
tends to settle as tunnel engineering advances and volatility
steadily decreases.

5 Conclusion

The plateau area railway has garnered remarkable interest
due to its high construction difficulties and strategic importance.
Besides causing numerous geological catastrophes along the line, the
extraordinarily complex geological environment poses considerable
geometric distortion issues for the early detection and monitoring of
geological risks in this region.

Herein, a method for evaluating stress distribution in high-
altitude Tibetan Plateau railway tunnels using high-precision radar
satellite time-series InSAR technology was proposed. The proposed
method effectively monitors and prevents geological hazards during
the construction process considering it serves as a component of
advanced geological prediction and surrounding rock deformation
monitoring technology for high-altitude tunnels, particularly in
Dongelu Tunnel of the China-Tibet Railway. The results show
that the surface deformation of the mountain above the tunnel
axis develops slowly and is relatively small, with a maximum
vertical deformation rate of 1-3 mm/year. The average stress
on the tunnel arch is 5.54 MPa, with a fluctuation range of
0.01 MPa. Temporal changes in various parts of the tunnel are
periodic. This study reveals inconsistent surface settlement of the
tunnel arch and the mountain above it, causing minor vertical
stress changes. As the tunnel construction progresses, vertical
stress variation shows periodicity due to an initial imbalance
in internal stress within the mountain. Stress fluctuations near
the tunnel entrance occur during the initial excavation phase,
gradually diminishing as the project progresses and internal
stress stabilizes.

Herein, the deformation monitoring of railway tunnels and
stability analysis contributes to the accuracy evaluation analysis,

Frontiers in Earth Science

13

10.3389/feart.2024.1367978

which can reduce the influence on engineering construction and
difficulty and has important guidance for advanced geological
tunnel prediction.
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