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An analysis of vertical surface displacements above the metro between the "Demiivska" and
"Lybidska" stations in Kyiv was conducted, where tunnel lining deformations were detected
in December 2023. Five vertical displacement maps were obtained using the D-InSAR
method for the period from March 2022 to December 2023. Anomalous zones (maximum
deviations compared to background values) were identified, and surface dynamics were
tracked across five observation periods. The Gaussian Process Regression method was
applied to analyze displacement data. A predictive mathematical model was developed in
Python based on a custom algorithm.

For the first time, predicted vertical displacement values were determined for the area above
the metro track. The obtained predictions closely align in magnitude with the average
observed values. The greatest discrepancies between predicted and observed values indicate
that factors influencing the underground tunnel deformation are present both directly above it
and in its immediate vicinity. The reliability of the developed model may be affected by
uncertainties such as the rapid commencement of repair works or water supply network
failures. Therefore, the model requires consideration of both anthropogenic and natural
factors, including changes in engineering-geological conditions.

The Gaussian Process Regression method is suitable for predicting vertical surface
displacements at the object level and can be utilized in other areas with underground
infrastructure for hazard prediction and early warning of emergencies.
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Introduction

In December 2023, train operations on the Obolonsko-Teremkivska metro line in Kyiv were
suspended between the "Demiivska" and "Lybidska" stations to conduct repair works following the
detection of tunnel deformations, surface subsidence above it. The complex geological conditions of
the area, influenced by anthropogenic load (Kril, 2017), necessitate the use of remote sensing methods
to analyze surface deformations, which serve as indicators of changes in the natural-anthropogenic
environment.

Among various satellite image processing techniques used for investigating failures in underground
infrastructure, differential interferometric synthetic aperture radar (D-InSAR) has proven to be the
most effective (Piestova et al., 2017; Pepe & Calo, 2017; Minh et al., 2020, Kril & Orlenko, 2022).
D-InSAR enables the identification of maximum deformation gradients, making it particularly
suitable for monitoring rapid changes induced by underground construction activities.

The Gaussian Process Regression method (GPR) was selected for predicting vertical displacements
due to its ability to effectively process data with high spatial correlation in urban environments, as
well as its capacity for interpolation and uncertainty estimation — both critical for assessing the risks
associated with infrastructure deformations (Heinrich & Kiefer, 2016, Vyzhva, 2019, Hudak et al.,
2021; Zhiyong et al., 2021).

Therefore, the primary objective of this study was to forecast vertical displacements above the critical
section of the metro track based on remote sensing data. The analysis was conducted in two key
stages: first, processing remote sensing data by collecting vertical displacement values over five
observation periods at ten initial (observation) points; second, applying GPR to analyze the obtained
displacements, predict future displacement values, and assess the level of uncertainty. The study area
encompasses the territory between the "Demiivska" and "Lybidska" stations.

Method and Theory

To calculate vertical surface displacements, data from the Sentinel-1A radar satellite were utilized.
Images of the study area were acquired in Single Look Complex format from the official Alaska
Satellite Facility website. The radar images were processed using the open-source Sentinel
Application Platform (SNAP). The study employed the phase difference between two Synthetic
Aperture Radar (SAR) images, derived from the Sentinel-1 radar interferogram, to assess the spatial
positioning of surface points. The differential SAR interferometry (D-InSAR) method was applied to
two series of Sentinel-1A (C-band, Level 1) images (Serco [ltalia SPA, 2018) to detect zones of
anomalous displacements in the area between the "Demiivska" and "Lybidska" metro stations.
The satellite radar images were selected in a paired mode to minimize the influence of vegetation on
processing results for the periods from March to October, October to December, and December to
March of 2022-2023. In this process, 10 observation points served as training data.

The vertical displacement data obtained from these points were used for statistical modeling
of stationary random processes using the GPR method in Python (Heinrich & Kiefer, 2016).
Stochastic fields allow for the description of dependencies between neighboring points and the
prediction of values in unknown locations. GPR is applied to approximate an unknown function based
on a limited set of observations (Vyzhva, 2019). The core principle of this method is to identify a
function that most likely describes the relationship between the input data X and the output values y,
while also estimating the uncertainty of the prediction.
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According to the properties of a Gaussian process, the function values at training points X and
prediction points X~ follow a joint multivariate Gaussian distribution (Heinrich & Kiefer, 2016;
~ N ([F’(X )

Vyzhva, 2019):
{f
fr p(X7)|”

where: K (X, X) is the covariance matrix between training (observed) points; K (X, X) is the
covariance matrix between training and new points; K (X', X°) is the covariance matrix between new
points; ¢° is the noise variance; /* is the Gaussian process function; / is the identity matrix accounting
for observational noise.

For new points X*, the predicted mean p(X*) and its uncertainty (covariance matrix) X(X*) are
computed following (Rasmussen & Williams, 2005):

X%y = K(X*, X)K(X,X) 'y

$(X®) = K(X*,X*) - K(X*,X)K(X,X)'K(X,X")

where: (X) represents the predicted values at new points; X(X*) denotes the prediction variance.

The implementation of GPR in Python utilized the NumPy, Matplotlib, mpl_toolkits. mplot3d, and
SciPy libraries, which are essential for processing, interpolation, and visualization of displacement
data across different time periods. The predictive model algorithm developed in Python by the authors
consists of the following steps:

1. Defining the coordinates of observation points and their displacement values.

2. Selecting the kernel function, using a combination of constant (Constant Kernel) and radial basis
function (RBF) kernels, with the mathematical formulation based on (Bishop, 2006).

3. Initializing the GPR model and training it on the given coordinates and displacement values.

4. Generating a grid of points for prediction within the range of actual coordinates.

5. Predicting displacement values for the grid points, estimating the standard deviation (uncertainty)
for each point, and visualizing the results.

Results and Discussion

The application of the D-InSAR method resulted in the generation of five vertical displacement maps
for the study area. These maps enabled the identification of anomalous zones — regions exhibiting
maximum deviations relative to background levels — as well as the monitoring of surface dynamics
over the period from March 2022 to December 2023. In the displacement map corresponding to the
fifth observation period, an anomalous zone emerged directly above the site of the subsidence event
(Figure 1a). To facilitate data analysis, 10 observation points were selected. The vertical displacement
values recorded at these points for each observation period are presented in Figure 1b. Based on the
recorded values, the following trends were observed: during periods 2—4, the anomalies were
primarily located southwest of the tunnel, whereas in the fifth period, they were positioned directly
above it (Figure la). The maximum recorded displacement of 0.142 m was observed in the fifth
period, with subsidence being more pronounced directly above the tunnel. This suggests the formation
of subsidence zones and potential alterations in the geotechnical environment. The analysis of vertical
displacements across the five observation periods revealed the presence of anomalous zones,
particularly in the vicinity of the metro tunnel.

Statistical modeling of stationary random processes was conducted based on the vertical displacement
values recorded at the 10 observation points over five periods. A predictive displacement map was
generated, modeling the correlation between observation points and estimating values for new
locations while incorporating uncertainty assessment (Figure 2). The statistical modeling, performed
using the GPR method, yielded predicted displacement values within the range of -0.034 m to
-0.09 m. These numerical estimates, derived from contour distributions, reflect the spatial variation in

displacement.
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Figure 1 Vertical surface displacements (m) of the study area for the 5th observed period (a) and
graphs of displacements in each point (b).

For the majority of observation points, the predicted displacement values were close to the mean
observed values in absolute values. This suggests that the model anticipates a compensatory recovery
toward initial conditions. The smallest discrepancies between the observed mean and the predicted
values were found at points 3, 4, 9, and 10, indicating their relative stability. The largest discrepancies
occurred at points 1, 5, 6, and 7, highlighting the presence of factors influencing the deformation of
the underground tunnel, both directly above it and in its immediate vicinity.
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Figure 2 Map of predicted displacements using the GPR method.

The obtained predictive values are considered reliable for a temporal interval corresponding to the
average duration between observation periods derived from the D-InSAR method — approximately
5—-6 months. However, for a more precise interpretation, it is necessary to account for geological
characteristics and external factors that may contribute to localized displacements. Future research
should focus on optimizing computational complexity and refining kernel selection to enhance the
accuracy of displacement predictions.

Conclusions
For the first time, predictive values of vertical displacements for the area above the metro track were

determined using remote sensing data processed through statistical modeling with GPR implemented
in Python. Vertical displacements were identified for five observation periods using the D-InSAR
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method, and their trends were established. A predictive model was developed in the Python
environment based on the obtained data, utilizing kernels to model correlations between values at
observation points and to forecast displacement values for new locations.

The reliability of the constructed model is influenced by uncertainties, including anthropogenic
factors such as the rapid initiation of repair work and failures in water supply networks. Therefore,
this model requires consideration of both anthropogenic and natural influences, particularly changes
in engineering and geological conditions. The GPR method has demonstrated its effectiveness in
predicting vertical surface displacements at the object level and can be applied to other areas with
underground infrastructure for forecasting and early warning of emergency situations.
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