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In modern life, metro and high-speed rails have become indispensable transportation and have been playing an important role in
many areas, especially in cities. The metro and high-speed rails have varying degrees of impact on the surface and surrounding
buildings, which must be carefully understood to minimize the risk of hazards. This work is aimed at investigating the
deformation of ground surface and the surrounding structures, caused by the excavation of underground tunnels. Because of the
spatiotemporal characteristics of the land subsidence induced by underground tunnel construction, the measurements obtained
from InSAR (Synthetic Aperture Radar Interferometry) and leveling techniques are integrated to study the subsidence
phenomenon of the ground surface above the shield tunnels and the surrounding buildings. The subsidence-related parameters,
including the advance angles, lag angles, and boundary angles, are derived from the deformation results. This study suggests that
leveling and InSAR observations can provide technical support to study the subsidence of dense buildings on the surface of
shield tunnel excavation and to protect the surrounding environment.

1. Introduction

Land subsidence is the loss of elevation caused by natural and
human factors. The land subsidence issue, especially in urban
areas, has a great impact on the environment and resources
as well as human life. Urban development and expansion,
caused by the rapid population growth, often adds pressure
to the existing transportation system. Many cities (e.g., Bei-
jing, Shanghai, Guangzhou, and Tokyo) in the world increas-
ingly rely on the underground transportation systems in
order to reduce the issues due to traffic congestion, noise
and air pollution, and densely built-up urban areas. Amongst

all urban underground tunnel construction techniques,
shield tunneling technology has been widely used because
of its fast, convenient, efficient, and small impact [1]. How-
ever, such a construction technique can affect the stability
of the ground surface and buildings near the construction
area. Therefore, it is necessary to monitor the ground surface
and buildings near the shield tunnel construction area and
understand their subsidence characteristics, for example,
observing the subsidence of the ground near the shield
tunnel.

Leveling is the most common technique used for subsi-
dence monitoring of the ground surface and buildings above
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the shield tunnels, which has been successfully demonstrated
in many applications [2–6]. Conventional surveying tech-
niques such as leveling can provide the reliable measurement
data precisely, but they are not suitable for monitoring the
ground subsidence which reminds us to measure long term
and broadly because of its inefficient observation andmassive
work.

InSAR is a remote sensing technique that has been widely
recognized because of its capability for monitoring ground
deformation under all-weather conditions, with wide cover-
age and high precision [7, 8]. Time-series InSAR (TS-
InSAR), an extension of the InSAR technique, can be used
to obtain the deformation time series of ground features such
as transportation infrastructures. It has been widely used to
monitor land subsidence caused by various reasons [9–17].
Many of these studies suggest that the precision of the subsi-
dence monitoring results can be affected by poor working
conditions. Many researchers have suggested different
approaches to deal with this issue, for example, utilization
of multiband InSAR data [18] and integrating multiple subsi-
dence monitoring methods [19, 20].

Through the reading and analysis of existing articles, it is
found that there are very few studies that utilize both leveling
and InSAR (multiband SAR data) to study and analyze the
deformation of the ground caused by shield tunnel excava-
tion and the impact of buildings (structures) near the tunnel.
Since the two techniques have different strengths (spatial and
temporal coverage for InSAR and accuracy for leveling) and
weaknesses (various biases for InSAR, notably atmospheric,
while very limited spatial and temporal coverage for level-
ing), therefore, using a single deformation monitoring tech-
nique is often not enough to deliver the comprehensive
ground subsidence phenomenon caused by underground
tunnel excavation. Combining multiple ground subsidence
measurements is one possible solution to this issue.

In order to obtain the comprehensive knowledge of the
ground subsidence phenomenon due to underground con-
struction, it is important to obtain the parameters related to
underground construction-induced subsidence (Table 1).
The objective of this work is to develop a framework to derive
the subsidence-related parameters by integrating the leveling
and InSAR techniques and apply them to investigate the
ground subsidence at the Beijing-Zhangzhou high-speed rail-
way shield tunnel. The shield tunnel in the study area is close
to the existing subway lines in Beijing that is surrounded by
dense buildings. Therefore, it is of great interest to study
the deformation of ground surface and infrastructure caused
by the excavation of shield tunnels and to investigate the
impact of shield tunnel excavation on the surrounding envi-
ronment caused by ground subsidence.

This manuscript is arranged as follows. First, the
subsidence-related parameters, useful to study the character-
istics of subsidence phenomenon of the ground surface above
the shield tunnels and the surrounding buildings, are investi-
gated. Since different subsidence monitoring techniques,
such as leveling and InSAR, have their own strengths and
weaknesses, the suitability of these techniques for obtaining
each parameter is assessed based on the features of the subsi-
dence phenomenon caused by underground construction.

Next, a case study is conducted based on this framework to
monitor the ground surface and surrounding buildings and
infrastructures above the shield tunnels. Then, the temporal
change characteristics of the structures on the upper surface
of the shield tunnel and the surrounding area are obtained,
and the subsidence law of the shield tunnel excavation is
understood. This information is expected to be important
for providing technical support for shield tunnel excavation
and security for safe construction.

2. Methods

2.1. The Characteristics of Land Surface Caused by Shield
Tunnel Excavation and Their Subsidence-Related Parameters.
For the land subsidence caused by shield excavation, the max-
imum ground surface subsidence generally occurs in the center
of the tunnel on the cross-section of its advancing direction.
The amount of subsidence gradually decreases as it gets further
away from the center of the tunnel. For the case of the longitu-
dinal section of its advancing direction, the initial subsidence is
often small, and then the surface subsidence begins to acceler-
ate. Then, the rate of ground subsidence decreases until the rate
becomes zero. Finally, after the surface subsidence reaches the
maximum, the subsidence tends to stabilize.

Subsidence-related parameters are very important in ana-
lyzing the impacts and subsidence phenomenon due to under-
ground construction, and the reliability of subsidence forecasts
and risk assessments. The definition of the subsidence-related
parameters, the methods of obtaining these parameters, and
the role of the parameters are shown in Table 1.

2.2. The Characteristics of Leveling and InSAR Technology.
Leveling is the one of the most popular monitoring methods
for surface deformation, and it can achieve high precision and
high frequency observation of surface subsidence in a small area.
However, there are several limitations of leveling when compar-
ing to InSAR. Mainly, they are reflected in the following aspects:

(1) Deformation monitoring is difficult to implement
and is often restricted by terrain and weather
conditions

(2) It is difficult to monitor a large area in a short time,
and it is easy to cause accumulated errors

(3) It is only capable for discrete point monitoring, so it
can only obtain the deformation information of the
monitoring points. The deformation information of
the unmonitored points needs to be obtained by a dif-
ference method

In this study, the surface subsidence of the Beijing-
Zhangzhou high-speed railway shield tunnel is studied using
the leveling data. The total length of the railway shield tunnel
is about 4 km. There are 45 cross-sections with more than 5
measuring points. The monitoring ranges of the cross-
sectional sections are 6-11m on both sides of the tunnel.
The layout of leveling points in the cross-section direction
is shown in Figure 1. The black triangles are the leveling
points.

2 Journal of Sensors



InSAR technology has the characteristics of all-time, all-
weather, high resolution, and regional spatial coverage. The
TS-InSAR technology used in this work is an extension of
InSAR technology. It has several advantages over leveling in
land subsidence monitoring which includes the following:

(1) Low observation cost, since it does not require to
invest a lot of manpower, materials, and financial

resources to observe the subsidence and maintain
the settlement monitoring points

(2) Relatively high spatial resolution (generally 10m to
30m) compared to conventional geodetic
techniques

(3) Wide monitoring range—a single SAR image can
cover hundreds of square kilometers

Table 1: The feasibility of the leveling and InSAR methods for deriving the various subsidence-related parameters [21–23].

Subsidence-
related
parameters

Description
Measurement
requirement

Suitable
monitoring
techniques

Effect

Angle of
advance
influence in
longitudinal
section

When the gob has reached the critical size, or
nearly so, on the major cross-section of a
movement basin, the critical line at the
faceline and the line connecting the

movement initiation point on the surface
with the faceline is the angle of advance

influence

High precision
Frequent
monitoring
and real-time
monitoring

Leveling

Determine the influence range of ground
subsidence when the working face advances
to any position in the process of advancing

on the working surface

Lag distance of
maximum
subsidence rate

The distance between the maximum
subsidence velocity point and the position of

the working surface

High precision
Real-time
monitoring

Leveling
The point where the surface has the highest
subsidence velocity is the place where the
surface moves most violently at that time.
Knowing the law of the lag angle, we can
determine the area with the most violent
ground movement at any time during the

advancement of the working face

Lag angle of
maximum
subsidence rate

The angle between the line connecting the
point with maximum subsidence velocity

and the working face

High precision
Real-time
monitoring

Leveling

Boundary of
subsidence in
transverse
direction

The contour line of 2mm of subsidence is
used to define the edge of the surface

movement

Medium
precision
Large area

Leveling
and InSAR
(C-band) It is of great significance for controlling

ground subsidence and protecting buildings
by monitoring the ground surface and the

sinking of ground buildingFar field
displacement

The far field displacement from the shield
tunnel is usually small with long settlement
time. This type of subsidence is usually far

away from the tunnel

High precision
Large area

InSAR (X-
band)

Subsidence
duration, etc.

The time it takes for the ground surface to
become stable at the maximum subsidence

point

Relatively
short

monitoring
time (6 days)
Real-time
monitoring
Small area

Leveling

Determining the time range of drastic
changes in the surface of the shield tunnel is
of practical significance for the protection of
the upper surface of the shield tunnel and

the building

10m 5m 3m 3m 3m 3m 5m

Middle line
of tunnel

Shield tunnel

10m

Figure 1: Cross-sectional directional leveling point layout.
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(4) Monitoring continuity and periodic or nonperiodic
long-term monitoring of the same target on the
ground can be performed at a certain time interval
to obtain the dynamic deformation process of the tar-
get in the time series. In addition, it is not affected by
time and weather conditions and is possible to con-
duct measurement at all times

(5) High security, no need to establish ground monitor-
ing points, and no need to touch the monitoring tar-

get; it can also monitor when server ground
movement occurs

In short, InSAR can possibly meet some of the require-
ments for monitoring surface subsidence caused by shield
tunnel exaction; therefore, it can be a useful supplement to
the existing land subsidence monitoring technology.

2.3. Joint Methods to Derive the Subsidence-Related
Parameters. In order to study the subsidence phenomenon
of the ground surface above the underground activities, it is
important to derive the subsidence-related parameters, e.g.,
advance influence angle, lag distance, and angle of maximum
subsidence rate, that are often used to describe the subsidence
characteristics of the shield tunnel excavation. In this work, a
framework is proposed to integrate leveling and InSAR mon-
itoring in order to derive these subsidence-related parame-
ters. The basic concept is to derive different subsidence-
related parameters using different monitoring methods (i.e.,
leveling and InSAR). The monitoring methods can be
selected according to their strengths and shortcomings as

Advance influence
distance l 

Advance influence
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Progressive direction

0
distance

(m)

Sink (mm)

H

Figure 2: Advance influence angle and distance.
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Figure 3: Subsidence curve and hysteresis effect during the
advancing process of the working face.
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Figure 4: Boundary of subsidence in transverse direction.
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Figure 5: Surface subsidence time and velocity.
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well as the measurement requirements. The parameters of
land subsidence are as follows.

2.3.1. Advance Influence Angle and Distance. Advance influ-
ence angle is one of the subsidence-related parameters. It is
possible to understand the meaning of this parameter
through the following figure: In the process of working face
recommendation, the ground surface in front of the working
face sinks under the influence of mining. This phenomenon
is called advanced influence. The line between the point
where the ground surface starts to move (the value of subsi-
dence is 10mm) in front of the working face and the current
working face. The angle between this line and the horizontal
line on the side of the tunnel excavation direction is called the
advanced influence angle, expressed by ω. The horizontal dis-
tance from the starting point to the working surface is called
advance influence distance, expressed by the advance influ-
ence distance. We can understand the advance influence
angle and distance with the help of Figure 2. In Figure 2,
the direction of the arrow is the advancing direction of the
shield tunnel; the white rectangle at the bottom of Figure 2
represents the shield tunnel that has been excavated, and
the gray rectangle is the unexcavated section.

2.3.2. Lag Distance and Lag Angle of Maximum Subsidence
Rate. In the surface movement of coal mining, the hysteresis
of the maximum subsidence speed refers to the phenomenon
that the position of the maximum surface subsidence rate
point is always behind the working surface by a certain dis-
tance on the surface subsidence rate curve. This distance is
called the lag distance of maximum subsidence rate. The lag
angle of the maximum subsidence rate refers to the angle
between the line between the working face and the maximum
land subsidence rate point and the side of the coal seam goaf,
denoted by φ. According to the definition of the lag distance

and the lag angle of the maximum subsidence rate in the pro-
cess of coal mining, the lag distance and the angle of maxi-
mum subsidence rate in the shield tunnel excavation
process are defined, as shown in Figure 3. In Figure 3, the
direction of the arrow is the advancing direction of the shield
tunnel, the white rectangle at the bottom of the Figure 3 rep-
resents the shield tunnel that has been excavated, and the
gray rectangle is the unexcavated section.

2.3.3. Boundary of Subsidence in Transverse Direction. Theo-
retically, the moving basin boundary is defined as the basin
boundary point with 0 surface movement and deformation.
However, in general, the boundary surrounded by the sink-
ing point of 10mm is regarded as the boundary of the mov-
ing basin.

On the cross-section in the forward direction of shield
tunnel excavation, the boundary point of the influence range
is the point at which the ground subsidence value is 2mm
(Figure 4).

2.3.4. Subsidence Duration. The surface subsidence time is
the time it takes for the land movement at the maximum sub-
sidence point to stabilize from the beginning of the move-
ment process. The whole movement process at a ground
surface point can be divided into three stages based on the
change of the surface subsidence rate (as shown in
Figure 5): (1) the initial stage (ground subsidence rate from
stabilization to 1mm/day), (2) the active stage (subsidence
rate from 1mm/day to the maximum subsidence rate and
then to 1mm/day), and (3) the recession stage (subsidence
rate from 1mm/day to stabilization). Surface subsidence time
is the total time of these three stages.

2.4. The Framework of Joint Monitoring Methods. As men-
tioned above, InSAR technology with leveling technology

Rapid and hug deformation on
the center line of the shield
tunnel and a small area near it

Ground deformation required
high frequency (once a day)
monitoring

Deformation monitoring for
non-building surface near 
the shield tunnel

Deformation monitoring for
ground surface and building
infrastructure

Leveling

C-band InSAR

X-band InSAR

Subsidence duration

Advance influence angle
in longitudinal section

Large distance of
maximum subsidence rate

Large angle of maximum
subsidence rate

Influence distance in
transerve direction

Far field displance

Joint analysis

Figure 6: The method of joint analysis.
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can complement each other in monitoring ground subsi-
dence caused by shield tunnel excavation. Figure 6 shows
the processing workflow for deriving the ground movement
parameters caused by the shield tunnel excavation using the
two monitoring techniques. In order to fulfill the monitoring
requirements (including monitoring accuracy, frequency,
and coverage), a joint analysis is performed (InSAR and
leveling), to derive the ground movement parameters. In
addition, it is worth noting that two InSAR datasets (Senti-
nel-1 and CSK) used in this study have different wavelengths
(i.e., C-band and X-band), which allow us to apply these data

to monitor different regions based on the required monitor-
ing accuracy.

3. Case Study

3.1. Study Area. As an important part of China’s “eight verti-
cal and eight horizontal” high-speed rail network, the
Beijing-Zhangjiakou intercity high-speed railway, namely,
the Beijing-Zhangjiakou high-speed rail, is an important
transportation system for the Beijing 2022 Winter Olympics.
The high-speed railway has a total length of 174 km and a

Shield well c DK16+200

Shield section
1741m

Shield section
2107m

DK14+317

DK11+610

Legend

Beijing

Shield well

Shield tunnel

Metro line

Shield well b

Shield well a

Figure 7: Position of the study area.

1741m Surface

19.14m

Shield well b

Shield well c

6.8m

Shield tunnel (i = 12.9%)

Shield tunnel (i = 12.9%)

Figure 8: Longitudinal section of shield tunnel (between shield well b and shield well c).
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total of 10 stations with a maximum design speed of
350 km/h. It is the world’s first high-speed railway with a
design speed of 350 km/h. The study area in this work is the
DK11+610 (distance starting at the origin is 11610m) to
DK16+200 (16200m) section of the Beijing-Zhangjiakou
Railway, mainly located in Beijing (Figure 7). The total length
of railway studied is around 4 km, and the railway adopts the
shield construction method.

The shield tunnels pass through several main urban
roads, such as the North Third Ring Road, Zhichun Road,

and North Fourth Ring Road, and are adjacent to a certain
subway line (Zhichun Road Station of Metro Line 10). The
geology of shield tunnels is mainly pebble soil layer. The bur-
ied depth of the entrance end of shield well a and shield well c
is about 7.0m and 7.1m, respectively. The buried depth is
less than 0.6 times of the tunnel diameter, which belongs to
an ultrashallow buried section. The stratum of the tunnel
crossing the vault is dominated by mixed soil, silt, and silty
clay. The end of the shield well a and the base stratum are
dominated by silt and silty clay, with a little pebble soil in
the middle. The end of the shield well c and the basement
stratum are dominated by silty clay. The cave body and base
stratum are mainly silty clay and pebble soil. The stratum has
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Figure 9: Plane layout of measuring points.

Table 2: Detailed characteristics information of Sentinel-1 and CSK dataset.

Satellite type
Imaging
mode

Data band
Spatial

resolution
Ascending/descending

mode
Polarization

mode
Number of
images

Start
time

Termination
time

Sentinel-1A IW mode
C-band
(5.6 cm)

5m× 20m A
VV

polarization
28 scenes 20171210 20181123

COSMO-
SkyMed

StripMap
mode

X-band
(3.1 cm)

3m D
HH

polarization
38 scenes 20150129 20181106

Table 3: Acquisition date of the Sentinel-1 dataset.

Number Date Number Date Number Date

1 2015/1/29 14 2016/6/24 27 2017/12/8

2 2015/4/23 15 2016/8/19 28 2018/1/6

3 2015/5/21 16 2016/9/20 29 2018/2/10

4 2015/6/22 17 2016/10/30 30 2018/3/11

5 2015/9/10 18 2016/12/2 31 2018/4/15

6 2015/10/12 19 2016/12/25 32 2018/5/1

7 2015/11/13 20 2017/2/4 33 2018/6/2

8 2015/12/19 21 2017/6/28 34 2018/7/4

9 2016/1/20 22 2017/7/1 35 2018/8/2

10 2016/2/9 23 2017/8/2 36 2018/9/3

11 2016/3/20 24 2017/9/16 37 2018/10/3

12 2016/4/13 25 2017/10/18 38 2018/11/6

13 2016/5/11 26 2017/11/6

Table 4: Acquisition date of the CSK dataset.

Number Date Number Date Number Date

1 2017/12/10 11 2018/4/21 21 2018/8/19

2 2017/12/22 12 2018/5/3 22 2018/8/31

3 2018/1/3 13 2018/5/15 23 2018/9/12

4 2018/1/15 14 2018/5/27 24 2018/9/24

5 2018/1/27 15 2018/6/8 25 2018/10/6

6 2018/2/8 16 2018/6/20 26 2018/10/18

7 2018/2/20 17 2018/7/2 27 2018/11/11

8 2018/3/4 18 2018/7/14 28 2018/11/23

9 2018/3/28 19 2018/7/26

10 2018/4/9 20 2018/8/7
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a large permeability coefficient, abundant groundwater, and
poor bearing capacity of the stratum. The burial depth of
the exit end of the shield well b is about 20m, and the arch
top stratum is dominated by clay, silt, fine sand, and silty
clay. The cave body and base stratum are mainly composed
of silty clay and pebble soil. The stratum has a large perme-
ability coefficient, abundant groundwater, and poor bearing
capacity of the stratum.

The shield tunnel passes through multiple sensitive old
buildings, multiple water supply pipelines, sewage pipelines,
heat pipe trenches, and high-pressure gas pipes where some
sections are about 2m away from the pipeline. The tunnel
is also underneath a number of transport infrastructure,
e.g., the North Third Ring Road, Zhichun Road, and North
Fourth Ring Road frame bridge. In addition, a long section
of the shield tunnel is parallel to Metro Line 13, for a distance
of 4 stations along the line. The tunnel structure is relatively
close to Line 13 (about 9.6m-26.6m). It also passes through
the Zhichun Road Station of Metro Line 10, with the mini-
mum clear distance of about 5.5m from the structure. The
shield tunnel process will affect the existing buildings (struc-
ture), pipelines, existing subways, or subways under con-
struction. Therefore, during the process of shield tunnel
excavation, it is necessary not only to carry out the control

measurement and elevation measurement of the shield time
and space but also to monitor the deformation of the ground
surface and infrastructure, etc., to ensure that these objects
are not affected by the shield tunneling or are within a con-
trollable range before, during, and after the shield tunneling.
Therefore, it is very important to comprehensively monitor
the ground deformation caused by shield tunnel excavation.

The shield tunnel is assembled with fully prefabricated
segments. The segments adopt outer diameter 12.2m, inner
diameter 11.1m, ring width 2m, and segment thickness
55 cm. It is divided into two shield sections, namely, the
DK11+610 to DK14+317.5 section (the interval between
shield well a and shield well b) and the DK14+459 to DK16
+200 section (the interval between the shield well b back
and shield well c). A total of 3 shield wells are built, located
at DK11+610 mileage (shield well a), DK14+317 mileage
(shield well b), and DK16+200 mileage (shield well c), as
shown in Figure 7. The distance between shield wells a and
b is 2707m. The railway line along the longitudinal direction
is relatively flat at the beginning section; the slope was raised
to 20° (downhill) after it enter the tunnels. The depth of the
entrance and the exit of the tunnel is 21.4m and 5.8m,
respectively, where the lowest point of the tunnel between
wells a and b is 28.7m. The section between shield wells b
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and c is approximately 1741m long. The longitudinal direc-
tion is also flat at the beginning section of b, where a slope
of 12.9° (downhill) has been observed after entering the tun-
nel. The depth of the entrance and the exit of the tunnel is
6.8m and 19.1m, respectively, where the deepest point of
the tunnel between wells b and c is located at the exit of the
tunnel. Figure 8 shows the longitudinal section of the shield
tunnel (i.e., the interval between shield well b and shield well
c).

3.2. Leveling Data. When monitoring the tunnel excavation-
induced ground subsidence near the centerline of the tunnel,
the magnitude and rate of ground subsidence is expected to
be high. The method of the leveling with flexible stations
and high monitoring frequency should be used. Because the
whole thread of the shield tunnel is long, the layout sketch
map of the ground subsidence monitoring points is drawn
to show the typical section (Figure 9). The leveling work is
conducted daily, from 18 December 2017 till 25 November
2018, for shield sections a~b. The leveling work for shield
sections b~c is conducted between 13 November 2017 and
25 October 2018. Since the shield line is too long, the project

used a plane and leveling control network to ensure the con-
sistency of the monitoring line [21, 24].

3.3. SAR Data. Twenty-eight Sentinel-1 data acquired from
December 2017 to November 2018 and 38 CSK data acquired
from January 2015 to November 2018 are used in this study.
The detailed information of the two datasets is shown in
Table 2. Tables 3 and 4 show the specific acquisition times
of Sentinel-1 and CSK data.

3.4. InSAR Processing. The image acquired on 12 September
2018 and 04 February 2017 for Sentinel-1 and CSK dataset,
respectively, is selected as the master image; all other images
within the stack are interfered with the master image sepa-
rately to generate the interferogram stack. The selection of
the main image should ensure that the spatial baseline and
the time baseline of each interference pair are the shortest,
and the maximum average coherence coefficient can be
obtained. The interferogram for each pair is generated using
the 2-pass D-InSAR technique [25]. The SRTM DEM data
(30m resolution) is used to removing the terrain phase and
the ground phase.
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Figure 11: Average deformation rate map of CSK from January 2015 to November 2018.
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The TS-InSAR analysis in this work mainly follows the
approach used in [8]. PS points in this work is determined
using the amplitude dispersion index, which is calculated
according to [8, 26]

DA = d
σA
mA

: ð1Þ

In Equation (1), σA represents the standard deviation of
the coherence of the target point in N SAR images and mA
represents the mean of the coherence of the target point in
N SAR images. The amplitude deviation threshold DThreshold
is then applied to select the PS candidates. All pixels satisfy-
ing conditionDA <DThreshold are considered as PS candidates.
According to the actual situation of the image data set and
the study area, it is found that the best DThreshold value is
0.56 because it is able to maximize the number of final PS
points without degrading the quality of the results.

After solving the linear deformation of each PS candidate
point, the phase residual of the model is differentiated, low-
pass filtering is performed in space, and a high-pass wave is
applied to enough images in time. The filtering process takes
into account the spatial and temporal correlation of atmo-
spheric phase components. The low frequency component

of phase residuals in time is related to the deformation com-
ponent for modeling and should not be considered as an
atmospheric effect.

After filtering, the atmospheric phase screen is estimated
by Kriging interpolation on the regular image grid, and its
variance map is taken into account, then the corresponding
part is subtracted from each interferogram [27]. The nonlin-
ear deformation components are obtained from the
unwrapped residual phase after removing the linear displace-
ment components and atmospheric artifact components
from the original phase.

4. Results

4.1. TS-InSAR Results from Sentinel-1 Data and CSK Data.
TS-InSAR results derived from the Sentinel-1 data and CSK
data are shown in Figures 10 and 11, respectively. A total of
11806 and 27259 PS points, covering an area of about
1.6 km2, fare obtained from the Sentinel and CSK data,
respectively. These points are mostly located at the buildings,
railways, and roads.

The TS-InSAR results show that the whole Beijing-
Zhangzhou high-speed railway is relatively stable in gen-
eral, but there is slight deformation obtained in some parts
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Figure 12: Average deformation rate map of Sentinel-1 shield section of Beijing-Zhangzhou high-speed railway from December 2017 to
November 2018.
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of the railway shield section. For example, there is obvious
subsidence in the middle of the shield line, i.e., near the
shield well b, but the overall subsidence is smaller.

As shown in Figures 12 and 13, the bottom picture is a
satellite image of surface buildings near the shield tunnel.
At the PS points on infrastructures, the points of different
colors represent different subsidence of the PS points, as
shown in Figures 12 and 13. And the number of CSK data
obtained is obviously more than that of Sentinel-1. The
local analysis of the results from the two datasets are as
follows.

The difference in the number of PS points is because of
the image resolution of Sentinel-1 data (5 × 20m) which is
poorer than CSK data (3 × 3m). Because of the short wave-

length from the CSK sensor together with the long spatio-
temporal baselines in the CSK data stacks, the coherence of
the ground targets other than the infrastructure is very low.
But in densely built areas, the coherence of the buildings is
high. The Sentinel-1 data has a longer wavelength and a
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Figure 13: Average deformation rate map of CSK Beijing-Zhangzhou high-speed railway shield section from December 2017 to November
2018.

Table 5: Average advance influence angle and advance influence
distance parameters of longitudinal section.

Shield
tunneling
interval

Average advance
influence angle (°)

Average advance
influence distance (m)

c~b 55.9 12.61

b~a 69.2 10.52

2.500

2.000

1.500

1.000

0.500

0.000
0.300 0.350 0.400 0.450 0.500

r/H

tanɷ

Figure 14: Relationship between the advance influence angle and
the width-depth ratio of the tunnel.
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shorter spatiotemporal baselines. Therefore, the Sentinel-1
data is more suitable for the monitoring of land subsidence
over the nonbuilding areas.

4.2. Analysis of Ground Subsidence of Shield Tunnel

4.2.1. Advance Influence Angle in Longitudinal Section.
According to the definition of the zone of influence and angle
of influence, the influence distance and angle of two shield
tunnels can be calculated by the leveling data. The average
values of advance influence distance and angle of the two
shield tunnels derived from the leveling data are shown in
Table 5.

Based on the acquired advance influence angle, the rela-
tionship between the advance influence angle and the shield
excavation depth is shown in Figure 14.

The relationship between the tangent value of advance
influence angle and the width-depth ratio of shield tunnels
is expressed by

ω = tan−1 0:05
r
H

� �−3:2
� �

, ð2Þ

where r is the outside radius of shield tunnel segment.
According to the structural information of the shield tun-

nel, it is known that the outside radius r is a fixed value. From
the functional relationship between the advance angle of
influence of the shield tunnels and the ratio of the width to
depth of the tunnels, it can be seen that the advance angle
of influence of the shield tunnels increases with the increas-
ing depth of the shield tunnels.

4.2.2. Lag Distance and Lag Angle of Maximum Subsidence
Rate. The lag angle and lag distance of the average maxi-
mum subsidence rate of the two sections of the shield tun-
nel are obtained from the leveling measurements
(Table 6). Different lag distance and angle between the
two sections of the shield tunnels have been observed.
This is expected to be because of the difference in shield
tunnel depth and shield speed.

Based on the lag angle data derived from the leveling
measurement, it is possible to derive the relationship between
the lag angle and the shield tunnel, as shown in Figure 15.

The function expression of the lag angle and tunnel
width-depth ratio is

φ= tan−1 0:16
r
H

� �−1:8
� �

: ð3Þ

The lag angle of the shield tunnel decreases with the
decrease of the depth of the shield tunnel. By understanding
the effect of variation in the lag angle to the maximum
ground subsidence rate, it is possible to determine the high-
risk area from different shield working faces. This informa-
tion is of great significance for the protection of the ground
surface of shield tunneling.

Table 6: Average maximum subsidence velocity lag angle and lag
distance parameters of longitudinal section.

Shield
tunneling
interval

Average advance
impact angle (°)

Average leading
influence distance(m)

c~b 64.3 8.75

b~a 60.1 14.73
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Figure 15: Relationship between lag angle and width-depth ratio of
shield tunnels.
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Figure 16: Variation of subsidence rate of upper surface point at the
deepest position of tunnel midline.
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4.2.3. Surface Subsidence Time Determination of Shield
Excavation. Due to the limitation of the monitoring fre-
quency, the leveling is chosen to obtain the surface subsi-
dence time determination of shield excavation since this
method can achieve the observation frequency of once a
day. In this work, the variation of the subsidence rate at
the deepest part of the middle line of the shield tunnel
(tunnel depth 29.95m) and at the shallow part of the tun-
nel (tunnel depth 9.5m) is described in Figures 16 and 17,
respectively.

During the shield tunneling process, the subsidence rate
of the surface point changes regularly: (1) the initial subsi-
dence rate changes slowly, with the advance of the shield
plane; (2) the subsidence rate increases gradually, reaching
the maximum value; (3) the subsidence rate decreases gradu-
ally until the surface movement stops.

Based on the subsidence measurements along the
Beijing-Zhangzhou high-speed railway, it is possible to inves-
tigate the subsidence rate variation patterns caused by
tunneling at different depths. As described in the two pictures
above, for deep tunnels, it can be found that the subsidence
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Figure 18: Leveling point layout and transverse influence distance: (a) DK13+650 cross-section leveling point layout; (b) DK13+650
transverse influence distance; (c) DK12+300 section leveling point layout; (d) DK12+300 transverse influence distance.

Table 7: Cross-sectional influence boundary angle results.

Cross-
section
number

Transverse
influence
distance
(m)

Maximum
subsidence of
middle line of
tunnel (mm)

Tunnel
depth
(m)

Lateral
influence on
boundary
angle (°)

DK13
+650

Left 11.67
-15.87 29.92

68.7

Right 12.07 68.0

DK12
+300

Left 6.00
-8.08 10.45

60.1

Right 6.00 60.1

13Journal of Sensors



rate takes about two days from 0 to 1mm/day, it then takes
another two days to reach to the maximum subsidence rate,
and then it takes another eight days for the subsidence rate
to go back to 0mm/day. For the shallow tunnels, it takes
one day for subsidence rate to reach 1mm/day, then it takes
another two days to reach the maximum and takes another
three days to go back to 0mm/day. The results show that
the time for surface movement caused by excavation of deep
and shallow tunnels in Beijing-Zhangzhou high-speed rail-
way shield tunnels is 12 days and 6 days, respectively. Under-
standing the variation of subsidence rate caused by shield
tunneling at different depths has practical significance for
the protection of the ground surface and buildings above
the shield tunneling, as the time range of rapid ground sur-
face movement during shield tunneling can be determined.

In this paper, whether it is a deep tunnel (29.95m) or
a shallow tunnel (9.5m), the duration of surface move-

ment is within 12 days. According to the above results,
the determination of the continuous surface movement
time requires a high-time flat rate (once a day) and
high-precision ground subsidence monitoring. Due to the
time period of satellites visiting the same area and the
high time frequency of leveling, it is suitable for us to
use leveling to obtain the duration of surface movement
and make regular analysis.

4.2.4. Determination of Influence Distance in Transverse
Direction Using InSAR. The InSAR technique has the capa-
bility of mapping deformation with wide coverage, which
can be used as a supplement technique for determining the
influence ground surface distance in the transverse direction
of the shield tunnel axis. In this study, a monitoring cross-
section profile near the deepest burial depth of the shield tun-
nel (DK13+650) and a cross-section profile at the shallower
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burial depth of the shield tunnel (DK12+300) are selected for
analysis.

The layouts of cross-sectional DK13+650 and DK12+300
leveling points are shown in Figures 15(a) and 15(c), respec-
tively. Taking the middle line of the tunnel as the center, the
distance between the survey points on the right side and the
middle line of the tunnel is defined as negative values, and
the distance between the survey points on the left side and
the middle line of the tunnel is defined as positive values.
The TS-InSAR measurements and the leveling measure-
ments of the tunnel cross-section is shown in Figures 18(b)
and 18(d) for DK13+650 and DK12+300, respectively.

Taking 2mm as the transverse influence boundary [23], it
can be determined that the influence ranges of the left and
right sides of the tunnel middle line at DK13+650 section
are 11.67m and 12.07m, respectively, and the DK12+300
section counterpart are 6m on both sides. The results agree
well with the theory about the influence of underground
activities on the ground surface, i.e., the deeper the buried
depth, the larger the influence range of the surface.

InSAR obtain the deformation along the LOS direction of
the satellite, while the ground subsidence obtained by level-
ing is in the vertical direction. As a result, the difference
between the target points of InSAR measurements and the
leveling measurements appears, and the maximum subsi-

dence value of InSAR results is slightly different from that
of the leveling monitoring results. The maximum surface
subsidence and cross-section influence boundary obtained
from leveling and InSAR data are used to calculate the lateral
influence boundary angle of the shield tunnel surface (see
Table 7). The results show that the boundary angle of the
transverse movement of the surface of shield tunnel is
between approximately 60 and 70°.

4.3. Analysis of Subsidence of Buildings Near the Shield
Tunnel. Since it is not possible to directly measure the subsi-
dence of the buildings near the shield tunnel, the subsidence
of the ground surface at the side of the buildings is studied
instead. The subsidence obtained at these areas is expected
to reflect the subsidence of the buildings. Figure 19 shows
the subsidence value of different leveling monitoring points
from 12th November 2017 to 5th April 2018. In Figure 19,
the abscissa represents the monitoring points on the center
of the shield tunnel in the longitudinal direction. As the tun-
nel excavation advanced, the ground subsidence influence
range gradually expands, and the maximum ground subsi-
dence gradually increases before being stabilized.

According to the depth of shield tunnel excavation, three
cross-sections of the shield tunnel are selected for analysis.
The corresponding excavation depths of the three cross-
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sections (15795, 14460, and 13600) are 12m, 19m, and 29m,
respectively. As shown in Figures 20–22, the abscissa is the
leveling monitoring point of the cross-section, and the ordi-
nate is the corresponding subsidence value. The maximum
surface subsidence points on the three cross-sections are
the tunnel midline points, and the maximum subsidence is
14.2mm, 13.76mm, and 14.64mm, respectively. The overly-
ing surface subsidence curve of the shield tunnel is approxi-
mately symmetrical, with the maximum subsidence value
appearing above the tunnel centerline; the subsidence value
(maximum subsidence value) of the leveling monitoring
points gradually decreases to zero as they become further
away from the shield tunnel centerline. During the shield
tunnel excavation, (1) the subsidence value of the surface
monitoring points slowly increased, (2) the magnitude of
the subsidence rapidly increased, (3) the surface rebounded
slightly upwards because of the lining support, and (4) the
subsidence value tends to stabilize. The surface subsidence

values of the three cross-section tunnels after the centerline
is stabilized are 10.48mm, 12.37mm, and 10.91mm.

Figures 23 and 24 shows the deformation rate and cumu-
lative deformation along the existing metro line L1. Figure 25
shows the accumulated historic deformation change map of
metro line L1. Metro line L1, which runs on the surface, is
parallel to the tunnel shield. Because of the influence of the
satellite looking angle, intensive infrastructure, and construc-
tion works, lack of PS points has been observed in some sec-
tions along the metro line (mostly between approximately b
and a shield tunnels). Therefore, the analysis work is focused
on analyzing the deformation between approximately c and b
shield tunnels.

There are 1599 PS points observed in this section, of
which the deformation rate of 11.4% (182) of them is greater
than 8mm/year. The maximum rate observed is
16.5mm/year, which is located on the subway line west of
the shield well b. There are 43 (2.1%) PS points with the
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accumulated deformation value exceeding 10mm, which are
mainly located in the west of the starting point of the shield
well b.

From December 2017 to March 2018, the accumulated
deformation of the metro line is within ±5mm, where most
of the deformation areas are near the shield shaft. By June
2018, the accumulated subsidence of some areas, especially
near shield well b, is over 9mm. The overall deformation of
the metro line (Figure 26) near the shield well b has become
stable between March 2018 and November 2018. The histor-
ical accumulative deformation data shows that the under-
ground excavation of the tunnel has little or no effect on
the metro line L1. However, it has been observed that the
excavation of the shield shaft has certain effects on the metro
line L1. This is because the size and depth of the shield shaft
are larger than those of the shield tunnel, so the influence
area is relatively larger.

The distance between the shield well b and the parallel
metro line (i.e., L1) is about 29-32m, and the historical sub-
sidence of the metro at the start-up well of shield B is shown
in Figure 27.

Based on the deformation rate of the PS point observed
along the metro line L1, the excavation of shield tunnels
has certain impacts on the nearby metro line L1; continuous
deformation has been observed for 8 months. The deforma-

tion is not obvious in the initial stage, while the deformation
issue between March and May 2018 is relatively stable. How-
ever, the subsidence has accelerated after May 2018.

Shield tunnel excavation can have impact on the ground
surface, especially on the surrounding buildings. Under-
standing of the tunnel excavation impact on surrounding
buildings in a timely manner is therefore very important
for providing technical support for shield construction.
InSAR technology, with large spatial coverage, is used here
to monitor the surrounding construction of tunnels.

The influence of the shield tunnel excavation on nearby
buildings of the Beijing-Zhangzhou high-speed railway is
investigated by analyzing the deformation of a few buildings
selected near the shield tunnel.

4.3.1. Building A (About 13m Away from the 19m Deep
Tunnel Section). The displacement time series of the PS point
on the building is shown in Figure 28. The building was sta-
ble before July 2018, then the subsidence of building A began
after July 2018. The subsidence rate has accelerated rapidly
after September 2018. The total deformation at this location
was about 10mm by November 2018. According to the shield
tunnel excavation schedule, the construction work of the tun-
nel section near the inspected building is 1 August 2018,
which coincides with the time of the building deformation.
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4.3.2. Building B (About 12m Away from the 29m Deep
Tunnel Section). The displacement time series (Figure 29)
show that the subsidence of the building began after March
2018 and tended to be stable after June 2018. The total subsi-
dence value is about 5mm between these periods. The subsi-
dence rate between June and October 2019 was greatly
reduced with subsidence of only 1mm. According to the
excavation schedule of the shield tunnel, the construction
of this section began in mid-March 2018. This agrees with
the InSAR results well, as it can be found that there is an
obvious subsidence phenomenon between March and April
2018.

4.3.3. Building C (About 15m–28m Away from the 29.3m
Deep Tunnel). Figure 30 shows the deformation time series
of the PS points at a building 15m and 28m away from
the tunnel. Although a similar deformation trend has been
observed at the two points, the point near the tunnel begin
to deform earlier than the point further away. In addition,
the coherence of the deformation of the point that is near
is larger than that of the point that is far away. The shield
tunnel excavated works at this section began in early April
2018, where the deformation rate of the two PS points

between March and April is obviously larger than other
periods.

4.3.4. Building D (12.5m Away from the 10.5m Deep Tunnel).
Figure 31 shows that the deformation of the point is relatively
stable from December 2017 to July 2018, and the subsidence
occurs from July 2018. The deformation rate has gradually
increased from July 2018, with total deformation of 9mm
observed by November 2018. The shield tunnel excavation
at this section began at the end of August 2018, which coin-
cides with the deformation trend observed at the building.

4.3.5. Building E (33m Away from the 7m Deep Tunnel).
Figure 32 shows that the subsidence began in December
2017, and there is fluctuation between January 2018 and
November 2018. The overall subsidence is about 3mm. The
shield tunnel excavation at this section began in early Sep-
tember 2018. The displacement time-series results show that
the subsidence phenomenon began in December 2017, which
does not coincide with the shield tunnel excavation schedule.
Given that the coherence of the overall deformation is small,
there is no evidence suggesting that the building is affected by
the excavation.
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Together with the excavation schedule of shield tunnels,
the deformation of buildings with a different distance along
the shield tunnels is investigated. The results show that the
impact to buildings is influenced by the depths of the tunnel.
Moreover, the buildings around shield tunnels will take a
long time to change stability. In order to ensure the safety
and effectiveness of underground activities, it is necessary
to monitor the infrastructure near the underground activi-
ties. The effectiveness of InSAR for monitoring deformation
of surface infrastructures caused by underground activities
is demonstrated in this work.

5. Discussion

In this study, taking full account of advantages and disadvan-
tages of multiband InSAR and leveling in monitoring shield
tunnel excavation caused by ground surface deformation, a
joint monitoring method was established to study the defor-
mation law of the overlying surface during the process of
shield tunnel excavation. The surface movement multiband
InSAR large-area monitoring and high-frequency and high-
precision leveling were established to study the deformation
law of the overlying surface during the process of shield tun-

nel excavation. The leveling measurement method is flexible
to monitor the surface deformation at the selected point with
high accuracy and frequency (e.g., on a daily basis). For
example, when determining the duration of surface move-
ment, the InSAR measurement is limited by satellite access
cycle (varies from days to months), which is not ideal for
monitoring the total movement time of ground subsidence
(typically 6-12 days). Therefore, the use of leveling measure-
ment is preferred in this case. When studying the deforma-
tion characteristics of buildings on the shield tunnel that is
with some distance away from the tunnel line, it is required
to obtain the continuous measurement with large spatial cov-
erage and long time span. In such a case, InSAR is more suit-
able. X-band CSK data has a shorter wavelength and higher
resolution than the C-band Sentinel data. Therefore, when
monitoring the surface deformation caused by shield tunnel
exaction, the X-band CSK data is more suitable for monitor-
ing the deformation of houses near the shield tunnel, while
the C-band Sentinel data is preferred for monitoring the
deformation of nonbuildings near the tunnel. In summary,
leveling data can be used to obtain the surface deformation-
related parameters, such as lag distance and lag angle of the
maximum subsidence rate, advance influence angle in the
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Figure 24: Accumulated deformation map (CSK) of metro line L1 from December 2017 to November 2018.
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longitudinal section, and surface movement duration; InSAR
measurement can be used to obtain the information in large
areas (e.g., buildings and nonbuildings near the tunnel) to
determine the surface subsidence range on the cross-section
of tunnel excavation direction as well as the influence angle
of the subsidence boundary to from the shield tunnel. Based
on above methods, a joint monitoring model of ground sub-
sidence caused by shield tunnel excavation was established.

Based on the above-mentioned joint monitoring, the
excavation-induced surface deformation can be dynamically
monitored all around, with a long time span, and over a large
area. In this article, it can be found that during the tunnel
excavation, the advance influence angle of the tunnel surface
subsidence increases with the increases of the shield tunnel
depth, and the lag angle of the maximum subsidence rate
increases with the increase of the tunnel excavation depth.
These two parameters have related fitting formulas with the
tunnel excavation depth. The leveling results suggested that
the greater the excavation depth, the longer the subsidence
duration. When using the multiband InSAR to monitor sur-
face buildings and nonbuildings, it was found that the ground
surface of the buildings and nonbuildings near the tunnel was

relatively stable. The noticeable sinking areas identified were
mainly concentrated near the centerline of the shield tunnel.
The amount of subsidence decreases rapidly from the center-
line of the tunnel to the left and right sides (i.e., transverse
direction).

Through the above-mentioned joint monitoring of the
shield tunnel excavation deformation model, the factors
such as depth of the tunnel excavation, the influence dis-
tance in transverse direction, the characteristics, and the
laws of ground subsidence during the shield tunnel exca-
vation are obtained. At the same time, the surface move-
ment parameters obtained by the authors using the
framework show that when the shield technology is
applied to tunnel excavation, it can effectively control the
surface deformation. Once the surface deformation is
under control, the risk of building deformation caused by
surface deformation can also be reduced, and the probabil-
ity of other land deformation-related disasters such as sur-
face water and faults can be minimized. The safety of
people’s lives and property can hence be effectively pro-
tected, and the natural environment around the shield
tunnel has also been successfully protected.
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Figure 25: Accumulated historic deformation change map (CSK) of L1 metro line.
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6. Conclusions

In this paper, the subsidence characteristics of the surface
and surrounding structures of shield tunnels are studied
using the leveling measurements and InSAR measurements
from CSK and Sentinel-1 data. A combined monitoring
model of the overlying ground deformation of a shield tunnel
is proposed. A number of important parameters for shield
tunnel excavation, including the influence angle and distance
in both longitudinal and transverse direction, the lag angle
and distance of maximum subsidence rate, and their relation-
ships with the width-depth ratio of shield tunnels during the
excavation and the shield excavation subsidence time can be
derived from the measurement results.

The deformation information of buildings around the
shield tunnels and the influence characteristics of shield tun-
nels on buildings are investigated. Through the above analy-
sis, the influence of shield tunneling excavation on the
ground surface and surrounding infrastructure for the
Beijing-Zhangjiakou high-speed railway is analyzed. The
ground surface deformation characteristics of shield tunnel
excavation can provide technical support and reference for
future shield tunnel excavation works; this is important for
ensuring the safety of people’s lives and property around
shield tunnels.
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