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Abstract

This article concerns the evaluation of displacement monitoring referred to the earth-filled flood embankment using surveying
and radar measurement techniques. The results allow to reveal the embankment reaction to the external loads. The results of long-
term geodetic monitoring clearly imply the dominance of displacements directed outside for points located on the embankment
slopes. The displacement values were also referred to the course of the changing water level representing a flood wave, in order to
point out the mutual relationship between them. Horizontal displacements indicate that earth-filled embankments may behave to
some extent like elastic structures. For the experiment, which covered determining the embankment response to the varying water
level, ground-based radar interferometry was used as an alternative measurement technique. This selection was justified primarily
by the submillimeter accuracy of the displacement measurement. However, the research required overcoming a few limitations,
among which the atmosphere variability is the most important. This was taken into account by measuring the current atmospheric
conditions and correcting the results by atmospheric delay. For the time intervals in which it was possible to compare surveying
and radar measurement techniques, the displacement values were analyzed and referred to the current structure load resulting
from the variable water level. A sizable number of the observations allow to perceive some tendencies, even if the displacement
values were at the measurement uncertainty level. The movement trend is consistent for both methods. This was evidenced
particularly by the compatibility of the considerable displacements detected for the points located in the area of presumed
embankment failure. Moreover, the differences are within the limits of agreements determined on the basis of the Bland—
Altman plot, which means that these two measurement methods could be used interchangeably.
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Introduction

Flood embankments were known in ancient times, and they
are one of the most common and simplest forms of protection
against flooding. However, their effectiveness will never be
100 %, as there is a risk of their damage, interruption, over-
flow of water, or the occurrence of other adverse phenomena.
The main purpose of testing flood embankments is to obtain
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specific data (topographic, geometric, hydraulic, morphologi-
cal, geotechnical, geological, etc.) that can be applied to assess
their condition, performance, or structure design of the entire
embankment system (for new embankments or for modifica-
tion of the existing ones).

The phenomenon of flood occurs when, for example, water
overflows onto a normally dry land. The effect of flooding
traveling along a river is called a flood wave, which has its
velocity and depth (amplitude) continuously changing with
time and distance. It is possible to predict quite accurately
the movement of a flood wave along the river, which is the
basis for creating early flood warning systems (Mujumdar
2001). Flood embankments are erected to protect the sur-
rounding area against the passage of a flood wave, but then
they are most exposed to failures.

A numerical analysis of flood embankment displacement is
presented by Moelmann et al. (Moellmann et al. 2011). For a
transient seepage analysis, a typical slip surface is shown on
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the example of the Elbe River. Modeled displacements are
particularly apparent on the downstream side of the embank-
ment. Similar conclusions are shown by Gikas and
Sakellariou (2008) for an earth dam on the example of the
Mornos dam. For the selected analyzed cases, the spatial dis-
tribution of the anticipated risk of failure is asymmetric, with
changes appearing especially on the downstream side of the
dam. Hydrological problems also apply to natural earth ob-
jects. Ferrigno et al. (2017) present landslide activity caused
by heavy rainfall that threatened existing infrastructure. The
behavior of the earthflow was controlled by GB-InSAR mon-
itoring and observational methods.

Geotechnical monitoring allows to determine changes tak-
ing place in a structure as well as their sources and mutual
dependencies. Geotechnical key parameters (such as inclina-
tion, stress, or temperature) are usually measured using vari-
ous types of sensors. However, geodetic methods are irre-
placeable to determine the location of a measuring point
(and also its changes). According to the ISO Standard No.
18674-1 ( 2015), Section 4.4, “for the support, evaluation,
and control of geotechnical measurements, reference shall be
made to geodetic measurements if applicable.”

Various measurement techniques, especially geodetic ones,
are important for supplementing geotechnical monitoring.
Pirotti et al. (2015) present the state of the art of geomatics
technologies applied to landslides and flooding and the asso-
ciated natural hazards related to the dynamics of hydrological
variability. Among the geodetic methods they mention are as
follows: Global Navigation Satellite Systems (GNSS), photo-
grammetry, synthetic aperture radar (SAR), remote sensing,
and laser scanning. An example of geodetic monitoring ap-
plied to study landslide activity is presented by Ferhat et al.
(2017). The monitoring network, composed of precise level-
ing and repeated GNSS benchmarks, as well as piezometers
and inclinometers, was founded for the investigation of the
water circulation within the landslide. Another example of
infrastructure monitoring, based on geodetic surveys and geo-
technical instruments, is presented by Serrano-Juan et al.
(2016). It includes leveling, differential GNSS, robotic total
stations, and the geotechnical techniques comprising of pen-
dulums, inclinometers, extensometers, piezometers, gyros,
and optical fiber-based techniques. In addition, ground-
based synthetic aperture radar (GB-SAR) is installed in to
acquire measurements in 2D covering areas of up to a few
square kilometers in a single acquisition.

Displacements are the common quantity determined in the
monitoring of water dams. Jafari et al. (2015) present a com-
prehensive study in which they indicate the relationship be-
tween subsidence of an earth dam and water level in a
reservoir. In addition to surveying instruments, soil
extensometers and settlement plates were used in the
monitoring system. In turn, Dardanelli and Pipitone (2017)
present horizontal displacement monitoring using classic
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surveying observations and GNSS networks. They indicate
that the differences in displacement values determined by
these techniques are not greater than 8 mm; however, in this
case the displacements do not exceed the uncertainty level of
their determination. Nevertheless, in a situation of small dis-
placements a large number of observations are helpful in iden-
tifying trends occurring on the structure (Pipitone et al. 2018).

In deformation monitoring, especially for engineering
structures, the use of interferometric radar is a good comple-
ment to geodetic observations in several aspects. In the field of
structure dynamics testing, the possibility of simultaneous ob-
servation of many points is a significant advantage (Piniotis
et al. 2016). In addition, a much higher sampling frequency,
exceeding 100 Hz, is unreachable in the field of geodetic
monitoring (Lienhart et al. 2017). However, the ability to con-
duct reliable radar observations requires high reflection inten-
sity, which depends on the type of surface being observed, and
often, especially when observing natural objects, requires the
use of corner reflectors. It is also problematic to limit displace-
ment observations to only one direction, radial to the radar
position, and then geodetic observations provide significant
support (Owerko et al. 2012). On the other hand, when study-
ing landslide dynamics, surface observations carried out using
the GB-SAR technique can be supplemented with classic
measurements (automated total stations, GNSS) to ensure
the proper embedding of radar measurements in the reference
system (Castagnetti et al. 2013). Radar observations can also
be a supplement to a landslide early warning system. Intrieri
etal. (2012) use the IBIS-L system for this purpose along with
wire extensometers, which provide point-like information of a
single fracture, whereas the GB-SAR system records the glob-
al movement of a continuous surface.

The subject of the research

The purpose of this research is the evaluation of the applica-
tion of radar and geodetic measurements in the monitoring of
earth-filled structures. This task was accomplished by a field
experiment, which included simultaneous observation of the
earth structure surface using radar and surveying techniques,
and then verifying the compliance of the determined
displacements.

The research was conducted on the fragment of 4.5-m high
flood embankments (Fig. 1), consisting of two parallel sec-
tions. They were connected to each other, creating a small
reservoir with a maximum capacity of about 9500 m’, in
which it is possible to change the water level. The soil profile
of levee and its subsoil for the fragment that was covered by
the comparative study is presented in Fig. 2. During the re-
search, the embankments were subjected to variable water
levels reflecting the passage of a typical river flood wave.
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Fig. 1 A view of the flood embankment selected for the experiment

For the needs of the research works, an appropriate net-
work of reference points and survey markers has been de-
signed and established. The observation network was adapted
to the planned geodetic observations using precise instru-
ments: digital level, total station, and the IBIS-L interferomet-
ric radar. Due to the type of conducted experiments, it was
particularly important to determine displacements in the east-
west direction, which is perpendicular to the embankments
axis. Based on previous numerical calculations (Stanisz et al.
2017), this is the direction of the expected movements.

The basis of the network was reference points (Fig. 3a),
which were designed as reinforced concrete pillars providing
forced centering. Each pillar was founded 2 m below the
ground level and connected to the reinforced concrete slab.
The above ground part of the pillar was encased with a casing
pipe, which was filled with thermally insulating material. On
the other hand, the properly designed survey markers (Fig.
3b), which served as the measuring points, were arranged on
the surface of the observed embankment. All markers consist

m a.s.l.
217,0. S

of a steel rod with a length of 1.5 m set in the ground, finished
at the top with a concrete stub. A steel profile was embedded
in the concrete stub, allowing for the permanent installation of
the benchmark and both prism and radar reflectors, which can
be rotated in any direction without changing the center’s po-
sition. The markers were installed on the slopes and fore-
ground of the embankment.

The designed and finally established angular—linear obser-
vation network consists of 5 observation pillars and 48 survey
markers. Considering the number of unknowns, the network
has approximately 140 redundant observations. A detailed
network design is presented by Kuras et al. (2018).

The stability of the reference points was checked every
time on the basis of a 4-parameter conformal transformation
between the original and current coordinate system, assigned
to a given measurement epoch. In the course of the calcula-
tions, it was found that all reference points remained stable.
Their residual displacements was equal approx. 0.4 ~ 0.5 mm
(RMSE), while the accuracy of determining these values, cal-
culated as the transformation error, was at the level of
0.3 +0.4 mm.

The geodetic observations

The geodetic observations were carried out for two purposes.
The first, preliminary one was carried out to assess the possi-
bility of conducting long-term monitoring, in order to deter-
mine the influence of atmospheric factors (e.g., soil freezing),
vehicles moving on the embankment body or the vestigial
subsidence of the newly built embankment. The second pur-
pose was to check the behavior of the embankment as a result
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Fig.2 A soil profile for levee and its subsoil. In addition to soil types, the maximum and minimum groundwater levels during research were indicated, as

well as the location of piezometers for measuring water levels
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Fig. 3 The elements of a geodetic
network: (a) the pillar constituting
a reference point and (b) a survey
marker equipped with a radar
reflector and surveying prism

of'the changing water level and, ultimately, a comparison with
the results of the radar observations.

Figure 4 shows the displacement values averaged for points
situated at the same height and determined 11 and 18 months
after the initial measurement. Only the east-west (E-W) com-
ponent of the displacements was analyzed, while it is perpen-
dicular to the axis of both embankments and it was the expect-
ed direction of the displacements. The results clearly indicate
the dominance of the displacements directed outside for the
points located on the embankment. The points on the crest and
on the foreground do not show significant movements (visible
vectors may result from measurement errors). The results are
summarized in Table 1.

The second purpose of the surveying was achieved based
on the observations carried out during the variable water level,
whose course is shown in Fig. 5 in blue. The “X” symbols
indicate the days when the geodetic network was measured.
They determine the intervals of the embankment’s displace-
ments. The period of radar measurement, which is the subject
of the further part of the article, is also marked.

Due to the low values of the calculated displacements, of-
ten at the level of their determination errors, only the E-W
components of the displacements were selected for further
calculations, as they were expected in the numerical analyses.
In addition, points were divided into groups according to the
height of their foundation. Averaging the values of the

displacements (Table 2) allows to perceive some tendencies
(Fig. 6).

In the interval 1 the water level increased and the embank-
ment was soaking for a few days. All of the observed points
then showed movement outside of the embankment by an
average of 1.2 mm. Then, in the interval 2, when the water
level went down, the opposite tendency of the points located
on the crest was visible. The remaining points did not show
significant (more than 0.5 mm) changes in location. In short
intervals 3 and 4, when the water level went up twice, the
displacement values are small (0.3 mm on average); however,
there is a tendency of the movement directed outside for the
points located on the embankment. Finally, in a relatively long
interval 5, when the embankment could dry up, the points
located on its body clearly moved inside the embankment
(1.6 mm on average), returning more or less to their position
before the measurements had started. It is illustrated by the
values marked as X in Table 2, which are smaller than 0.5 mm
in most cases. This return tendency is not shown by the points
on the foreground, for which a 1.0—1.5-mm displacement out-
side the embankment can be found.

On the basis of the above analysis, the relation between
embankment soaking and the directions of its movement can
be noticed. During the periods of increasing the water level
and for some time after its decrease, when the levee was still
saturated with water, movements directed outside were

W Scale 5 mm E

-

— 0-11 months

~d

— 11-18 months

=

Fig. 4 The average long-term E-W displacements for groups of points situated at the same height. Displacements in the period of 11 months from the
beginning are presented in red, whereas these values for the interval 11-18 months age are given in green
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Table 1 The average long-term

displacements (D) in the cast-west Group of points Embankment W Embankment E
(E-W) direction and their diversi-
ty expressed as spread (S) for the No. of pts. Do 11 Spo-11 No. of pts. Dy 1y Spo-11
groups of points situated at the Dyiis Spii-1s Dyyis Spii-18
same height on the western and (mm) (mm) (mm) (mm)
eastern embankment
Crest 7 -03 6.4 7 -09 10.9
-15 5.1 2.0 4.8
2/3 of H (3.0 m) 4 -8.7 6.2 4 5.7 13.0
-127 2.5 7.0 6.0
1/3 of H (1.5 m) 7 -89 9.7 7 5.9 16.1
-16.3 16.2 7.9 7.6
Foreground 2 -1.8 2.3 3 0.8 0.7
-02 0.6 -03 23

revealed. On the other hand, the following long period of
drying caused movement in the opposite direction.

In addition to determining horizontal displacements, the
occurrence of embankment settlement due to changing water
level was also checked. Precise leveling of all measuring
points included in the geodetic network was carried out. The
maximum height error obtained in a single adjustment does
not exceed 0.2 mm. Measurements were made five times,
alternately by low and high water levels. The average settle-
ment values for the measuring points located on the levee are
summarized in Table 3 (divided into crest and slope).

The distribution of settlements presented on histograms
(Fig. 7) and average values of settlements of points on the
levee (Table 3) do not indicate a relationship with the water
level. The predominance of negative values may presumably
indicate long-term subsidence associated with seasonal chang-
es, i.e., insolation and drying of the embankment.

The choice of radar technique

The classic observation techniques discussed above are used
in particular to determine long-term displacements in the ex-
ternal reference system. Such observations are discontinuous,

but in the discussed case of the research, lasting over a dozen
of days, in which the phenomena will appear slowly, it is
reasonable to use them to determine the displacements.
However, the results presented above indicate that the dis-
placement values are on the level of the accuracy of the mea-
surement method. Hence, it was advisable to perform the ob-
servations using a different technology. Ground-based radar
interferometry (GB-SAR) was used as an alternative tech-
nique. The IBIS-L unit from IDS was used for the tests. The
parameters of this device are as follows: central frequency £, =
17.2 GHz (Ku band), bandwidth B =300 MHz, range resolu-
tion AR =0.5 m, angular resolution Af=4.3 mrad=0.25°,
and azimuth resolution AA =1.09 m (at 250 m distance).

The GBSAR technique allows to meet three main re-
quirements relevant to the observation of the earth-filled
embankment, which are as follows: the discretization of
the observed surface, continuous observation of the occur-
ring phenomena, and submillimeter accuracy of the dis-
placement measurement.

Discretization of the observed surface

For this type of structures it is necessary to simultaneously
observe many points located on the surface. Discretization

Fig. 5 The timeline of the measurements. The second row presents the
duration of the radar measurement, while the “X” symbols in the third
row represent the surveying observations and determine the five intervals
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of the experiment. At the bottom, the water level that was affecting the
embankment is colored in blue
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Table2  The average E-W displacements determined during five inter-
vals of water level changes for the groups of points situated at the same
height on the western and eastern embankment (Kuras et al. 2018)

Group of points Embankment W (mm)

Int.1 Int.2 Int.3 1Int.4 Int.5 X
Crest -1.0 1.0 -06 —-05 08 -0.2
230fHBOmM) -17 -01 —-04 00 3.1 0.9
1/3ofH(1.5m) -09 -03 -01 -08 25 04
Foreground -05 -04 -05 04 -03 -13

Embankment E (mm)

Int.1 Int.2 Int.3 Int.4 Int.5S X
Crest 1.3 -1.8 07 04 -0.7 -0.1
23ofHB.O0m) 1.3 -03 05 -01 -18 -04
13of H(1.5m) 09 -01 02 0.1 -08 03

Foreground 1.2 -03 —-04 00 0.8 14

of the observed surface to the form of many points is based on
two parameters of the radar system—range resolution AR and
azimuth resolution AA. In Fig. 8 a graphic interpretation of
these values is shown. A single pixel can be observed if there
is a radar wave reflecting object within the space bounded by a
cuboid with a base AA x AR—in this case: the embankment
surface.

Images obtained by GB-SAR have limitations resulting
from radar measurement parameters (Pieraccini et al. 2001).
The range resolution AR depends on the frequency bandwidth
B, and for the SFCW (stepped-frequency continuous wave)
radar it is given by formula:

AR =5

75 (1)

where c is the speed of light.

During the research, the maximum range resolution obtain-
able by the IBIS-L was set. It equals AR =0.5 m, which re-
sults from the possibility of adopting the value B =300 MHz
for observation. This means that on the outer slope of the
embankment, which has a slant length of 10 m, it is possible
to observe about 20 pixels in the direction of the y axis. This
value is approximate, because the effective value of AR’ de-
pends on the location of the radar relative to the observed
object (Kuras and Ortyl 2014).

Table 3 Average settlements of the measuring points located on the
levee during the experiment
10 Apr— 25Apr— 11 May— 22 May—
25 Apr 11 May 22 May 5 Jun
Levee —0.14 —0.34 —0.14 -0.42
* Crest -0.17 -048 —0.06 -0.37
* Slope -0.12 -0.21 -0.20 —0.45

The AR value does not depend on the distance from the
radar to the object and is constant throughout the observed
space. However, the azimuth resolution AA decreases with
the distance R to the target according to

A =R-Af (2)

where A represents the angular resolution.

Angular resolution, in turn, depends on the parameters of
the linear scanner used in the GB-SAR system, according to
the equations (Pieraccini et al. 2001):

C
ST ®)
Ax< 4% (4)

where L is the length of the linear scanner rail (max. 2 m), f; is
the central frequency (17.2 GHz for IBIS-L system), and Ax is
the single step of the linear scanner.

During the research, the maximum angular resolution ob-
tainable by the IBIS-L radar system was adopted, which is
Af=0.25°. This means that the observed surface of the em-
bankment, which lies within the distance interval of 67 m <R
< 85 m from the radar, will be covered by pixels with a trans-
verse dimension of 0.29 m< AA <0.37 m.

Continuous observation

During the experiment, the observed embankment should
soak up with water and dry out, and the effect of these phe-
nomena is the subject of observation. For this reason, contin-
uous observation is required, regardless of the atmospheric
and lighting conditions.

Scale 0.5 mm

— interval 1
W
— interval 3
—_—

—— interval 4
— interval 5 E
(o —
t —

WATER LEVEL 1

—

Fig. 6 The average E-W displacements determined during water level changes for the groups of points situated at the same height for consecutive

intervals assigned with color arrows
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Fig. 7 Histograms of settlements 12 10:Apr = 25Apr 8 25 Apri=11 May
of the measuring points located 10 4 6 -
on the levee during water level 84
change (horizontal axis: i 41
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When choosing the time gap between subsequent measure-
ments, the dynamics of the phenomenon is of particular im-
portance. If the object’s movement in the period between sub-
sequent imaging exceeds the value of + \/4, which means +
4.4 mm for the IBIS-L system, then the displacement will be
determined ambiguously due to the cycle slip effect.

Although in this experiment the deformations of this order
were not predicted, the minimum imaging time for the IBIS-L
system was adopted due to the possibility of dynamic changes
in the atmospheric conditions, in particular humidity. It means
about 10 min for a single radar imaging.

Displacement accuracy

The accuracy of displacement measurement using radar tech-
niques is the subject of many studies. The values of nominal
precision provided by the manufacturers of various terrestrial
interferometric systems were collected by Monserrat et al.
(2014) and cover the range from 0.01 to 4 mm. In the planned
experiment, the expected displacements are on the order of
1 mm, which results from numerical simulations (Stanisz
et al. 2017). Therefore, it is necessary to analyze what

Fig.8 The projection of the range
resolution (AR) and azimuth
resolution (AA) on the
embankment surface. The local
radar coordinate system is marked

conditions have to be met to determine the displacement reli-
ably, and provide the measurement error of less than 1 mm.

According to Di Pasquale et al. (2013) the accuracy of
displacement (D) depends only on the accuracy of the phase
() measurement, while

A
p="

A
471'('0

(5)
where A represents the radar wavelength, which equals
17.4 mm for the IBIS-L system.

Radar systems have an accuracy of phase measurements at
the level of approximately 30° for a mildly decorrelated scene,
which corresponds to an accuracy of \/24 in displacement
measurements (Di Pasquale et al. 2013). For the IBIS-L sys-
tem, this means a displacement measurement accuracy of
0.7 mm. This value significantly depends on the properties
of the observed scene and decreases, e.g., for a surface cov-
ered by vegetation (due to the interferometric coherence
losses). However, for structures (especially steel and concrete)
this source of decorrelation is not present and displacements
can be determined with better accuracy.

Accuracy tests conducted under favorable conditions
have shown that the displacement measurement accuracy

@ Springer
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Fig. 9 The scope of the
embankment covered by radar
measurement and the location of
the reflectors

reaches values from 0.005 to 0.15 mm (Gentile and
Bernardini 2010; Gocat et al. 2013; Xing et al. 2014; Qi
et al. 2015). In actual field conditions the accuracy de-
creases to 0.3-2.0 mm (Bozzano et al. 2011; Ferrigno
et al. 2017; Frukacz and Wieser 2017), especially for
large distances. Nevertheless, in the presented experiment
the accuracy was expected at the level of 0.2 + 0.3 mm
due to

 the relatively short distance (approximately 100 m),

+ the use of radar reflectors that significantly reduce the
signal decorrelation, and

+ the acquisition of weather station data for further atmo-
spheric correction.

Experiment limitations

Measurements of actual objects require the consideration
of field restrictions, which often do not occur at the stage
of laboratory tests. The following three limitations should
be taken into account for radar measurements: limited
observation space, vegetation, and atmosphere variability.

Fig. 10 The SNR map for the
radar imaging expressed in the
local radar coordinate system.
Adjusting the position of the radar
reflectors into the local SNR 80
maxima is additionally presented

100

60

y [m]

40

20

Limited observation space

Field conditions limit the space for observation. This factor is
important since the location of the radar in relation to the
structure affects the size of the area that can be observed.
The HPBW (half-power beamwidth) angle is particularly im-
portant, and it depends on the type of radar antennas used for
observation. It means the angle between two directions, for
which the radiation power is half as low (i.e. =3 dB in a
logarithmic scale) as than for the direction of the maximum
radiation (Kuras and Ortyl 2014). Outside the HPBW angle
range, the signal sent becomes weaker and weaker, which
consequently decreases the accuracy of the displacement
measurement.

In the experiment, wide-angle antennas were used, for
which the azimuth HPBW is 38°. The IBIS-L radar sta-
tion was designed considering this value and the length of
the embankment section that was included in the experi-
ment (Fig. 9). In addition, the displacement component
that will be observed by the radar is also important when
selecting a position. In the presented case, the location of
the radar is optimal from the point of view of the expected
direction of displacement, which is perpendicular to the
longitudinal axis of the embankment. In addition, the

SNR [dB]
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Fig. 11 The changes in 1030
atmospheric conditions 5 1025 T
(temperature, atmospheric = 1020 %
pressure, and humidity) during 5 1015 5
the observation and the changes s ¥ 1010 3
in the measured distance caused % .......... Temperature [C] r 1005 ;
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radar station was set approximately 2.5 m above the
ground to reduce noise from vegetation.

Vegetation

Covering with vegetation (grass) is typical for river embank-
ment. As stated in “Displacement accuracy,” vegetation has
an adverse impact on the accuracy of displacement observa-
tion using the radar technique. In order to detect the actual
displacement of the embankment structure, radar reflectors
were mounted on it (Fig. 3b).

Figure 10 presents the distribution of the SNR values for
the scene observed by the radar. At the distance of about 80 m
from the radar unit, reflections from the surface of the tested
embankment are visible. Among them, it is possible to

indicate the pixels corresponding to the location of the radar
reflectors; however, the points marked as L, C, and R are
temporary radar reflectors mounted on tripods on the crest.

For all of the identified radar reflectors the values of SNR,
calculated as the ratio between the mean value and the stan-
dard deviation of the signal amplitude, are higher than 15 dB.
Given the relationships indicated by Rodelsperger (2011), the
error of the determined displacement o, can be made depen-
dent on the value of the SNR using the equation:

~ A-V/SNR+05

_ 6
b 27 - SNR (6)

where SNR is the signal-to-noise ratio (in the linear scale) and
A is the radar wavelength (17.4 mm for the IBIS-L system).
This means that for all of the observed reflectors, the

Table 4 The ranges of the path

length scale change (As) during Te'mperature ®
the experiment due to the change Min. value Max. value
of the particular atmospheric -1.2°C 29.9 °C
conditions, assuming the stability . m s m
of ofher parameters min (PPIM) max (PPmM)
303.8 315.0
323.7 428.7
Atmospheric pressure (p)
Min. value Max. value
1004.4 hPa 1029.3 hPa
Smin (Ppm) Smax (ppm)
429.5 4359
296.2 303.3
Humidity (e)
Min. value Max. value
35.7% 100.0%
Smin (Ppm) Smax (ppm)
303.5 3232
318.7 429.5

Constant parameters ASmin/max (PpmM) ASrange (ppm)
p=1030 hPa, e=35% 19.9 93.8

p=1005 hPa, e=100% 113.7

Constant parameters ASmin/max (PPM) ASrange (Ppm)
t=30 °C, e=100% 6.4 0.7
t=0°C,e=35% 7.1

Constant parameters ASmin/max (PPM) ASpange (Pppm)

t=0 °C, p=1030 hPa 19.6 91.1
t=30 °C, p=1005 hPa 110.7
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Fig. 12 Isolines of the path length scaling factor (s) depending on changes in humidity and temperature (values in ppm)

displacement error due to the SNR value will not be greater
than 0.5 mm.

Atmosphere variability

Atmospheric delay for radar measurements can reach signifi-
cant values. Luzi et al. (2004) state that “the uncertainty due to
lack in meteorological homogeneity can be of the order some
millimeters.” An effective way to eliminate artificial displace-
ments caused by changes in atmospheric conditions is to lo-
cate a stable reference point in the observed scene. Tests car-
ried out by Gocat et al. (2013) for the IBIS-L system showed
that correction of displacements based on two reference reflec-
tors allows to obtain correct displacement values in the range
of 0.05 mm. However, in this case the stable reference reflec-
tors were very close to the observed point (less than 20 m),
which is usually not possible in real conditions. Crosetto et al.
(2013) state that the standard deviation of the atmospheric
component is in the range from 0.7 to 1.8 mm at 100 m, from
0.8 to 3.1 mm at 200 m, and from 0.9 to 3.6 mm at 300 m.
They give the recommended maximum distance between
reference reflectors as a few hundred of meters for the case
of a landslide. They also note that this limitation should be

particularly met for steep slopes, because of the vertical
atmospheric changes stronger than horizontal ones.
Moreover, Huang et al. (2017) observed the deformation of
the concrete dam caused by water level changes and temper-
ature variations from a distance of about 1000 m using the
same radar system. Despite the possibility of adopting a stable
reference point, a 20% humidity difference inside the dam’s
orifice (40 m in size) caused a 1.6-mm change of the line-of-
sight distance.

Another way to eliminate the impact of atmospheric chang-
es is to model their impact on radar measurements based on
their observations at the test site. Zuo et al. (2017) provide a
thorough analysis including the introduction of an atmospher-
ic model depending on the distance to the target and local
conditions of the observed object. These results show that it
is possible to effectively model atmosphere influences and
achieve sub-millimeter accuracy in high-precision surface
monitoring.

However, in the presented work there is no possibility to
observe reference points, while the flood embankment covers
the entire observed scene. Moreover, the points located on its
foreground may be unstable, as shown by the geodetic obser-
vations (“The geodetic observations”). In return, during the

Fig. 13 The raw observations of 5.0 ‘
the displacements recorded by the _ 4.0 A
radar presented with color lines g 3.0 h "
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research the variable atmospheric data were acquired by the
weather station, located 3 m above the ground, near the levee.
A fully professional, high-quality automatic weather station
from the Lambrecht company was used to perform measure-
ments of all characteristic atmospheric phenomena. Those of
them that are important for radar measurements, i.e., temper-
ature, pressure, and relative humidity, are presented in Fig. 11
for the duration of the experiment. The recording of atmo-
spheric data took place every 15 min. The accuracy of the
measurement is as follows:

e +0.1°C (for 0+~ 60 °C), £0.2 °C (for —40 + 0 °C),
e =£1 hPa (for — 10 + 60 °C), and
e +1.5% (for 0 +~ 80%), 2% (for 80 <+ 100%).

The empirical formula given by Zebker et al. (1997) allows
for calculation of the contribution to path length from the
hydrostatic delay and water vapor. These effects may be ap-
proximated by

X X
A =776-10% 2 axr+373.10" [ S dx (7)
ol oT
where Ax is the phase shift as a change in path length, X is the
total path length through the atmosphere, p is the atmospheric
pressure in hectopascals, 7 is the temperature in Kelvin, and e
is the partial pressure of water vapor in hectopascals.

Knowing the radar wavelength, the value of the shift phase

has been converted to the changes in the measured distance

caused by variable atmospheric conditions and is shown in
Fig. 11 as a continuous line. The calculations were made for
point no. 14 as a sample point.

Considering the significant values of the artificial dis-
placements determined in Fig. 11, the impact of the var-
iable atmosphere parameters on the radar measurements
was analyzed for the research period. The range of chang-
es is considered in Table 4. For these ranges, the values of
the factor s scaling the measured distance were calculated
(in ppm). For each atmosphere parameter, the conditions
at which s takes the minimum and maximum value have
been determined. The calculations were carried out for the
ranges of change in the atmosphere parameters that oc-
curred during the experiment.

For example, a change in temperature between — 1.2 and
29.9 °C generates the change of the distance scaling factor
Asmin=19.9 ppm (for p=1030 hPa=const and e=35% =
const) and As,,. = 113.7 ppm (for p = 1005 hPa = const and
e=100% = const). The presented results indicate that the fac-
tor, which alters the scale of the measured path length to the
least extent, is the change of the atmospheric pressure. During
the research, this impact was never greater than 7.1 ppm. This
means a change of 1.35 mm for the largest radar-target-radar
distance, which equals 190 m for the experiment. However,
taking into account the values of the expected displacements
of the flood embankment, even this factor should be included.
In this light, the need to consider the variability of the remain-
ing parameters is obvious, while its absence may cause a path
length scale reaching 113.7 ppm, which translates into a

Fig. 15 The displacements of the 4.0 :
three selected points after the 3.0 4 \ﬂ l ‘ gg::t ;4 ]
atmospheric and geometric E 20 Point 19 4
correction presented with color = 10 4 V A N
. < .
lines % 0.0 b
o MW N
& -1.0 i w L IH
Q.
2 20 \ — -H t I
a ! | 'I, [l q I
-3.0 N N
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Fig. 16 The division of the points into five groups according to their location on the background of the SNR distribution

change of distance equal to 21.60 mm for the longest observed
distance.

After indicating the temperature and humidity as the factors
that most significantly affect the scale change, a graph of the
influence of these values on the scaling factor was prepared
for a constant pressure value assumed as p = 1020 hPa = const
(Fig. 12). Formula (7) was used to prepare the graph, assum-
ing the distance as 1000 m and obtaining values of scaling
factor in parts per million (ppm). As an example of the chart
interpretation, a change in humidity from 30 to 90% at a con-
stant temperature of 20 °C changes the path length scale by
approximately 60 ppm.

Taking into account the largest effect of temperature
and humidity (Table 4) and the largest measurement inac-
curacy for the parameter of humidity, the impact of this
quantity on the displacement measurement was calculated.
Based on Fig. 12, it can be seen that, e.g., for a constant
pressure of 1020 hPa and a constant temperature of 30 °C,
the humidity measurement uncertainty of +1.5% results
in a change of the scale factor of £2.5 ppm. For the
longest distance observed in this experiment, this means
+0.48 mm.

The results of the field experiment

Radar imaging is the basis for generating interferograms,
which are used to determine the phase difference values re-
corded for all pixels between consecutive images. Phase dif-
ferences are converted into displacement values, and they are
calculated relative to the time of observation beginning.

Figure 13 shows the displacement graphs for three sample
points selected from fourteen. The daily trend is visible, which
indicates the effect of atmospheric factors with similar vari-
ability throughout the day. Further processing requires there-
fore to take into account the changing properties of the radar
wave propagation medium.

Afterwards, the values of the displacements recorded as
raw observations were compiled with the values calculated
on the basis of the theoretical model of the atmospheric delay
(Fig. 14). Calculations were made based on the recording of
atmosphere parameters (Fig. 11) and formula (7). The analysis

@ Springer

was carried out consistently for point no. 14. The similarity of
the course of both lines is clearly visible, which indicates a
significant impact of the changes in the atmosphere on the
observations. However, there are noticeable time intervals in
which the observed and modeled movements are shifted rela-
tive to each other. The actual displacement of the observed
embankment, affected by force changes like the water level
changes, should be sought in these places.

Figure 15 shows the effect of atmospheric reduction for the
radar observations. The corrected values of displacements
were calculated as the difference between raw radar observa-
tion and the model of atmospheric delay. In addition, a geo-
metric correction was introduced, which means that radial
displacements (towards the radar) were converted into the
displacements perpendicular to the embankment (in the ex-
pected direction of the movement).

The graphs were made only for the selected points 9, 14,
and 19 (similar to Fig. 13), but for the remaining points the
nature of the observed phenomena is similar. Despite taking
into account the model of the atmospheric changes, some
daily irregularities of the course are still visible on the graphs.
Probably, they are the result of the lack of accurate informa-
tion on the local state of the atmosphere. However, in the
obtained results the reaction of the embankment to the induced
load can be found out, especially by its time confrontation
with the water level affecting the embankment.

In order to eliminate irregularities from the course of the
daily displacement, observations for the daily periods were
averaged, assuming a similar variation of atmospheric condi-
tions in these intervals. In addition, the observed points were
divided into five groups due to their location: crest, slope left,
slope central, slope right, and foreground (Fig. 16).

Figure 17 presents the daily displacements of the points
divided into five groups that may be subject to similar influ-
ences due to their location on the embankment. The black
dotted line indicates the mean value of the displacements for
all of the observed points. Negative movements, i.c., towards
the outside of the embankment, are noticeable for all points,
what is consistent with the predictions. Displacements for
points 7 and 21 are notably visible. In the vicinity of their
location places, the failures of the embankment structure were
noticed, which for point 7 were revealed in the form of a weak



Appl Geomat (2021) 13 (Suppl 1):519-5S35

S31

Crest
0.0 ++
1.0 - A TS
2.0 i~ 'As\ Z‘—_‘ ’// Ly ——0C
- ¥ N WA SN AT — L
-3.0 M T WAL —+—R
AT 11 ] — AVG
-4.0 =
5.0
~TANNMTOOOMNMNODODOTANMNTUOONDOD
T AN ANANNANNNNANN
Slope left
0.0
-1.0 D
20 oA IR N Zanid 9
ORI 7T W AT ——
N N BT o1 ——7
-3.0 :% ¥
TN .| 10
4.0 ST T e | AVG
\ /”"\ a//
-5.0 - e
-6.0
TANOTODOMNMNOOOIOTTANNMITOLONOD
T T AN ANANNNNNNNN
Slope central
0.0 T+
1.0 \ . pead
o \ A >\ /‘\’/o—*l
2.0 xi \wﬁd\i\/“ Eaand X 1‘2‘
% \ \ N /0:":0/‘/ ——
3.0 \“/ vkv\r’%“ d —+— 16
N ]| = AVG
-4.0
5.0
~TANNMTOOOMNODODOTTANMNMITWOONDOD
T T AN ANANNANNNNNN
Slope right
0.0 T%
-1.0
20 f%& PN __=_0_’) ——19
TV TN — 2
3.0 :} %/\ N i 21
\ Y I AVG
-4.0 T
5.0 ML
' TANNOTODOMNMNOOODOTANNMITOLONOD
T T AN ANNNNNNNNN
Foreground
0.0 ¢ ,0\
1.0 ‘\\ N /‘//:A TN *"\‘
W A N e T T .
2.0 NG 8 "/,' I ] o 6
3.0 MY — 13
[t e AVG
-4.0
-5.0

ANOITWOONMNDOOOO WDOMNOD
D I e N NN

Fig. 17 The daily displacements of the observed points presented with
color lines in relation to the average value given in the black dotted line
(horizontal axis: day of May, vertical axis: displacement (mm))

water leakage. On the other hand, the points on the foreground
(6, 13) seem rather stable.

Figure 18 summarizes the average displacement graphs
for all 5 groups of points and presents them on the

background of a variable water level during the experi-
ment. All points located on the embankment body show
similar displacements at the level of single millimeters.
The movement occurs in the horizontal direction general-
ly in accordance with the change in the horizontal com-
ponent of the water pressure depending on the water level
in the reservoir. Moreover, it is possible to perceive small-
er horizontal displacement values on May 17-18, which
corresponds to the lower water level. This may indicate
that in specific cases earth-filled structures may behave to
some extent like elastic structures.

A comparison of surveying and radar
observations

During the experiment, surveying and radar measurements
were carried out completely independently. Both techniques
use a different range of electromagnetic waves to perform
observations. Although the method of conducting surveying
and radar observations is quite different, especially in terms of
observation continuity, a comparison of displacements obtain-
ed with these two techniques was made for periods in which it
was possible. For this purpose, the surveying network mea-
surements that were carried out during the continuous radar
observations were selected. Figure 5 shows that this opportu-
nity exists for interval 3 and interval 4. It is important that
during these observations the water level changed significant-
ly, which could have caused identifiable embankment
displacements.

The set of points subject to geodetic measurements and
observed by radar is relatively small. These points have to
be equipped with a surveying prism and covered by the radar
observation range. Their number is nine. In Table 5, the values
of their displacements in a direction perpendicular to the em-
bankment surface are summarized. They are marked as d;
(values from surveying) and d5 (values from radar measure-
ment). They are also presented in Fig. 19. In addition, in
Table 5 the values of differences and averages between the
methods were calculated, which will be used for further
analysis.

The displacement values for the surveying were calcu-
lated on the basis of the differences in the coordinates of
the surveying network points originating from the adjust-
ment of the three measurements, which each time includ-
ed testing the stability of the reference points. Negative
values are dominant, as evidenced by the average dis-
placement value of approximately —0.4 mm. Negative
values, at the level of a few tenths of a millimeter, can
be indicated for the radar observations. In the case of
radar observations, the displacement values were aver-
aged for hours 08:00-15:00 for the 3 days of May, in

@ Springer



S32

Appl Geomat (2021) 13 (Suppl 1):519-S35

Fig. 18 The daily displacements 0.0 5
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which surveying was performed. This time interval corre-
sponds to the hours at which surveying was carried out.

Particular attention should be paid to points 7 and 21, for
which relatively large displacements were found on the basis
of radar observation as the possible result of embankment
failures. The values of these displacements were confirmed
by surveying: the highest displacement values in interval 4
were observed exactly for these points.

However, in a few cases, discrepancies between results are
noticeable, e.g., for points 7, 9, 10, and 12. Displacement
values determined by radar are negative (7 and 10) or positive
(9 and 12). It is worth noting that points 7 and 10 are located
lower (1/3 of H) than points 9 and 12 (2/3 of H). These results
indicate that the behavior of this fragment of the levee due to a
change in water level was dependent on the embankment
height. Therefore, the reason of the discrepancies should be
rather sought in the error of geodetic measurement, which was
carried out once during the measurement of the surveying
network (in contrary to the continuous radar measurement).

Day of May

Because of the possibility of measurement disturbances these
observations may be treated as outliers.

Based on the above findings, the Bland—Altman plot
(Bland and Altman 1986) was used to assess the compatibility
between the results. This method is applied to evaluate the
agreement among two different instruments or two measure-
ments techniques. It is based on the fact that a high correlation
between the two methods does not necessarily mean good
agreement between the methods and may be due to the wide
sample spread.

For each pair of observations in the sample the Cartesian
coordinates are calculated according to the formula:

d(x,y) = (@,drdz) (8)

1.e., based on the mean and difference between observa-
tions of the same quantity (Table 5). The values of d(x, y)
are included in Fig. 20.

Table 5 The displacement values

for the points covered by the Surveying (d;) Radar (d5) Difference A Average
simultaneous surveying and radar
observations with their Point no. Int. 3 Int. 4 Int. 3 Int. 4 Int. 3 Int. 4 Int. 3 Int. 4
differences and averages in
intervals 3 and 4 (all values in 7 -0.80 -2.02 -1.05 -1.53 0.25 -0.49 -0.92 -1.78
mm). Additionally, at the bottom 0.20 -0.05 -0.30 1.36 0.50 -141 -0.05 0.65
of the table, caleulations have 10 072 -012  —016 184  —056 172 —044  —098
analyze agreement between 12 -1.72 0.84 —-0.01 0.80 -1.71 0.04 —-0.86 0.82
methods using the Bland—Altman 14 —0.64 -0.24 —0.08 -0.53 -0.56 0.29 -0.36 —0.38
plot 16 —0.64 -0.27 -0.31 -0.87 -0.33 0.60 -0.47 -0.57
17 0.44 -0.34 0.29 0.44 0.15 -0.78 0.37 0.05
19 0.44 -0.38 0.06 0.74 0.38 -1.12 0.25 0.18
21 —0.50 —1.42 —-0.09 —1.46 -041 0.04 —-0.30 —1.44
Mean —0.44 —0.44 -0.18 -0.32 -0.26 —-0.12 -0.31 -0.38
Standard deviation (SD) 0.68 0.90
+1.96 x SD +1.34 +1.77
Upper limit 1.08 1.65
Lower limit -1.59 -1.89
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Fig. 19 Displacements d; and d5 together with their mean values (bars
marked with a black frame)

If the mean difference differs significantly from zero on the
basis of, e.g., a 1-sample ¢ test, this indicates the presence of
fixed bias between methods. For both analyzed intervals the
difference from zero is considered to be not statistically sig-
nificant at the 95% confidence interval.

In the Bland—Altman plot the 95% limit of agreement is
usually calculated as follows: mean difference = 1.96 x stan-
dard deviation of the differences (Bland and Altman 1986).
On this basis, upper and lower limit values for both intervals
were calculated in Table 5 and presented in Fig. 20.

In the presented case, the majority of the differences in
samples are within the limits of agreements, except two
values, which slightly lie beyond the limits. Therefore, based
on Bland—Altman’s limits of agreements, these two measure-
ment methods could be used interchangeably.

Conclusions

Conducting the flood embankment monitoring requires prop-
er planning. While surveying is rather a common task applied
in such kind of research, the use of ground-based radar inter-
ferometry requires several factors to be considered. It is nec-
essary to choose the appropriate imaging resolution that takes

into account the limitations of the observation space. In addi-
tion, achieving high accuracy requires marking of the tested
structure using radar reflectors to obtain a high signal-to-noise
ratio. It has also been shown that the variability of atmosphere
parameters, especially temperature and humidity, is an ex-
tremely important factor, especially when it is not possible
to adopt a stable reference point.

The results of the conducted measurements allow to
detect the reaction of the embankment to the external
loads. In the case of long-term monitoring, the movement
may be caused by atmospheric factors (e.g., soil freezing),
vehicles moving on the embankment body or the vestigial
subsidence of the newly built embankment, and also by
the frost heave of the soils used for the construction of the
embankments. On the other hand, in the case of changing
water level, the relation between embankment soaking
and the directions of its movement can be noticed.
Horizontal displacements indicate that in some cases
earth-filled embankments may behave to some extent like
elastic structures. The movement occurs in the horizontal
direction generally in accordance with the change of the
water pressure depending on the water level.

The conducted research allowed for finding high similarity
between the results of the surveying and radar observations.
For the time intervals in which it was possible to compare both
techniques, the differences of displacements, resulting from
the variable water level, were analyzed. The differences be-
tween the results of both methods reach significant values,
which may be due to many factors: inaccuracy of measuring
devices or inaccuracy of modeling the impact of atmospheric
changes. Nevertheless, the movement trend is consistent for
both methods. This was evidenced particularly by the compat-
ibility of the considerable displacements detected for the
points located in the area of presumed embankment failure.
In addition, the differences are within the limits of agreements
determined on the basis of the Bland—Altman plot, which
means that these two measurement methods could be used
interchangeably.

Fig. 20 The Bland—Altman plot 2.0
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