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Abstract: Single-pair differential synthetic aperture radar interferometry (DInSAR) as well as more
advanced methods, such as persistent scatterer interferometry (PSI), allow vertical displacements to
be detected at the sub-centimeter level. Since 2014 free SAR data—Sentinel-1—have been collected
systematically under the COPERNICUS program at a high temporal resolution and with global
coverage. Such an open-access policy greatly helps build a wide user-community and develop diverse
SAR-based applications. In this study conventional single-pair DINSAR and the PSI techniques were
employed to monitor the vertical displacements of the newly constructed D8 highway, more specifically
the part passing through the Ceské Stiedohoti Mountains, where, during highway construction,
a massive landslide occurred in June 2013. For both DInSAR and PSI, free Sentinel-1 radar data were
used; moreover, the conventional single-pair DINSAR workflow was processed using freely available
SNAP software. Results from the radar interferometry were validated using in situ techniques,
such as geodetic measurements, 3D inclinometers, and laser scanning. Both approaches proved their
ability to achieve reliable results in detecting vertical displacement “hotspots”. Additionally, in terms
of absolute values, the PSI interferometry corresponds very well with the in situ measurements.
This study also shows that open-source solutions (free data and SW) provided under the COPERNICUS
program bring a great potential for monitoring vertical displacements.

Keywords: Sentinel-1; DINSAR; PSI; subsidence; highway; landslide; Ceské Stiedohoti Mountains

1. Introduction

Landslides are prominent geohazards affecting not only the natural environment, but also human
settlements and infrastructure. Detection and continuous monitoring of landslide-prone areas is,
therefore, crucial for its prevention and prediction [1,2]. Such monitoring is usually focused on
continuous surface deformation and displacement detection which serve as indicators of a possible
sudden slip with further damages. In the last decade modern remote sensing data and methods
(e.g., synthetic aperture radar: SAR) have been used more and more often as new means to detect
landslide-prone areas before a disaster happens and, also, to monitor vertical displacements in case the
disaster has already happened [3-7].

SAR radar data analysis could be either amplitude- or phase-based. Amplitude change is usually
used for fast-motion landslides, while the phase component serves for tracing slow motions [1].
One of the most exploited phase-related techniques enabling surface displacement to be measured
is differential SAR interferometry (DINSAR) [8]. Under suitable conditions DINSAR can achieve
millimeter accuracy, thus, it is a very powerful tool for land subsidence/uplift measurements [9]. Due to
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its ability to identify deformations from millimeters to centimeters, DinSAR is a suitable method for
monitoring slow-moving landslides.

The goal of DinSAR is to obtain the most precise measurements of a surface deformation,
this means removing or diminishing all the contributors to the interferometric phase (1) except the
displacement. To do so, interferogram flattening and topographic phase removal is performed during
the simple single-pair interferometric process (also known as conventional DInNSAR, [10]). Therefore,
DInSAR is usually limited by temporal and geometrical decorrelation and atmospheric delay anomalies.
It only works properly in areas where the interferograms that are generated are characterized by high
coherence, as an insufficient coherence value of corresponding pixels causes unreliable phase difference
values [6]. Among typical surfaces with low coherence are forests and other densely vegetated areas.
In addition, snow and near-surface moisture changes can also cause coherence losses [11]. In spite of
the afore-mentioned limitations, several studies have demonstrated that single-pair interferometry can
be employed successfully for landslide analysis [12-16].

Multi-temporal DINSAR (MT DInSAR) techniques, known as Advanced-DInSAR, can partly
overcome the DINSAR limitations [17]. MT DInSAR techniques use large stacks composed of many SAR
images collected with the same sensor under the same geometry and remove the redundant information
of phase difference, particularly the atmospheric contribution [18]. MT DInSAR includes two
approaches—persistent scatterers interferometry (PSI) [19] and small baseline subset (SBAS)—originally
proposed by [20]. The main difference between SBAS and PSI technique is that they use a different
approach for stacking differential interferograms and in the use of either persistent or distributed
scatterers [21-25].

The SBAS technique [20,26] is based on the use of multiple small perpendicular baseline acquisition
subsets via an easy and effective combination of all the available interferograms [20]. It deals with
multi-master, short time interferograms, and investigates the distributed pixels. The singular value
decomposition (SVD) method is applied in order to link independent SAR acquisitions, separated by
large baselines, thus, it increases the temporal sampling rate of the dataset. The SBAS has been used for
instance by [27-30] for detecting and monitoring ground surface deformations related to landslides.

PSI, presented by [19], requires at least 20 SAR images to perform the analysis in the C-band
data [31]. PSI measures the surface deformation over months or years, removing the effects of
atmosphere, topography, and signal noise. The PSI technique’s potential for landslide assessment has
been demonstrated in numerous studies (e.g., [2,18,32-38]).

As already explained, employing DINSAR techniques in predominantly vegetated areas is still
not easy. Especially when using frequencies in the C band (e.g., free Sentinel-1 data) and X band
(e.g., TerraSAR-X/TanDEM-X), insufficient coherence is the main limitation. So far, the potential of
Sentinel-1 C band data to monitor land deformation connected with landslides and subsidence has
been demonstrated in several studies [16,31,39-42]. However, for vegetated areas it still might be
challenging to use COPERNICUS Sentinel-1 SAR data working in the C band.

In this study the surface vertical displacements of the newly-built D8 highway in the Czech
Republic was analyzed, more specifically the Hodkovicky area, which was affected by a massive
landslide in June 2013. The intention was to test whether Sentinel-1 C band data can be successfully
used to detect vertical displacements even in the conditions of Central Europe-mainly covered by
dense vegetation. Furthermore, using the in situ data and techniques, such as geodetic measurements,
3D inclinometers, and laser scanning, it was possible to validate and compare the results for two
scenarios: (i) the open-access data and freeware-based Scenario 1: DinSAR employed to Sentinel-1
data using SNAP freeware, and (ii) Scenario 2: more advanced PSI techniques employed to Sentinel-1
data when using a commercial SW [43]. Scenario 1 was intended to determine whether the vertical
displacement can be detected by using not only the freely available data but also the freely accessible
technology. The aim of Scenario 2 was to get accurate values of ground subsidence/uplift by means
of the robust PSI technique that combines a large number of SAR scenes, thus reducing possible
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errors. Robust PSI tools are currently only available in commercial SW. The results obtained by both
approaches are compared and discussed in detail in this study.

2. Study Area

The study area is located in the northern part of the Czech Republic, approx. 60 km from Prague.
In this area, a newly built, 16 km long section of the D8 highway passes through the Ceské Sttedohofi
Mountains (Figure 1). During the highway construction a massive landslide occurred in June 2013
when 370,000 m? of soil slid down over the newly built D8 highway. The progress of this landslide is
described in detail in [44].
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Figure 1. Area of interest with delineated Master areas footprints of ascending and descending pass.

The Ceské stiedohofi is one of the areas in the Czech Republic that is highly landslide-susceptible.
The whole area along the D8 highway section passing the particular part shown in Figure 2 is historically
known for the presence of documented and in situ verified landslides of various types and age (fossil
stable block deformations, approx. 40 m thick; older dormants of various shapes; young active
landslides) [45]. Figure 2a shows the landslides documented in the Ground Instabilities Registry of the
Czech Geological Survey; some of these landslides are still active.
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Figure 2. (a) Ground instabilities in the area of interest [46], and (b) geological profile, adapted by [44].

From the geological point of view, the slopes in these particular areas are formed by chalky clays
and other quaternary sediments which are represented by old slope deformation accumulations. Solid
or more compact volcanic rock outcrops could only be found in the upper part of the landslide scarp
with the presence of the lava flow relicts (Figure 2b). The geological development of the test area is well
presented in an animation in [47]. The geological situation is further complicated by intensive tectonic
processes which created plenty of tectonic blocks with a large relative uplift (approx. hundreds of
meters). Major morphological lineaments, probably predisposed by the tectonic faults, have a SW-NE
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(following the Ore Mountains’ morphological direction) and a NW-SE (following the Sudetic fault
system) direction.

3. Dataset Description

The SAR data used in this study were acquired by Sentinel-1A and Sentinel-1B satellites, which have
been freely available through the COPERNICUS Programme since 2014. The shorter revisit time (six
days) is expected to enhance the coherence value of interferometric pairs. Other S-1 advantages come
from its wide range coverage (250 km in an interferometric wide swath mode) and sufficient spatial
resolution (5 m X 20 m in range vs. azimuth). Furthermore, the TOPSAR (Terrain Observation with
Progressive Scans SAR) technique ensures homogeneous image quality throughout the swath [48].

For conventional DINSAR (Scenario 1, where data are processed using the freeware SNAP),
several pairs of images in Single Look Complex (SLC) format were used. The selection of the
appropriate data pair is a crucial task, because the success of the method applied is highly dependent
on coherence values. Therefore, attention was paid to several parameters that influence coherence
preservation, such as the perpendicular baseline between the satellites” orbits, the temporal baseline
between acquisition dates, and the overall coherence estimation of the pair. To minimize the effect
of the atmosphere, weather conditions on dates of acquisition were checked and only days without
precipitation were chosen. In addition, despite careful pair selection, the interferometric process did
not always come up with satisfactory results. Phase unwrapping proved a critical step of the workflow,
because many promising datasets failed at this stage of the processing chain. After running different
DInSAR combinations, the best results were obtained from the pair of the descending pass at the
beginning of 2017 (from 22 February 2017 to 17 May 2017), perpendicular baseline: —7.98 m, track 95).

The PSI technique requires at least 20 SAR time-series images to obtain reliable results. Therefore
for Scenario 2, when the PSI is employed to Sentinel-1 data, four different time series with more than
30 images for an ascending and descending pass were used (Table 1, Figure 1). These consist of two
time series for each descending and ascending pass geometry, the longer one comprising the whole
year and the shorter one that includes just the part of the year without snow cover. The purpose of this
selection was to test the influence of possible snow cover or moisture on the PSI method. For every data
stack of the time-series the perpendicular (Bp) and temporal baselines were analyzed to make sure that
the Bps of the time-series did not exceed the critical value, which is about 200 m for Sentinel-1. A By,
longer than the critical value causes geometrical decorrelation, and, in such a case, the interferometric
phase is not usable. As can be seen in Figure 3, the Bps of both longer time-series (A, C) did not
generally exceed 200 m.

Table 1. Analyzed datasets.

Master Scene

Time Series ( Pefiﬁ:ln_dd) Days Acquisition Date Track Pass Ir(11salg:s+1\lsri ]?)-1

yyyy (yyyy-mm-dd)
2017-04-05 to _

A 2018-03-13 S48 2017-09-08 95 descending 55 (29 + 26)
2017-04-05 to '

B 2017-10-20 198 2017-07-28 95 descending  32(15+17)
2017-04-02 to .

¢ 2018-04-15 378 2017-09-17 146 descending 64 (32 + 32)

D 2017-04-02 to 198 2017-07-19 146 descending 33 (17 + 16)

2017-10-17
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Figure 3. Images of star graphs depicting the temporal and perpendicular baselines of time series

(A-D).

4. Methodology

DInSAR, as a general technique, includes methods from single-pair interferometry to more
advanced approaches. However, what all of them have in common is that they exploit the information
contained in the interferometric phase calculated as the phase difference between two images acquired
at two different times from almost the same satellite position [49]. The interferometric phase comprises
the following contributions [49]:

A(P = A(Pﬂat + A(Pheight + A(Pdisplacement + A(Patmosphere + A(Pnoise/ (1)

where Aggy; is the phase contribution of the flat earth, Ay, represents topography A@gispiacement 1S
the part of the phase which represents the ground deformation measured along the line of sight (LOS),
A@atmosphere 18 the contribution of the phase caused by the delay of radar wave propagation through the
atmosphere and A, is residual noise.

As mentioned above, the goal of DINSAR is to remove all the contributors to the interferometric
phase except displacement. Conventional DINSAR (used in Scenario 1) is able to cope with the most
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of them. But the last two terms of Equation (1)—atmosphere and noise—can be resolved only when
employing more robust MT DINSAR techniques, such as the PSI used in Scenario 2.

4.1. Scenario 1: The Single Pair DInSAR

A conventional DInSAR was conducted in the SNAP software (Sentinel-1 Toolbox) developed
by the European Space Agency (ESA). It is freely available and is designed mainly for processing
Sentinel’s data. A simple workflow of single-pair DINSAR is shown in Figure 4.

1

"| Phase filtering ‘

SLC data pair import

| Multilooking |
v DEM $
Coregistration |<— + SNAPHU
+ Precise Orbits
Interferogram generation FUEEE U DR
(incl. Flat Earth Subtraction) v
v Vertical displacement
TOPS deburst ‘ calculation
v v
Topographic phase 4_| DEM I > Geocoding
removal (Range Doppler terrain correction)

Figure 4. Single-pair DINSAR workflow in SNAP.

The conversion of unwrapped phases to displacement values, preferentially in a vertical direction
instead of a line-of-sight (LOS) direction, was carried out according to the formula [50]:

vert_displ = (Qunw - A)/(—47(cos Ojc)) )

where ¢, is the unwrapped phase, A is the radar wavelength, and 6;,. is the incidence angle.
Since the calculated vertical displacement values are relative, the stable areas in the resulting raster
were identified first, then the mean value of displacement in these areas was derived. Subsequently,
this offset value (1.425 cm) was used to adjust the whole dataset. After that the final raster was
geocoded via a Range Doppler terrain correction and places of low coherence (>0.7) were masked out.

4.2. Scenario 2: The PSI

The PSI [21] requires at least 20 SAR images to perform the analysis in C-band data [51]. The PSI
measures surface deformation over months or years, removing the effects of the atmosphere, topography,
and signal noise. The PSI exploits interferograms with a single master scene (Figure 3). In this technique,
only the coherent pixels with stable phase or amplitude are processed. The number of resulting
points can be rather low in vegetated areas. In this study the highway surface was large enough to be
represented by tens of S-1 pixels, therefore, there were enough coherent PSI pixels.

SARPROZ software was used for the PSI [43] allowing huge datasets to be processed. SARPROZ
has been successfully used, e.g., by [52] to make a displacement map of Hong Kong proving the
accuracy of the PSI is at the level of one millimeter. It uses the principles of the PSINSAR©™ approach
described in detail by [19,53], therefore, the general workflow (Figure 5) and the specifics of the setup
for the particular datasets used in this study are briefly described in this section.
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Figure 5. Simplified workflow of PSI Processing in SARPROZ.

Before deriving interferograms, a crucial step is the coregistration of all images into a single master
stack. Itis very important to choose a proper master scene which must meet the following specifications:

e It must be acquired under good weather conditions (no rain); and
e It has a suitable position (approximately in the middle) in the image star graph considering the
perpendicular and temporal baseline [54].

The SARPROZ SW is able to download weather data from the Weather Underground database,
but the data are related to the whole subscene. Therefore, another source for detailed information about
weather conditions during image acquisitions was used. The nearest meteorological station MileSovka
(6 km away) was chosen as a reference weather point. The acquisition dates of the selected master
images for four time series are given in Table 1. On these days no rain occurred and there was a certain
amount of sunny hours. To speed up the following procedures the smaller area of interest (AOI) was
defined (Figure 1). Then the master and slave images were all extracted and coregistered on the basis
of precision orbits and the digital elevation model (DEM) DMR 5G ©CUZK with submeter accuracy.

While phase stability can be assessed only after estimating and removing different phase
contributions (atmospheric phase screen (APS), DEM errors, orbit inaccuracies), absolute amplitude
values are almost insensitive to most of these phenomena. Thus, a pixel that constantly has similar
amplitude during all acquisitions is expected to have small phase dispersion. In SARPROZ SW the
Amplitude Stability Index (ASI) is used to select the permanent scatterers (PS):

ASIzl—DAzl—(OA/mA) (3)

where D4 represents the amplitude dispersion, 1,4 is the mean deviation of amplitude in time, and o4
is the standard deviation of amplitude in time. An example of the ASI of time series A is given
in Figure 6.
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Amplitude Stability
Index

m

0.0

Figure 6. An example of Amplitude Stability Index (ASI) in the area of interest, time series A.

Ferretti et al. [19] recommended a suitable threshold to select the first PSs when ASI > 0.75
(Da < 0.25). In this study ASI > 0.8 was set for the first PS selection. Only a small number of points
satisfy this strict parameter, however, this condition is necessary to obtain correct APS estimations.
An overview of ASI values is given in Figure 6. It is evident that there are only a few places
with sufficiently high ASI values, thus, fewer points (2526 from approx. 40,000) were chosen for
further processing.

After selecting the first order PS, a reference network needs to be established by connecting the PSs
by Delaunay triangulation. The differential deformation velocity and differential residual topographic
error (RTE) are computed for each edge. Then the estimated linear model (linear displacement velocities
and residual height) is subtracted and the APS is estimated from the phase residuals by graph inversion.
During this step it is necessary to fix the velocity value of at least one pixel (reference point). The APS
estimation quality was assessed by an analysis of the temporal coherence of PSs after graph inversion
and APS removal, which gave satisfactory results: most of the selected PSs had a coherence value
higher than 0.9 (Figure 7).

According to the workflow (Figure 5), the next step was second order PS selection. This time
the criterion was less strict (ASI > 0.6) in order to obtain a densified PS collection. Then the final
processing with APS removal was conducted using the same parameters and the reference point as for
APS estimation. The final set of PS was then geocoded and exported to GIS. Similarly to [55], only PSs
with a high coherence were selected (y < 0.7) and were used in the final vertical displacement maps
(Figures 10, 13, 15 and 16).
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Figure 7. Temporal coherence of selected PSs of time series (A-D) after graph inversion and APS removal.

5. Results

In this section, the results obtained from Scenario 1 (single pair DINSAR) and 2 (PSI analyses) are
presented and compared to each other.

5.1. Scenario 1: Single Pair DInSAR Results

The final raster of vertical displacement was statistically evaluated via histogram and basic
statistical parameters. As Figure 8 shows, the histogram has an asymmetric shape and the mean value
is about —8 mm, whereas the mode is 4 mm higher. This means that most of the displacement values
are negative. This can be due to the atmospheric effect, which is not removed during the single-pair

interferometric process. The dataset was not further corrected, and it must be taken into account that

the resulting absolute values may have a greater error.
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Figure 8. Histogram of vertical displacement dataset during the period from 22 February 2017 to
17 May 2017 complemented by descriptive statistics.

To be able to compare the results of the single-pair DINSAR with the PSI, the raster of vertical
displacement was recalculated to the displacement velocity (mmy/year). The resulting map of the
cumulative displacement and adequate velocity during the given period, from 22 February 2017 to
17 May 2017, is shown in Figure 9. Vertical displacements ranging between -5 and —50 mm were
detected in four different areas during this nearly three-month period.

Cumulative
Velocity displacement
[mm/yr]  [mm]

-250 -57.5
-100 -23.0
-50 -11.5
-25 -5.8

5.8
11.5

Basemap; .
Ortofoto CR @ CUZK

Figure 9. (a) Overview of the four sites with detected subsidence: 1: Area of highway embankment
between Je¢ky Bridge and Dobkovitky Bridge; 2: Prackovice Bridge; 3: Area between two
highway tunnels (“Prackovice” and “Radej¢in”); 4: Dobkovic¢ky quarry. (b—e) Cumulative vertical
displacement (mm) during the given period from 22 February 2017 to 17 May 2017 and the recalculated
subsidence/uplift velocity (mm/year) obtained by using single-pair DInSAR.
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5.2. Scenario 2: The PSI Results

Four maps of surface deformation velocity represent the basic results of PSI analysis for each time
series (Figure 10).

Time.series A

Velocity
[mml/year]
o <-15.00
® -14.99 --10.00
-9.99 - -7.50
-7.49 --5.00

e 251-5.00
e 501-7.50
e 7.51-10.00
e 10.01<

% g ' Time series C Time series D

0 500 m
L ]

Basemap:
DMR 5G
Ortofoto CR
© CUZK

Figure 10. Displacement velocity (in LOS) of all processed time series (A-D).

The results of shorter periods (Figure 10B,D) show a lot of noise, especially in the case of an
ascending pass where there are many mixed pixels of subsidence and uplift. In comparison with
longer periods (Figure 10A,C) it can be seen that the number of processed images was, in this case,
more important for PSI analysis than the possible presence of snow cover. This is in accordance with
the study performed by [56] according to their findings the best results are obtained from datasets with
more than 50 images. Therefore, only results from time series A and C were used for further evaluation.

The deformation velocity values of PSI are measured along satellites in terms of LOS. Although
it is possible to retrieve an estimation of true vertical and horizontal motion components from a
descending and ascending track [57]; in this case it is not technically feasible. The main reason for not
processing the datasets this way was the fact that the resulting PSs were rather sparse and those from
an ascending track usually did not overlap with points of the descending pass.

Histograms and basic statistics have been calculated for datasets A and C (Figure 11).
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Figure 11. Histograms and basic statistics for time series (A) and (C).

As can be seen in Figure 11, the histograms of time series A and C show that the whole dataset
has a shift towards negative values with an average velocity of —2.28 and —3.87 mm/year, respectively.
To make these values more comparable they were classified using standard deviation thresholding.
Deformation values converted to standard deviation intervals allow the relative extreme values to
be found independently of absolute numbers. Original velocity values and their standard deviation
intervals are given in Tables 2 and 3.

Table 2. Values used for thresholding the PSI data of time series A.

Classification PSI Values (mm/Year) PSI Values (mm/Year)
<—2.5Std. Dev. <-11.7 Subsidence
—2.5 to —1.5 Std. Devw. —11.7 to -8.0 Subsidence
—1.5t0 0.5 Std. Dev. -79to —-4.2 Subsidence
—0.5t0 0.5 Std. Dev. —-4.1to-0.4 No movement
0.5 to 1.5 Std. Dev. -03to34 No movement
1.5 to 2.5 Std. Dev. 33t07.2 Uplift
>2.5 Std. Dev. >7.2 Uplift

Table 3. Values used for thresholding the PSI data of time series C.

Classification PSI Values (mm/Year) PSI Values (mm/Year)
<—-2.55td. Dev. <-14.4 Subsidence
—2.5 to —1.5 Std. Dev. -14.3 to —10.2 Subsidence
—1.5t0 0.5 Std. Dev. —10.1to —6.0 Subsidence
—0.5 to 0.5 Std. Dev. -59to -1.8 No movement
0.5 to 1.5 Std. Dev. -1.7t024 No movement
>1.5 Std. Dev. >2.5 Uplift

More detailed maps of time series A and C, where the PS points were classified using standard
deviation thresholds, are presented in Figures 13, 15 and 16. In accordance with the single-pair DInNSAR
map (Figure 9) the four identical areas of subsidence were defined. The subsidence is more pronounced
in the case of descending track results. In this case, viewing geometry influences the location of PSs,
because of the eastward orientation of the slope on which the motorway is built. The Time series
of the selected points (on maps highlighted with white backgrounds) are plotted in the graphs that
complement the detailed maps (Figures 13, 15 and 16).

6. Validation

The study area was divided into four specific locations (Figure 12), where subsidence was detected
using DINSAR and PSI. Three sites are located directly on the highway lanes, while one site is located in
the Dobkovicky quarry. Results from the radar interferometry were validated using in situ techniques,
such as geodetic measurements [58] and 3D inclinometers [59], both under continuous operation since
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December, 2016, and laser scanning [60], which have been employed at the second test site (Figure 12).
In the following section the validation results are discussed in detail.

inclinometric
boreholes

geotechnical
profile

geodetic
measurement

laser scanning
profile

D8 highway
(with kilometre indication)

Basemap: Ortofoto CR © CUZK

(d)

Figure 12. (a) Overview of the four sites with detected subsidence: 1: Area of the highway
embankment between Je¢ky Bridge and Dobkovi¢ky Bridge at km 55,700-56,000; 2: Prackovice
Bridge, 57,300-57,500 km; 3: Area between two highway tunnels (“Prackovice” and “Radej¢in”)
at km 58,400; 4: Dobkovi¢ky quarry. (b—d) Localization of in situ measurements in polygons 1-3:
inclinometers (IJ1-3), laser scanning (L1), and geodetic measurements (G, P4).

6.1. Area 1: Highway Embankment Between Jecky Bridge and Dobkovicky Bridge at km 55.700-56.000

The embankment between two bridges (Jecky and Dobkovicky) has been monitored for about
five years using geodetic measurements, while its gradual consolidation was measured repeatedly
within the landslide remediation project. Based on the geodetic measurements conducted in 2017,
subsidence of the embankment is approximately 10 mm/year [59]. In 2018, the maximum subsidence
was up to 6 mm which corresponds to a typical consolidation of the embankment. The conventional
DinSAR shows the subsidence ranging between 20-50 mm per a three-month period (Figure 9). For the
PSI, the subsidence was detected only by the descending geometry (see Figure 13). The maximum
subsidence detected by the PSI (descending pass) was around 17 mm, while the average subsidence of
all the PS points was around 11 mm for the observed period (April 2017-March 2018).
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Figure 13. Combined outcomes of the methods used for detecting land subsidence/uplift in area No. 1.
From the left: the single-pair DInSAR and the PSI results (time series A and C), and a graph of the
deformation of selected PS points from time series A, highlighted with white background on maps.

6.2. Area 2: Prackovice Bridge, 57,300-57,500 km

Due to extensive construction prior to opening the highway, this highway and its surroundings
are very prone to vertical settling. In situ measurements in this part of the highway were made in an
hour-interval using total station [59] in eight geotechnical profiles. One of them, P4, was chosen for
validation (location of the profile, see Figures 12 and 15). Geotechnical profile P4 consists of nine points
that are located at a very short distance (40 cm) from each other, therefore they are shown as a point on
the map (Figure 12). Measurements taken at two points (No. 3 and No. 9) out of these nine points of
profile P4 from April 2017 to April 2018 are plotted in a separate graph (Figure 14). Subsidence values
measured in situ at point Nos. 3 and 9 in the P4 profile were 18 and 17 mm, respectively, between
April 2017 and April 2018 (Figure 14).
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Figure 14. Subsidence of the “Prague bridge abutment” of the Prackovice overpass at km 57,450,
measured in situ by total station in the period between April 2017 and April 2018. The most significant
subsidence was 18 and 17 mm at points No. 3 and No. 9 of the geotechnical profile P4.

The values derived from both scenarios correspond well with these in situ measurements. In the
case of the PSI, significant subsidence was detected in both ascending and descending datasets
(Figure 15). The conventional DINSAR method shows a subsidence for most of the coherent pixels
varying between 10 and 20 mm within the three-month time period, for a few pixels a subsidence of
up to 50 mm was detected. The average subsidence detected by the PSI was 20 mm/year for both
descending and ascending datasets. Most vertical changes were observed for 2017, while in 2018 the
gradual stabilization was confirmed by both PSI and in situ measurements (Figure 15).

The new landfill body of the embankment was constructed of lightweight ceramic gravel (Liapor)
in winter 2016. Due to the completion of the structures in December 2016, it is obvious that consolidation
of the embankment had to take place over the next few months, which was also proven by the DInNSAR
and in situ measurements. Further remediation interventions took place in the area around the
embankment. Along the embankment, underground drainage gravel walls were excavated to a depth
of 16 m in 2016 using drilled piles. Another construction element was an anchored pile wall beneath
the embankment. Following completion of all these constructions at the end of 2016, it is logical that
the surrounding land mass gradually settled to the stabilized state in the following years.

Other in situ measurements were done by laser-scanning on the highway surface (profile L1 in
Figures 12 and 15). A maximum subsidence value of 60 mm during the period between December
2016 and May 2017 was detected in the eastern lane [60].

Subsidence values obtained using laser scanning (L1) are higher than those obtained by the PSL.
This fact may have different causes. Laser-scanning measurements predate the PSI by three months
(December 2016-May 2017) and the subsidence could have been more significant in this period than
in subsequent months. This is confirmed by the gradual stabilization in Figure 14. Another reason
why the subsidence values are not equal could be the low density of PS points. It is possible that none
of the PS points are located precisely at places with the highest subsidence rate according to the in
situ measurements.
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Figure 15. Combined outcomes of the methods used for detecting land subsidence/uplift in area no. 3.
In order from the left: the single-pair DInNSAR and the PSI results (time series A and C) together with a
graph of the deformation of selected PS points from time series A, highlighted with white background
on maps. Subsidence measured using laser scanning between December 2016 and May 2017 on profile
L1 (Fuchs, 2017).

{ In-situ measurements
,I' Profile L1

6.3. Area 3: Part between Two Highway Tunnels (“Prackovice” and “Radejc¢in”) at km 58,400

For polygon no. 3—the area connecting the Prackovice and Radej¢in highway tunnels—single
pair DinSAR indicated movements between 20 and 110 mm over a three-month period. PSI analysis
indicated subsidence with average subsidence up to 15 mm in the descending geometry and 9 mm in
the ascending geometry (Figure 16). However, due to the coherence issue, there were only three PS
points for time series A (ascending geometry). The bridge’s pile foundation and slopes are monitored
using borehole inclinometers (IJ1, IJ2, and IJ3, [60]) and these showed zero motion values in 2018.
On the other hand, geodetic measurements [58] show subsidence of up to several centimeters for the
valley surface. Such movements can be interpreted as a result of the volume changes in clay soils in the
valley beneath the bridge. Due to rather dry weather conditions in 2017 and 2018, the clay soils were
shrinking and losing their volume. The presence of soil compaction was also indicated by numerous
shrinking cracks and subsequent exposed borehole heads in the valley (Figure 17).
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Figure 16. Combined outcomes of the methods used for detecting land subsidence/uplift in area no. 3.
In order from left: the single-pair DINSAR and the PSI results (time series A and C) together with a
graph of deformation of selected PS points from time series A, highlighted with a white background

on maps.

Figure 17. Cracks on concrete at the borehole inclinometer IJ3. The picture shows the ground subsidence
of the lower part of the column holding the instrument. Photo: Jan Suchy.
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6.4. Area 4: Vertical Changes in the Dobkovicky Quarry

For the Dobkovicky quarry (the owner is Kimen Zbraslav a. s.) we did not have access to any
in situ data. It is still an active quarry where basalt is mined. Therefore, the vertical surface changes
identified by both scenarios can be linked with the on-going mining activities.

7. Discussion

The newly constructed highway D8 suffered a major landslide in 2013. This occurred in an area
historically and geologically prone to land compaction and landslides. In this study, combined InNSAR
PSI analysis and DInSAR analysis applied to Sentinel-1 data (C band SAR) was assessed in order to
detect ongoing subsidence indicated by the in situ measurements in several parts of the D8 highway in
the area of the Ceské Stiedohoti Mountains, Czech Republic in 2018. Both methods provided consistent
results with the in situ measurements and proved its usability in densely vegetated landscapes.

PSI and DINSAR methods were combined in order to improve results and thus overcome the
coherence limitations (citace) of each respective method in densely vegetated areas, such as the Ceské
Stfedohofi Mountains. Combining different SAR analysis approaches (e.g., DSM change detection
or offset tracking) has been used in previous studies [61] in order to improve overall subsidence
detection capabilities. Both DINSAR and PSI proved their usability in such a case study, however,
a few specific features should be considered. As was shown in Figures 10, 13, 15 and 16, thanks to the
different viewing geometry, PSI analysis produces spatially different PS sets based on ascending (time
series C) and descending (time series A) geometries. The primary PS point network is defined at the
local maxima of average backscatter intensity [43] and, thus, can spatially differ in an ascending and
descending pass. In the case of the D8 highway, the average distance of the detected descending and
ascending-based subsidence was up to 100 meters, which is insignificant in respect to the size of the
studied unstable area around the highway. Secondly, as described by [39], the PS measurements indicate
ground displacement along the satellite LOS, therefore, the deformation values can indicate opposite
movement directions if the ground moves away (descending pass) or towards the satellite (ascending
pass). This particular case is notable in Area 1 (highway embankment between Jecky-Dobkovicky
bridge) where the points of time series C show uplift, whereas the points of time series A show
subsidence in southern part of the embankment.

The comparison of absolute ground deformation values obtained by the single-pair DINSAR
(Scenario 1) and the PSI (Scenario 2, time series A) shows a big difference in absolute values.
The maximal detected subsidence by the DINSAR procedure was approx. 50 mm in area Nos. 1,2, and 3
(Figures 9, 13, 15 and 16), whereas subsidence values achieved by the PSI approach do not exceed
20 mm (Figures 13, 15 and 16). This difference is even higher if the shorter time period of Scenario 1 is
taken into account. In addition to DEM inaccuracy and sensor noise, atmospheric path delay (APD) is
considered to be the major reason for such inconsistency. APD is driven mainly by changes in pressure,
temperature, and water vapor in the troposphere between acquisitions [62], introducing uncertainty
up to several centimeters [63]. As was pointed out by [64], the differential radar phase delays caused
by APD can be comparable to or even higher than those expected from surface deformations [64].
It is for these reasons that the use of single-pair DINSAR should be considered as an indication of the
monitored phenomena rather than an exact quantification of the subsidence process. The DInSAR
method can also improve information on ground deformation in areas where only a reduced number
of SAR data with irregular acquisition dates is available [65]. One of the major limitations of the
single-pair DInNSAR approach is the relatively difficult search for a suitable SAR-pair. This problem
also occurred during the monitored period, where there was no suitable ascending pair and, therefore,
only a descending pair was used for the analysis.

However, concerning spatial patterns, it was shown that both methods detected subsidence at the
highway body in a similar manner. One of the major advantages of the conventional DInSAR is its
accessibility in free software (e.g., SNAP with extensive user-community support), which allows SAR
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data to be processed even by less experienced users. The PSI approach could also be carried using
freeware, however, it requires extensive knowledge of the technique [66].

8. Conclusions

The presented study demonstrated that both PSI and DInSAR techniques could be used for
investigating slope movements along the newly constructed highway D8 in the densely vegetated
area of the Ceské Sttedohoti Mountains. The analysis of subsidence along the highway revealed the
same spatial distribution as ground measurements, however, it also showed differences between the
respective methods and their results, leading to different numerical results for the subsidence detected.
The DInSAR method, though very simple, proved its ability to identify possible phenomena and to
support other means of measurement. Based on a 12-month Sentinel-1 continuous PSI time series from
both geometries, covering in situ displacement variation detected in the sensing period, it was possible
to obtain a more detailed insight into the land deformation process. The maximum subsidence detected
at the highway body came to 20 mm over the measured period. The successful utilization of INSAR
techniques in a densely vegetated area proved its potential for further exploitation in monitoring
the construction of linear structures. Sentinel-1 based analysis provides an unparalleled source of
information in terms of data availability, revisiting a time period and the best compromise between
spatial resolution and coherence features in vegetated areas, such as those examined. These attributes
could have a positive influence on adopting DINSAR methods as a standard approach for validating in
situ highway monitoring over a longer time range and larger areas in the future.
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