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Abstract: Ground deformation poses a serious threat to the safety of subway structures. Conse-
quently, intelligent and efficient automated safety monitoring of ground deformation along the
subway has become urgent. Traditional engineering observation methods have the disadvantages
of difficulties with datum selection, non-automation, and poor reliability. A ground deformation
monitoring system for subway structure safety based on the Global Navigation Satellite System
(GNSS) was established and validated through experimental comparisons with traditional precision
leveling in this study. Based on the GNSS monitoring points, the continuous kinematic observation
GNSS data of ground deformation along the subway line were obtained; a joint robust local mean
decomposition (RLMD)–singular value decomposition (SVD) noise-reduction processing method
for GNSS signals was proposed to realize the real-time and high-precision monitoring of ground
deformation. The results show that the proposed combined noise-reduction method can reduce the
maximum noise amplitude by 86%. When compared with the accuracy of the traditional precision
leveling method, it was determined that the vertical positioning accuracy of the deformation monitor-
ing system is greater than 2.7 mm, the horizontal positioning accuracy is greater than 1.3 mm, and the
measurement error is less than 1.5 mm. The deformation monitoring system has the advantages of
convenience, automation, and high accuracy and can be applied to ground deformation monitoring
for subway structures.

Keywords: ground deformation; joint noise reduction; GNSS; deformation monitoring system;
structural safety

1. Introduction

With the acceleration of China’s urban development and infrastructure construction,
the subway’s structural safety has become a significant concern. Subway construction,
building construction along existing subways, tunnel foundation settlement, and under-
ground crossing project construction all affect the structural safety of the original subway
tunnels [1]. Therefore, to ensure the safety of existing subway tunnels and those under
construction, it is essential to conduct long-term continuous deformation monitoring of
certain key areas and major projects along the subway lines. Consequently, continuous
ground deformation monitoring along the subway is needed to ensure safety during its
operating period [2]. However, several problems exist in monitoring ground deformation
along the subway line: (1) it is difficult to find a stable reference point in the subway area;
(2) the long-distance measurement error of the reference point is large; (3) traditional defor-
mation monitoring of ground deformation along the subway is mainly based on manual
monitoring, with low observation efficiency, insufficient continuity, real-time performance,
and the consumption of significant manpower and material resources [3,4]; and (4) it is
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difficult to find hidden engineering problems and promptly analyze development trends.
It is difficult or even impossible to observe ground subsidence under severe weather condi-
tions involving rain, snow, and ice; thus, finding an alternative method for the real-time
deformation monitoring of ground subsidence along the subway is required.

The rapid development and highly Integrated application of satellite positioning,
computers, wireless communication, and data management technologies provide reliable
technical support for solving the problem of real-time, continuous, all-weather settlement
monitoring. Among these technologies, satellite positioning based on big data technology
has high-precision, automation, all-weather operation, a high data collection frequency,
high reliability, and wide application area characteristics [5,6], making it superior to other
means of meeting safety supervision requirements. These properties make it ideal for
overcoming the previously mentioned engineering observation problems. Using GNSS
technology to observe the deformation along the subway line can prevent errors caused by
geoid disparity and gravity anomalies, making it more reasonable and feasible than level
measurement technology.

Many researchers have conducted extensive research on the application of the GNSS in
engineering. Lee et al. [7] analyzed the accuracy of ground deformation using a GNSS fixed
monitoring station located at the Shin-Mangin dam. The root-mean-square error (RMSE) of
the ground subsidence obtained by comparing data from the GNSS monitoring station with
the D-InSAR (Interferometric Synthetic Aperture Radar) technique was accurate to within
0.7 mm. In addition, a correlation analysis of the ground subsidence obtained using the
D-InSAR technique was performed and it was determined that the change in the tides is one
of the causes of coastal ground subsidence. Bovenga et al. [8] used various satellite-based
SAR data (c-band and x-band) and in situ GNSS measurements to monitor the deformation
of the Assisi landslide in Italy. Adamcova et al. [9] investigated the landfill settlement
calculation method and proposed a permissive landfill model measured by a displacement
simulation system based on the GNSS monitoring data set. Their new model uses the Gauss–
Newton iterative method and the Runge–Kutta method to estimate the landfill ground
displacement and analyze and mathematically describe the landfill body displacement.
Iwahana et al. [10] conducted a high-precision GNSS positioning survey to measure the
tundra ground displacement in northern Alaska, along with the maximum thaw depth
(TD) and ground moisture measurements from 2017 to 2019. Maximum seasonal and
interannual subsidence (44 and 56 cm/year, respectively) were recorded at points near the
troughs of degraded ice-wedge polygons or thermokarst lakes. Kyriou et al. [11] performed
accurate rockfall mapping by processing GNSS measurement data. However, the mapping
uses orthophotos of drone data and 3D images of laser scanning motion. Bayik [12]
studied a recent landslide displacement caused by geological structures using advanced
techniques for InSAR measurements in highly urbanized areas and GNSS observations in
the Beylikdüzü and Esenyurt districts of the Istanbul megacity, Turkey. Lu et al. [13] studied
the elevation and azimuth angles of GNSS satellites and conducted a cluster analysis
combined with signal-to-noise ratios to determine a similar mode of signal propagation.
They plotted the GNSS signal cluster analysis results on geographic prediction trajectory
maps and generated high-quality mesh maps for accuracy estimation using the GNSS
signals. Finally, using the error assignment method, the environmental characteristics and
signal quality were used to estimate the error on the track.

Most current research focuses on observation projects, such as urban railway con-
trol network designs [14,15], landslide warnings [16–19], high fill settlements [20–22],
ground deformation [23–25], and crustal movement [26–29], achieving good technical re-
sults. Fewer studies have addressed GNSS ground deformation along subway lines and
GNSS technology is affected by errors, such as satellite ephemeris, tropospheric delay, and
multipath effect errors. The measurement accuracy of GNSS technology is usually in the
range of 10 mm while the foundation displacements of subways during construction and
operation are usually on the millimeter scale [30]. As the accuracy of the predictive analysis
is seriously affected by the fact that the useful information of the coordinate sequence re-
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ceives interference from the noise in the GNSS time series [31,32], data collected directly by
GNSS cannot meet the real-time monitoring accuracy requirements for ground settlement
deformation along subway lines and final settlement amount predictions.

It is evident that ground deformation poses a serious threat to the safety of subway
structures. Realizing the automated safety monitoring of ground deformation intelligently
and efficiently along the subway in the process of subway construction and operation
needs to be addressed urgently. However, traditional engineering observation methods
are associated with problems, such as difficulties with datum selection, low automation,
and poor reliability. In this study, the author constructed a ground deformation monitoring
system along the subway based on the GNSS and verified the validity of the method
through experimental comparison with the traditional precision leveling method. Mean-
while, the deformation monitoring system has the advantages of the convenient selection
of the reference point, high automation, and reliability and it can be applied to ground
deformation monitoring for subway structure safety.

In this study, based on the GNSS monitoring data, the RLMD–SVD joint method
was used to reduce the signal noise and the ground deformation monitoring system for
subway structure safety was developed. First, the GNSS control network deployment and
measurement was introduced and the continuous kinematic observation GNSS data were
obtained. Furthermore, the signal noise was reduced by the SVD-RLMD joint method
and the ground deformation monitoring system was constructed. The accuracy of the
deformation monitoring system along the subway line was investigated by conducting
an experiment using the traditional precision level. The results show that the system can
ensure the integrity and accuracy of the observation data and the obtained observation
values are essentially consistent with the traditional level observation values.

In this paper, we have proposed a ground deformation monitoring system for subway
structure safety based on the GNSS. The RLMD–SVD joint denoising method is introduced
in Section 2. Details of the experiment that was conducted are presented in Section 3 and
the performance of this method is shown in Section 4. Finally, the conclusion is given
in Section 5.

2. Methodology
2.1. High-Precision Calculation of GNSS Data

The high-precision GNSS data processing in the GNSS solution software, which is
independently developed by Wuhan University, is key to ensuring the system’s monitoring
accuracy. The Software-As-A-Service (SAAS) model corrects the tropospheric hydrostatic
delay and the Global Mapping Function (GMF) estimates the tropospheric wet delay
using a linear segmentation method without the atmospheric gradient parameters. As the
generation of cycle slip interrupts the tracking arc segment continuity of high-precision
carrier observations and one week of cycle slip produces approximately a 20 cm deviation
on the carrier, accurate, reliable, and real-time cycle slip detection becomes one of the key
elements in high-precision real-time deformation monitoring. The total electron content rate
(TECR)–Melbourne–Wubbena (MW) joint method [33] was used for real-time periastron
detection. The combined MW observations can eliminate the station-star geostationary
distance first-order term effects and ionospheric delays, which account for more than 80% of
the total ionospheric delays [34], providing a good cycle slip detection quantity during high
ionospheric activity periods. By constructing the MW combination method and ignoring
the multipath error, a wide path uncertainty Nδ is obtained:

Nδ = N1 − N2 = (ϕ1 − ϕ2)−
f1 − f2

f1 + f2
· f1P1 + f2P2

c
+ εNδ (1)

where f1 and f2 denote the frequencies; ϕ1, ϕ2, P1, P2, N1, and N2 denote the wavelengths
of the two frequency points, the carrier observation, the pseudo-distance observation, and
the ambiguity parameter, respectively; and ∑Nb

denote the measurement noises corre-
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sponding to the observations. The MW method is mainly affected by the pseudo-distance
measurement noise due to the high accuracy of the carrier observation.

The ionospheric rate TECRΦ (k) in TECU/s is:

TECR∅(k) =
TEC∅(k)− TEC∅((k− 1)

∆t
(2)

where TEC∅(k) is the total electron content (TEC) of the ionosphere in epoch k:

TEC∅(k) =
f 2
1 [(∆LI − (λ1N1 − λ2N2))]

40.3× 1016(γ− 1)
(3)

and where γ is the scale factor of the two frequency points, i.e., f1 and f2 are the L1 and
L2 frequencies; L1 and L2 denote the carrier waves corresponding to the observations
in m; ∆LI is the ionospheric residual; and λ1 and λ2 denote the wavelengths of the two
frequency points.

After ensuring that the carrier-phase data used in the initial calculation is non-cycle
slip data, the carrier-phase double-difference observation equation [35] must be established
and used to achieve high-precision localization. Assuming the reference station and the
monitoring station’s synchronous observation of the k and j satellites, the double-difference
carrier phase and double-difference pseudo-range of the observation equations are:

λi·∆∇ΦS
i = ∆HS·δX + ∆∇ρS − λi·∆∇NS

i − ∆∇IS
i + ∆∇TS + ∆∇εS

i (4)

∆∇PS
i = ∆HS·δX + ∆∇ρS + ∆∇IS

i + ∆∇TS + ∆∇εS
ic (5)

where ∆∇ is the double-difference operator, indicating that it combines the double dif-
ferences between the carrier-phase observations of the two BeiDou satellites and the two
stations, ∆HS is the coefficient of the position parameter for the single difference between
the stars, φ is the carrier-phase observation, P is the pseudo-range observation, H is the
coefficient of the position parameter, ρ is the geometric distance between the stations, and
λ is the wavelength of the carrier phase. In addition, N is the ambiguity, I is the ionospheric
delay error, the subscript i denotes the frequency, T is the tropospheric delay and satellite
orbit error, the superscript denotes the satellite, t is the receiver clock error, and ε is the
observation noise.

The reference station coordinates are known and there is no need to calculate the
position parameter. Then, the double-difference observation equations are:

λi·∆∇ΦS
i = ∆∇ρS − λi·∆∇NS

i − ∆∇IS
i + ∆∇TS + ∆∇εS

i (6)

∆∇PS
i = ∆∆∇ρS + ∆∇IS

i + ∆∇TS + ∆∇εS
ic (7)

The unknowns are mainly the carrier-phase ambiguity parameters and the double-
difference residuals of various observation errors.

The double-difference observation equations remove receiver clock differences and
further attenuate the effects of ionospheric and tropospheric delay errors, whose obser-
vation noise and multipath effects are further amplified. For short baselines, the spatial
atmospheric conditions of the reference and monitoring stations are highly correlated; after
the double difference, the ionospheric and tropospheric delay errors are negligible, with the
error sources being mainly multipath errors and observational noise. For medium-range
and long-range baselines (30–100 km), the residual tropospheric delay and ionospheric
delay errors after the double difference, and even the BeiDou Navigation Satellite System
(BDS) broadcast ephemeris orbit errors, are non-negligible.

The stochastic model can reflect the correlation between observations and the random
noise level, which affects the accuracy and reliability of the localization results, the success
rate of the ambiguity search, and other aspects. Different a priori variances of the origi-
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nal observations result in different weight arrays, affecting the accuracy of the baseline
solution results.

The lower the satellite’s elevation angle, the longer the satellite signal path through
the atmosphere, which is affected by atmospheric and multipath delays, and the higher the
observation noise. The stochastic model usually assumes that the deformation monitor-
ing system carrier-phase observations from the same system all have the same precision
σ (σ = σBDS). Then, assuming that the individual epoch observations are uncorrelated, the
precision of the single-difference observations is such that the variance–covariance array of
the entire ith epoch double-difference observations [36] is:

D =


D1

D2
· · ·

DS

 = σ2


P(1)−1

P(2)−1

· · ·
P(s)−1

 = σ2P−1 (8)

where P(i) is the corresponding power array and the least squares estimates of the parame-
ters and their variance–covariance matrices obtained from Equation (7) of the observation
equation and Equation (8) of the stochastic model are expressed:

X = −
(

AT PA
)−1

AT PL (9)

Dx = σ2
(

AT PA
)−1

(10)

where σ = VT PV
n−t , n is the total number of double-difference observations, t is the number

of unknown parameters, V is the residual vector of the observations, and X is the vector
of unknown parameters, including the baseline component and the whole-week ambiguity.
A(i) = [A1, A2, · · · , Am−1]

T is its coefficient matrix and L(i) = [L1, L2, · · · , Lm−1]
T is the

difference between the observed and computed values derived from the approximation of the
unknown parameters, which can be obtained by substituting Equation (9) into Equation (7).

Based on the variance calculated in the above equation, the variance array of double-
difference observations can be calculated by combining the single-difference operator and
the double-difference operator using the law of error propagation.

The Kalman filter estimation method, which is then extended by the parameter esti-
mation method, is given by:

Xk+1 = Φk+1,kX̂k + wk (11)

Lk+1 = Hk+1Xk +
(

L̃k − Hk+1X̃k

)
+ vk (12)

The above equations, Equations (11) and (12), are the state and observation equations
after linearization, respectively, where xk+1 is the state vector at the moment of k + 1 epochs
and x̂k is the state vector at the moment of k epochs after updating the estimation with Kalman
filtering. Additionally, φk+1 and ωk are the corresponding state transfer and kinematic noise
matrices, respectively, Lk+1 and Hk+1 are the observation vector and coefficient matrices,
respectively,

(
L̃k − H̃k+1X̃k

)
can be regarded as the control input, and υk is the observation

noise vector. Finally, combined with the reference station’s known coordinates, the monitoring
station’s high-precision coordinates complete the static relative positioning solution process.
The more epochs are involved in the calculation, the higher the positioning accuracy.

2.2. Robust Local Mean Decomposition (RLMD)

The GNSS monitoring signal consists of three main parts: the actual vibration of the
structure, the multipath error, and random noise. Among them, the multipath error is
mainly concentrated in the frequency band from 0 to 0.2 Hz [37], which is often suppressed
by robust local mean decomposition.
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Local mean decomposition (LMD) is an adaptive time–frequency representation pro-
posed by Smith et al. [38] in 2005, which essentially adaptively decomposes any signal
x(t) into several product functions (PFs) and the sum of the remaining components in
decreasing frequency order based on the envelope characteristics of the signal, namely:

x(t) = ∑k
p=1 PFp(t) + uk(t) (13)

where each PF is obtained by multiplying the envelope function by the pure frequency
modulation function.

However, this method may suffer from endpoint effects and modal aliasing to some
extent. To solve this problem, Liu et al. [39] proposed a robust local mean decomposi-
tion method that improved the LMD by optimizing the boundary conditions, envelope
estimation, and iterative stopping criterion. The specific optimization process is:

(1) Boundary conditions: the symmetric points at the left and right ends of the signal
are determined by the mirror extension algorithm;

(2) Envelope estimation:
Firstly, it is necessary to calculate the mean and standard deviation, which correspond

to the step between the smooth local mean and smooth local amplitude, respectively:

b(k) = (edge(k) + edge(k + 1))/2) (14)

us = ∑Nb
k=1 b(k)B(k) (15)

γs =
√

∑Nb
k=1(b(k− us)

2B(k) (16)

where Nb is the number of steps; B(k) denotes the probability of counting the set of steps
using the histogram bin counts when the probability of each bin is obtained; and edge(k)
denotes the edge of the bin; Nb denotes the number of bins.

Then, a reasonable fixed subset size λ∗ is obtained according to statistical theory, namely:

λ∗ = odd(us + 3× γs) (17)

(3) Iterative stopping criterion: minimize the following functions:

f (x) = RMSE(z(t)) + EK(z(t)) (18)

where RMSE(z(t)) and EK(z(t)) can be expressed as:

RMSE(z(t)) =

√
1
N ∑n

i=1(z(t))
2 (19)

EK(z(t)) =
1
N ∑n

i=1(z(t)− z)4(
1
N ∑n

i=1(z(t)− z)2
)2 − 3 (20)

where z(t) is the zero-baseline envelope signal; z is the average value of the zero-baseline
envelope signal; and z is the expression for:

z =
1
N ∑n

i=1 z(t) (21)

2.3. Singular Value Decomposition for Noise Reduction

As the GNSS monitoring source signal x(i) (i = 1, 2, 3, . . ., N) of the ground deformation
along the subway line after preliminary noise reduction is one-dimensional, it is necessary
to construct the Hankel matrix D for singular value decomposition based on the phase
space reconstruction theory [40]:



Buildings 2023, 13, 2682 7 of 21

D =


x(1) x(2) . . . x(n)
x(2) x(3) . . . x(n + 1)

...
...

...
...

x(m) x(m + 1) . . . x(N)

 (22)

To achieve good noise reduction, the values of m and n when constructing the matrix
should meet the following requirements: when N is even, m = N/2 + 1, n = N/2 and when
N is odd, m = (N − 1)/2, n = (N + 1)/2 + 1.

Assuming that r is the rank of D, the singular value decomposition of D is:

D = U
[

Σ 0
0 0

]
VT (23)

where U is an m × m order orthogonal matrix, Σ is an r × r order diagonal matrix, V is an
n × n order orthogonal matrix, and 0 is a zero matrix. The elements in the diagonal matrix
are the non-zero singular values λi in decreasing order, i.e., λ1 ≥ λ2 ≥ . . . ≥ λr.

A series of non-zero singular values are obtained through decomposition, including
useful signals and noise. The larger singular values reflect the true signal. From the (i + 1)th
order, the singular values become significantly smaller and subsequent singular values can
be regarded as corresponding to the singular values of the noise signal. Only the singular
values of the first i true signals in the Σ matrix are retained; the remaining singular values
are set to zero, with the construction of a new diagonal matrix in the form of the Hankel
matrix. The number of singular values is chosen to be twice the number of primary source
signal frequencies and does not vary with the number of rows in the reconstruction matrix.

Σ′ = diag(λ1, λ2, . . . , λi, 0, 0 . . . , 0) (24)

The signal after noise reduction is obtained by averaging the elements on the inverse
diagonal of the newly constructed diagonal matrix.

2.4. Ground Deformation Monitoring System along the Subway Based on the GNSS
Monitoring Signal

Ground deformation along the subway line is inevitable and it is difficult to achieve fast
and accurate real-time monitoring of these displacements, deformations, and settlements
using conventional manual measurement methods. This is due to its heavy workload,
accumulated errors, and long observation period. To address the above shortcomings,
establishing a ground deformation monitoring system based on the GNSS can achieve
continuous observation of the subway during its operation period.

A ground deformation study area was set up near Metro Line 6 in Hanyang District,
Wuhan, Hubei Province, with the measurement point layout shown in Figure 1; the specific
arrangement is shown in Section 3.1.1.
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First, the relative positioning between one reference station and five monitoring points
is measured using BeiDou satellites. The position information of each monitoring point in
different periods is obtained through relative positioning and the displacement information
of each monitoring point in different periods is obtained by comparing it to the results of
the first period. Then, the GNSS signals are resolved with high density and the RLMD–SVD
joint denoising method eliminates various environmental influence error factors to obtain
the displacement information with millimeter-level accuracy. This information is sent to
the system monitoring cloud platform through the data transmission system and the cloud
platform forms the time-range deformation parameters and related technical indexes of
each structure. At the same time, early warnings can be carried out for deformation values
exceeding the set threshold.

According to the actual urban subway, the GNSS automated monitoring network
system for ground deformation along the subway consists of four parts: sensor subsystem,
data transmission subsystem, auxiliary support system, and data processing and control
subsystem, as shown below:

(1) Sensor subsystem: consists of each GNSS monitoring unit and is responsible for collecting
monitoring data from ground deformation monitoring points along the subway;

(2) Data transmission subsystem: responsible for the real-time transmission of the data
collected by the sensor system to the control center. Specific transmission methods
generally use optical fiber, wireless bridges, and other media for reliable, effective, and
stable performance. It uses multiple methods to coexist, even solving problems related to
long distances and wiring trouble, and can also be used to set up a wireless base station;

(3) Auxiliary support system: consists of a monitoring field and monitoring center to
assist the normal operation of all GNSS automated monitoring system equipment,
including power distribution and UPS, lightning protection, integrated wiring, field
cabinets, and other subsystems;

(4) Data processing and control subsystem: consists of a small computer system, server
system, and software system located in the monitoring center.

Based on the RLMD–SVD joint denoising method, the flow chart of the constructed
ground deformation monitoring platform along the subway is shown in Figure 2.
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3. Results
3.1. GNSS Measurement Points
3.1.1. Integrated BeiDou Monitoring Equipment

There are typical periodic deformations in the key settlement area along the subway,
and the BDS technology is used to monitor the deformation to obtain the high temporal and
spatial characteristics of the deformations. DT100 is a Beidou GNSS receiver independently
developed by Wuhan University, which was adopted during instrument selection to ensure
the accuracy of the measurement results.

The BDS monitoring equipment is shown in Figure 3a, including the DT100 full-
frequency point measurement receiver, antennas, digital transmission radios, wireless data
transmission units (DTUs), solar panels, batteries and their controllers, and encapsulated
enclosures. The DT100 has a sampling frequency of 1 hz; the horizontal accuracy is
(2.5 mm + d× 0.5 mm/km) and the vertical accuracy is (5 mm + d× 0.5 mm/km), where
d is the distance in km from the measurement point. For real-time kinematic measurement,
the accuracies were (8 mm + d× 1 mm/km) horizontally and (15 mm + d× 1 mm/km)
vertically, meeting the observation requirements. The BDS measurement station was
installed on the surface of a fill structure along the subway line, which has a greater
thickness of fill soil and a spacious top, as shown in Figure 3b.
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3.1.2. Layout of Measurement Points

According to the relevant research results [41], the relative positioning accuracy of
the deformation monitoring system is related to the baseline length and the difference in
vertical displacement accuracy is small when the baseline length is within 5 km. Therefore,
to ensure the accuracy of BDS relative positioning technology, the baseline length of
the ground deformation monitoring along the subway was controlled to within 5 km.
Alternate measurement points were selected from the ground deformation monitoring
station locations along the subway; the installation location of the measurement point is
shown as depicted in Figure 3b. Then, the actual observation data collection was carried
out at these points and data quality analysis was conducted using the TEQC [42,43] GNSS
data quality analysis software.

Finally, the alternate points were screened by integrating the shape of the point
distribution, the signal quality, and other factors and five sets of DT100 full-frequency
receivers were set up above the ground along the subway with a large settlement. Five BDS
deformation observation stations (BDT1–BDT5) were set up and the arrangement of the
stations is shown in Figure 1. Observation stations BDT2–BDT5 were located in the soft
soil layer above the ground along the subway. The terrain in this area is relatively flat and
the ground is primarily a farmland base, surrounded by roads, houses, and factories; it was
used to observe the ground deformation along the subway. Observation station BDT1 was
located off the road and was used to observe the ground deformation outside the soft soil
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layer. A GNSS-CORS (Continuously Operating Reference Station) receiver was used for
continuous operation as the reference station for data and was installed on the roof of a
nearby subway repair shop with a stable structure and open top as the final monitoring
deployment plan. Both stations used wireless transmission and solar power to establish an
independent ground deformation monitoring station along the subway. The measurement
station is shown in Figure 4a and the CORS reference station is shown in Figure 4b.
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The monitoring and reference stations used BDS receivers to receive the monitoring
signals. The difference data were sent to the monitoring station through the digital trans-
mission radio to perform real-time difference calculations to obtain the RTK positioning
results of the monitoring station. The original observation data, such as the carrier phase
of the satellite signals, were sent to the remote monitoring center via the DTUs. Each
monitoring point continuously tracked and observed the satellite signals for a long time
and transmitted the GNSS observation data to the control center in real time via the data
communication network. The observation data of each reference station were combined
with the start coordinates of the control center through the software quasi-real-time solution
process, finally obtaining the three-dimensional coordinates of each monitoring point.

The GNSS remote ground deformation monitoring center along the subway was a
network server with a fixed IP address that collected data from the reference and moni-
toring stations. The RTK positioning results received from the monitoring station were
displayed kinematically. A large amount of carrier-phase data from the integrated refer-
ence station and the monitoring station was resolved over a long period for static relative
positioning to obtain more accurate positioning results as the primary basis for the rail
transit deformation monitoring.

3.2. RLMD-SVD Joint Denoising Method

The time frame for data collection in this experiment was from 3 December 2021 to
20 January 2022, resulting in measurement point data for the five locations in Figure 3a.
The BDS monitoring point receiver used the double-difference correction information of
the reference station with the solution method in this paper, using the real-time kinematic
differential algorithm to obtain real-time kinematic coordinates and sending the data every
five minutes. The GNSS monitoring point displacements of the five measurement points
after the BeiDou solution are shown in Figure 5.
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The displacement changes of the GNSS monitoring points usually refer to the coordi-
nate changes. When a monitoring point undergoes displacement, its position coordinates
will change, which is usually expressed by the change of east coordinates, north coordi-
nates, and up coordinates. As can be seen from Figure 5a–e, because of on-site monitoring
equipment and solar power failures during engineering application, the equipment some-
times suffered from an insufficient power supply time or even power failure. It resulted
in insufficient or even zero satellite epoch data being collected by the BDS equipment in a
single day in the late monitoring period of the BDT2 measurement point, failing to achieve
high-precision positioning results. The overall trend in changes in the deformation curves
of the remaining monitoring points was relatively gentle and the cumulative deformations
were small and fluctuated within a specific range, indicating that the ground deformation
along the subway was essentially stable during the monitoring period. By comparing
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and analyzing the fluctuation ranges of the deformation curves of the monitoring points,
it was evident that the eastward displacements of each measurement point from BDT1
to BDT5 had smaller vibration amplitudes, fluctuating in the range of 0–1.0 mm, except
for BDT1, which fluctuated between 0 and 2.0 mm. The northward displacements of the
BDT1–BDT5 measurement points fluctuated between −2.0 mm and +2.0 mm, except for
a few points that exceeded 6.0 mm. The up coordinates of the BDT1–BDT5 measurement
points fluctuated between −2.0 mm and 0 mm, except for the BDT1 and BDT3 displace-
ments, which more often fluctuated between −4.0 mm and 0 mm. The remaining three
points fluctuated between −2.0 mm and 0 mm. Of the five measurement points, BDT1 was
located on the side of the road and was most affected by traffic, leading to large fluctuations
in the observation data and a reduction in its quality, which mainly affected the accuracy of
the observation results in the horizontal direction. In general, the horizontal observation
accuracy meets the requirements for ground deformation monitoring.

The GNSS tangential angle process line variation of the BDT2 measurement point on
5 February 2022 and the GNSS daily variation rate of the process line are shown in Figure 6.
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Figure 6. The GNSS tangential angle process line variation and daily variation rate of the process line
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rate of the process line.

The GNSS tangential angle diagram refers to the image obtained by adding the clock
difference of the receiver and the clock difference of the satellite into the position equation
to obtain the corrected position coordinates in the GNSS positioning calculation. The GNSS
tangential angle process line variation and daily variation rate can assist monitoring person-
nel in assessing deformation conditions. Figure 6 shows that the GNSS tangential angle of
the BDT2 measurement point had the same trend in the east and north, fluctuating between
−90◦ and +90◦, and the up tangential angle mainly fluctuated between −60◦ and +60◦.
The deformation rate of the plane and the vertical deformation of the measurement points
were basically the same, fluctuating over 0–6.0 mm/d. It indicates that the deformation of
BDT2 is basically stable during the monitoring periods. The deformation trend changed
abruptly in the later stage of monitoring due to equipment failure.

The monitoring data for 3 December 2021 through to 6 January 2022 are shown in
Table 1, where it is evident that BDT2 had no data due to system failure. BDT1 was
close to the road with heavy traffic and the horizontal and vertical displacements were
larger, with values of −2.7 mm and −5.1 mm, respectively. BDT3 was similar to the BDT1
measurement point and had a consistent cumulative settlement with a difference of 5.88%
and a cumulative settlement rate of −0.15 mm/d; the cumulative settlement rates of BDT4
and BDT5 were −0.14 mm/d and −0.09 mm/d. The cumulative horizontal displacement
values of BDT3–BDT5 were similar and the cumulative displacement rates were all less
than 0.15 mm/d.
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Table 1. Ground deformation monitoring along the subway line.

Ground Deformation Monitoring along Subway Line

Measurement
Point

Horizontal Displacement Vertical Displacement

Cumulative
Displacement (mm)

Cumulative
Horizontal

Displacement
(mm)

Cumulative
Displacement
Rate (mm/d)

Cumulative
Settlement

(mm)

Cumulative
Settlement

Rate (mm/d)

∆x ∆y ∆Hr ∆Hr/d ∆h ∆h/d
BDT1 −2.7 1.0 2.9 0.09 −5.1 −0.15
BDT2 No data No data No data No data No data No data
BDT3 −1.0 0 1.0 0.03 −4.8 −0.14
BDT4 −1.5 0.9 1.7 0.05 −3.2 −0.09
BDT5 −1.1 0.4 1.2 0.04 −3.0 −0.09

The RLMD method was used to pre-denoise the eastward displacement curve of the
GNSS data for each measurement point; the SVD method was then used to post-denoise
it. In the SVD method, the number of singular values is determined in advance. If too
few singular values are selected, the signal appears over-decomposed, resulting in the
loss of useful signals. If too many singular values are selected, the signal appears under-
decomposed, resulting in incomplete noise elimination. The GNSS monitoring signals of
the ground deformation of the subway were mainly composed of three parts: the actual
structural vibration, the multipath error, and random noise. Therefore, the number of
singular values was set to six. The displacements of various measurement points after
denoising with SVD, RLMD, and RLMD-SVD are shown in Figure 7.

As is shown in Figure 7, although the SVD and RLMD methods alone provided
some noise reduction for the original signal, the RLMD–SVD joint method had strong
robustness and good noise reduction. The maximum fluctuation value of BDT1 decreased
by 45%, from 4.0 to 2.2; the minimum fluctuation value increased from −1.7 to 1.7; and
the displacement curve fluctuated steadily over 0–2.0 mm. For the BDT2 observation
data, the maximum fluctuation value decreased by 53%, from 1.7 to 0.8; the minimum
fluctuation value increased from −1.4 to −1.0; and the displacement curve fluctuated
between −1.0 mm and 1.0 mm. The maximum fluctuation value of BDT3 decreased by
80%, from 2.0 to 0.4; the minimum fluctuation value increased from −1.4 to −0.5; and the
displacement curve fluctuated steadily between −0.5 mm and 0.5 mm. The maximum
BDT4 fluctuation value decreased by 83%, from 2.4 to 0.4; the minimum fluctuation value
increased from −0.7 to −0.6; and the displacement curve fluctuated steadily between
−0.6 mm and 0.5 mm. The BDT5 maximum fluctuation value decreased from 2.8 to 0.4,
representing an 86% decrease; the minimum fluctuation value increased from −1.0 to
−0.4 mm; and the displacement curve fluctuated steadily between −1 mm and 0.5 mm.
In summary, based on the RLMD–SVD joint denoising method, the maximum magnitude of
each measurement point was reduced by a maximum of 86% and the eastward displacement
of each measurement point fluctuated stably between −1.0 mm and 1.0 mm, providing
better error correction of the BDS signals with high accuracy.

An experiment was conducted to investigate the static relative positioning accuracy of
the deformation monitoring system. The test simulated the ground deformation by a given
amount using a three-dimensional displacement platform. The experiment consisted of
two parts: RTK positioning accuracy and static relative positioning accuracy. A Tianbao
electronic level meter DINI03 (main characteristics: 1 km round trip accuracy: 0.3 mm;
measuring range: 1.5–100 m; compensation accuracy: ±15′; leveling accuracy: ±0.2′′;
telescope magnification: 32×; 100 m field of view: 2.8 m; short-sight distance: 0.6 m;
night and tunnel measurements are possible) and a three-axis fine-tuning platform were
used to verify the vertical and horizontal displacements of three BDS receiving stations
(BDT1–BDT3). The monitoring accuracy was based on the deformation monitoring level
and accuracy requirements stipulated in the Engineering Measurement Standard [44] and
the second-grade level measurement was selected.



Buildings 2023, 13, 2682 14 of 21

Buildings 2023, 13, x FOR PEER REVIEW 14 of 22 
 

The RLMD method was used to pre-denoise the eastward displacement curve of the 
GNSS data for each measurement point; the SVD method was then used to post-denoise 
it. In the SVD method, the number of singular values is determined in advance. If too few 
singular values are selected, the signal appears over-decomposed, resulting in the loss of 
useful signals. If too many singular values are selected, the signal appears under-decom-
posed, resulting in incomplete noise elimination. The GNSS monitoring signals of the 
ground deformation of the subway were mainly composed of three parts: the actual struc-
tural vibration, the multipath error, and random noise. Therefore, the number of singular 
values was set to six. The displacements of various measurement points after denoising 
with SVD, RLMD, and RLMD-SVD are shown in Figure 7. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. Displacement curves of each measurement point after noise reduction. (a) BDT1 measure-
ment point; (b) BDT2 measurement point; (c) BDT3 measurement point; (d) BDT4 measurement 
point; (e) BDT5 measurement point. 

Figure 7. Displacement curves of each measurement point after noise reduction. (a) BDT1 measure-
ment point; (b) BDT2 measurement point; (c) BDT3 measurement point; (d) BDT4 measurement
point; (e) BDT5 measurement point.

The BDT1 measurement point was selected for two-way static relative positioning
accuracy testing according to the optimal observation period, initially testing a specified
displacement (coordinate position) of 3 mm and moving 6, 8, 11, and 13 mm. Based on
the moving coordinates of the 3D precision displacement stage, the initial coordinates are
set for different working conditions: 21 December 2022, 3 mm initial coordinates: East
235.4914 m, North 744.0885 m, Up −25.6737 m; 22 December 2022, 3 mm initial coordinates:
East 1035.5862 m, North 1576.289 m, Up −25.3263 m; 24 December 2022, 3 mm initial
coordinates: East 1105.0611 m, North 1676.05 m, Up −25.2136 m.

For comparison, the change curves of the east, north, and up displacements of the
BDT1 precision leveling at different times are shown in Figure 8, based on the initial
December 21 coordinates. The movement offset of the 3D precision displacement platform
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and the data differences between the 3D precision displacement platform and the ground
deformation monitoring system are shown in Figure 9.
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According to the experimental results shown in Figure 8a–c, it can be observed that
the measurements of precision leveling in one direction fluctuate within a small range for
different gasket thicknesses, which indicates that the thickness of the gaskets has a minimal
impact on the measurement results of precision leveling. It shows that the precision leveling
is highly stable and capable of accurately detecting changes in the leveling.

The experimental results obtained from the three-dimensional precision displacement
platform and the ground deformation monitoring system, as illustrated in Figure 9a–c,
demonstrate a significant agreement between the measurement results of the monitoring
system and the precision leveling. The comparison is made considering the given displace-
ment of the three-dimensional precision displacement platform at various time intervals.
The maximum deviation of the measurement results of the monitoring system from the
precision leveling measurements is 1.3 mm and the minimum is −0.1 mm, both of which
are smaller than 1.5 mm. This indicates that the monitoring system has a high positioning
accuracy. Taking the precision-level measurement value as the relative true value, on
21 December, 22 December, and 24 December, the horizontal displacement observation
values of the deformation monitoring system calculated from the BDT1 measurement point
were close to the precision-level measurement value, meeting the accuracy requirement.

The observation accuracy of the ground deformation monitoring system was directly
evaluated using the root mean square error (RMSE), calculated as:

e =

√
∑n

1 d× d
n

(25)
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d = |Sb − Sd| (26)

where d is the displacement difference. The smaller the value of e, the higher the accuracy
of the monitoring system.
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the vertical displacements to monitor abnormal ground settlement conditions along the sub-
way. The testing was performed from 09:30 on 17 October 2022 to 19:49 on 18 October 2022
and the vertical displacement of measurement points BDT1-BDT3 is shown in Figure 10.

As is seen in Figure 10, the measured vertical displacement deviations of the platforms
for the BDT1, BDT2, and BDT3 measurement points from the precision-level measurements
range from −1.5 mm to +2.7 mm, +0.1 mm to +2.3 mm, and −1.3 mm to +0.1 mm, respec-
tively. The plane displacement deviations ranged from −1.3 mm to +0.7 mm, +0.4 mm to
+1.3 mm, and +0.1 mm to +1.0 mm. For the BDT1 measurement point with a 10 mm gasket
thickness, the maximum deviation value was 2.7 mm. For the BDT2 measurement point
with a 3 mm gasket thickness, the minimum deviation value was 0.1 mm.
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(d) BDT2 measurement point difference; (e) BDT3 measurement point value; (f) BDT3 measurement
point difference.

When the precision leveling values were taken as the relative true values for each
measurement point, the observed static relative positioning settlement of the BDS was
smaller than that of the precision leveling readings. The RMSE of the vertical displacement
deviation for the BDT1, BDT2, and BDT3 measurement points were 1.3 mm, 1.8 mm, and
0.8 mm, respectively. The cumulative RMSE of each measurement point was 1.5 mm and
the trend in the GNSS height observation results was consistent with the simultaneous
precision leveling survey results.

In summary, the ground deformation monitoring system has a vertical positioning
accuracy that is better than 2.7 mm and a horizontal positioning accuracy that is better than
1.3 mm. Both the horizontal and vertical positioning accuracies meet the requirements.
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Under the same observation period and baseline length, the horizontal observation accuracy
of the system is better than the vertical observation accuracy.

Based on the GNSS monitoring data after noise reduction, it has been demonstrated
that a ground deformation monitoring system can be constructed along the subway to
provide statistical information for structures, measurement points, and equipment. It can
display site monitoring point coordinate position information relative to the reference point
and recent ground deformation data changes and establish the corresponding threshold.
Different levels of alarm information can be set according to the threshold value size
when the monitoring data exceed the threshold value to effectively monitor the ground
deformation along the subway and provide risk analysis control and early warnings.

4. Discussion

The ground deformation monitoring system used in this study has advantages, such
as convenience and automation, compared to the traditional engineering observation meth-
ods. Lee et al. [7] used a fixed GNSS monitoring station located on the embankment of
New Wanjin Road and compared the GNSS monitoring station data with those obtained
via the D-InSAR technique to obtain an accurate ground deformation RMSE value of
0.7 mm. Xiao et al. [22] established GNSS in the Shuangwangcheng Reservoir, an impor-
tant regulation project in the eastern route of the South-to-North Water Diversion Project.
The global positioning system (GPS) and the deformation monitoring system accuracies
for different observation periods were evaluated and the results showed that the defor-
mation monitoring system performance is comparable to the GPS, especially for longer
observation period solutions, with daily solution accuracies of 1 mm horizontally and 2 mm
vertically. The above-mentioned GNSS is consistent with the experimental accuracy of
the measured results in this study. The two observation methods can reflect the subway’s
ground deformation characteristics. However, the traditional level observation method
adopts manual observation, which is greatly affected by the environment and other factors
and cannot be observed under weather conditions such as rainfall, wind, and fog, which
significantly impact the completeness of the observation data. The deformation monitoring
system provides 24-hour automated continuous observation, ensuring the integrity of the
observation data, and its deformation time curve is continuous and smoother to monitor
the ground deformation along the subway more effectively.

The noise of the monitoring data can be effectively reduced by the RLMD–SVD joint
denoising method. Figure 7 compares the real-time processing data of the BDT1–BDT5
measurement points based on the RLMD–SVD joint denoising methods and the RLMD and
SVD methods. The RLMD–SVD joint denoising method can provide more effective noise
reduction in the GNSS monitoring data than the RLMD or SVD noise-reduction methods
alone. Zhu et al. [45] reported the elimination of multipath errors in satellite signals using a
smooth wavelet transform. They simplified the random noise into a Gaussian white noise
model combined with autocorrelation function noise determination quasi-measurement
and empirical modal decomposition noise-reduction methods to reduce the random noise
components in the signals. The algorithmically corrected real-time acquisition of the ground
deformation monitoring system signals with the precision leveling measurements between
the error was less than 1 mm. Based on the RLMD–SVD joint denoising method in this
paper, the two studies agree on the deformation monitoring trend. Therefore, the RLMD–
SVD joint denoising method applied to GNSS engineering applications can eliminate
satellite signal errors, improve observation accuracy, and meet accuracy requirements.

The localization accuracy of the deformation monitoring system based on the RLMD–
SVD joint denoising method has been effectively improved. The experimental results in
Figure 10 show that the vertical positioning accuracy of the ground deformation monitoring
system was greater than 2.7 mm, the horizontal positioning accuracy was greater than
1.3 mm, and the measurement error was less than 1.5 mm. The measured and precision-
leveled BDT1, BDT2, and BDT3 measurement point vertical displacement deviations of
the platforms ranged from −1.5 mm to +2.7 mm, +0.1 mm to +2.3 mm, and −1.3 mm
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to +0.1 mm, respectively; furthermore, the plane displacement deviations ranged from
−1.3 mm to +0.7 mm, +0.4 mm to +1.3 mm, and +0.1 mm to +1.0 mm, respectively. For a
10 mm gasket thickness, the maximum BDT1 measurement point deviation value was
2.7 mm; for a 3 mm gasket thickness, the minimum BDT2 was at least 0.1 mm. When the
precision leveling values were taken as the relative true values of each measuring point,
the observed static relative positioning settlement of the BDS was smaller than that of
the precision leveling readings. The RMSE of the BDT1, BDT2, and BDT3 measurement
point vertical displacement deviations were 1.3 mm, 1.8 mm, and 0.8 mm, respectively.
The cumulative RMSE of each measurement point was 1.5 mm.

5. Conclusions

A BDS observation point was set up to monitor ground deformation along the subway
line in real time. The ground deformation monitoring system signal noise was reduced by
using the RLMD–SVD joint denoising method and the ground deformation monitoring
system for subway structure safety was constructed. The system has achieved effective
monitoring of ground deformation. The method was validated by experimental compar-
isons with the traditional precision leveling. The following conclusions were obtained:

(1) A ground deformation monitoring system for subway structure safety based on the
GNSS was established. Compared to traditional engineering observation methods, the
system has achieved the convenience and automated monitoring of surface deformation;

(2) The ground deformation monitoring system makes up for the shortcomings of the
traditional method; however, due to the influence of environmental noise and other
factors, it will produce a certain degree of error. A RLMD–SVD joint denoising method
is proposed. The ground deformation monitoring system noise-reduction results show
that up to 86% of the noise in the data can be reduced. Using the RLMD–SVD joint
denoising method more effectively eliminates the noise in the ground deformation
monitoring system signal compared to the SVD and RLMD methods alone;

(3) The RLMD–SVD joint denoising method improves the horizontal and vertical localiza-
tion accuracy of the ground deformation monitoring system. The vertical positioning
accuracy of the deformation monitoring system was greater than 2.7 mm, the horizon-
tal positioning accuracy was greater than 1.3 mm, and the measurement error was less
than 1.5 mm, meeting the ground deformation observation technical requirements of
a subway structure. It provides a new method for ground deformation monitoring.
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