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Abstract: Against the background of an aging infrastructure, the condition assessment process
of existing bridges is becoming an ever more challenging task for structural engineers. Short-
term measurements and structural monitoring are valuable tools that can lead to a more accurate
assessment of the remaining service life of structures. In this context, contactless sensors have great
potential, as a wide range of applications can already be covered with relatively little effort and
without having to interrupt traffic. In particular, profile scanning and microwave interferometry,
have become increasingly important in the research field of bridge measurement and monitoring
in recent years. In contrast to other contactless displacement sensors, both technologies enable a
spatially distributed detection of absolute structural displacements. In addition, their high sampling
rate enables the detection of the dynamic structural behaviour. This paper analyses the two sensor
types in detail and discusses their advantages and disadvantages for the deformation monitoring
of bridges. It focuses on a conceptual comparison between the two technologies and then discusses
the main challenges related to their application in real-world structures in operation, highlighting
the respective limitations of both sensors. The findings are illustrated with measurement results at a
railway bridge in operation.

Keywords: structural health monitoring (SHM); dynamic deformation monitoring; short-time;
bridges; terrestrial laser scanning (TLS); profile scanning; microwave interferometry (MI)

1. Introduction

Against the background of an aging infrastructure and because of the clear trend
towards the development of faster and heavier vehicles, the condition assessment of ex-
isting railway bridges is becoming an increasingly challenging task for civil engineers,
especially when important decisions have to be made about costly replacement or rehabil-
itation measures. In this context, the accurate knowledge of the real structural behavior
is a valuable tool in the condition assessment process, which in many cases can lead to a
significant extension of the remaining service life and thus to considerable benefits for both
the bridge owners and society.

The actual structural behaviour is usually assessed by experimental investigations,
which can include measurements of accelerations, velocities, strains, slopes or tempera-
tures [1-3]. Furthermore, displacement measurements based on linear variable displace-
ment transducers (LVDT) are used for assessing the relative displacement at the supports [1],
between adjacent superstructures of the same bridge [4] or for monitoring the width of
existing cracks. These types of displacement measurements are basically possible, since a
fixed reference point can be used for installing the sensor.
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Another important parameter of the structural behavior would be the absolute vertical
displacement of the bridge deck. This could provide direct information about the actual
stiffness of the structure, which in turn could be incorporated into the updating process of
the structural model (e.g., finite element models) [5,6]. However, the direct measurement of
absolute displacements using classical LVDTs is usually very complex or even impossible
due to the lack of fixed reference points [3]. In order to fill this gap, remarkable advances
in the field of contactless displacement measurement methods have been made in recent
years [7,8]. They allow the measurement of structural displacements without the need for
installing any sensors on the structure. This represents a great advantage, especially in
relation to the investigation of bridges in operation, which often require temporary closures
for physical access to the structure.

Applicable technologies for contactless displacement measurements are, e.g., laser
vibrometry [9,10], image-assisted total station (IATS) [11], terrestrial laser scanning (TLS) [7]
and microwave interferometry (MI) [12,13]. Compared to other contactless measurement
technologies that allow measurements at only one discrete point, microwave interferometry
and TLS additionally enable spatially distributed acquisition of the structural response.
The spatial resolution of those sensors offers the advantage that larger areas of the structure
can be monitored with only one sensor, allowing a deeper understanding of the structural
response in an efficient way. Therefore, these two sensors are the focus of this paper.
Typically, TLS are used in 3D mode to capture the static environment. In addition, some
models can also be used in profile mode (2D) and are hereafter referred to as profile
scanners. For the dynamic measurement of bridge structures, only the second mode is
relevant [7], as it requires a high temporal resolution.

For a better understanding of the investigations presented in this paper and their
classification in the field of bridge monitoring, the investigated scenario for the contactless
monitoring of bridges with spatio-temporal resolution is defined first:

*  Measurements without any additional elements on the object (no reflectors)
*  Requirement of temporal and spatial resolution

*  Parameter of interest: vertical displacements

*  Resulting uncertainties in the sub-millimetre range

¢  Measurement range < 100 m;

*  Measurement duration < 10 min.

In such an application scenario, only two of the above mentioned technologies remain:
microwave interferometry and profile scanning. In the first part of this paper, a concep-
tual comparison of the two measurement systems based on this scenario and the sensor
specifications will highlight unique limitations for the identified application scenario. Sub-
sequently, it will be shown how the identified problems can be illustrated with the results of
experimental investigations on a large multi-span truss railway bridge (height > 10 m, span
lengths > 80 m). These investigations were in the framework of a condition assessment
process and could only be realized with reasonable effort by contactless displacement mea-
surements. The measurement concept used in this investigation is based on the application
scenario described above and includes the recording of absolute dynamic displacements in
a vertical direction at various points along the structure induced by train passages.

The simultaneous use of both sensors enables a systematic and comprehensive com-
parison with regard to their applicability and the uncertainties occurring in measurements
on bridge structures. Moreover, the extension of the investigation to a railway bridge in op-
eration provides indications of further limitations in the application that clearly go beyond
the results of the conceptual comparison. For example, systematic errors of microwave
interferometry with respect to the derivation of absolute displacement values, which has
already been discussed in the literature [8], cannot only be quantified but also corrected by
using both systems simultaneously.
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2. Investigated Sensors

In the following section, the investigated sensors are presented briefly. First, how-
ever, an overview of relevant work in the field of contactless monitoring of bridges with
microwave interferometry and profile scanning in general is presented.

2.1. Related Work

Schill [7] describes in great detail the basics of profile scanning and also provides
extensive application examples for a variety of typical use cases, such as bridges, wind
turbines, etc. Furthermore, advanced processing algorithms are presented that enable the
universal use of a profile scanner. Further publications on the subject of profile scanning also
deal with bridges [14-17], noise barriers [18] and wind power plants [14,19-23]. In these
publications, the sensor performance is regularly evaluated through comparisons with
conventional sensors, such as LVDTs or accelerometers, proving that a profile scanner can
be used reliably for a wide range of structures and applications.

For the application of microwave interferometry, good overviews are given by Gentile
and Bernardini [12], Bernardini et al. [13], Rodelsperger et al. [24]. Microwave interferome-
try has also been applied to various types of structures in recent years: bridges [8,25-31],
wind power plants [21], telecommunication towers [32,33], chimneys [24] or urban build-
ings [34-36]. Publications dealing with the performance evaluation through comparisons
with conventional sensors are, for example, [8,35,37,38]. In summary, microwave inter-
ferometry shows excellent performance in determining the natural frequencies of the
structures under investigation, while the derivation of absolute displacements often shows
large systematic errors even though additional reflectors were attached to the structures in
almost all studies. The latter fact is rather problematic, especially considering that the man-
ufacturers of microwave interferometers specify an uncertainty in the low sub-millimetre
range [39].

2.2. IDS IBIS-S

The microwave interferometry system IBIS-S [39] enables the detection of 1D line-
of-sight (LOS) displacements Ar;pg based on amplitude and phase measurements. A
corresponding schematic representation can be seen in Figure 1. For this purpose, the IBIS-S
emits electromagnetic waves in the microwave spectrum (K, band, 17.4 mm wavelength).
Due to a stable phase reference of successive measurements, it is possible to evaluate not
only the amplitude (intensity) but also the phase in particular. Specifically from the phase,
the relative movement of objects in the sensor’s line of sight can be derived by means of
interferometry, i.e., the difference of the phase of two measurements, also known as the
interferometric phase ¢.

By modulating the frequency of the emitted signal, multiple objects can be differen-
tiated by their LOS range R to the sensor. The used modulation bandwidth of 200 MHz
results in a minimum required distance between objects of 0.75 m to detect them separately.

The relationship between the line-of-sight displacement Arypg and the interferometric
phase ¢ is given by:

A
¢ = —EAVLOS 1)

The interferometric phase is always in the range :t%. Thus, movements that exceed a
quarter of the wavelength between two measurements cannot be detected as such, since no
absolute range is determined. For more information concerning the function of microwave
interferometers see [30,40]. Further details on the projection of the LOS displacements
Arpps using the range R and the height h are discussed in Section 3.5.
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Figure 1. Schematic illustration showing the application of microwave interferometry and profile
scanning for the deformation monitoring of bridges.

2.3. Zoller+Frohlich IMAGER 5016

Terrestrial laser scanners (TLS), also known as ground-based LIDAR, such as the
Z+FIMAGER 5016 [41], enable the digitisation of the entire environment in a 360° panorama
in the form of a 3D point cloud. During the scanning process, a high frequency rotating
mirror deflects the laser beam, and the TLS additionally rotates around its standing axis.
This sequential acquisition method produces a high-resolution point cloud of the visible
environment. The measurement method is characterised by a very high spatial resolution,
but in turn allows only a low temporal resolution.

A profile scanner (TLS in profile mode, 2D) only uses the high-frequency rotating
deflection mirror, but there is no rotation around the standing axis (see schematic in Figure 1
on the right side). By reducing the spatial resolution to a single profile, a significantly
higher temporal resolution is possible. The spatial resolution within the profile (angular
increment) ultimately depends on the combination of the rotation speed of the deflection
mirror and the laser measurement rate.

The range measurement of the Z+F IMAGER 5016 works according to the amplitude-
modulated continuous wave (AMCW) method. In order to obtain the absolute range value,
the phase-shift between the reflected and emitted signal is used, which is induced in an
intensity-modulated periodic signal due to its round-trip to the target.

Several wavelengths are modulated onto the carrier wave to resolve phase ambiguities
and thus determine an absolute range. In addition, the amplitude (intensity) is provided,
which represents the ratio between emitted and received energy.

3. Theoretical Comparison of the Sensors for the Contactless Monitoring of Bridges

For application in the field of bridge monitoring, different properties of the two sensors
are important. In the following sections, the most relevant of these are compared with
each other:

*  Section 3.1—Measuring Frequency

*  Section 3.2—Measurement Precision

*  Section 3.3—Range Resolution

*  Section 3.4—Spatial Resolution at the Structure
®  Section 3.5—Projection of Displacements

3.1. Measuring Frequency

With the IBIS-S, measurements can be carried out with a measuring rate of up to
200 Hz. In general, the maximum usable measuring frequency is related to the range
resolution and the maximum range since these two values influence the time required
for each measurement sample. However, for the maximum range of 100 m relevant to
this study (see Section 1), the maximum possible measuring frequency of 200 Hz can be
achieved. A higher measuring frequency, of up to 4.000 Hz, is possible with microwave
interferometers from other manufacturers [42].

The usable measuring frequency for the deformation monitoring of bridges with the
IMAGER 5016 in profile mode depends on the rotation speed of the deflection mirror which
is up to 55 Hz. It should be noted that there is a dependence between temporal and spatial
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profile resolution: at the same laser measurement rate, a doubled measurement frequency
leads to a halving of the spatial resolution. A higher measuring frequency, up to 267 Hz, is
possible with the Z+F PROFILER 9020 [43], but then a four times lower spatial resolution
must be accepted.

3.2. Measurement Precision

For both measuring systems, the precision of the measurement depends significantly
on the energy reflected back from the structure and thus on its backscatter properties in the
corresponding wavelength band, as the phase measurement accuracy is directly coupled to
the signal-to-noise ratio (SNR) of the reflected signal [44].

For the wavelength band of IBIS-S, edges, corners and similar discontinuities in
particular act as a good reflector, while in the case of smooth surfaces, such as those of
prestressed concrete bridges, little energy is scattered back due to the predominant forward
reflection. In contrast, discontinuities are particularly problematic for the profile scanner,
due to the mixed-pixel effect [45,46].

For the further comparison of the two measurement systems, however, this must be
considered in a more differentiated way, i.e., in connection with the different “illuminated”
object surface by each sensor, see Section 3.4.

The manufacturers of both measuring systems give standard deviations for the raw
measurements in varying degrees of detail [39,41]. For the IBIS-S, a LOS displacement
standard deviation of 0.01-0.1 mm is specified, measured on a stable reference target
providing a signal-to-noise ratio (SNR) better than 20 dB. For the IMAGER 5016, as is
common practice in the TLS area, the manufacturer provides range measurement standard
deviations for different surface reflectivities and ranges. These are based on a fixed laser
measurement rate of 127 kHz and range from 0.2 mm to just under 10 mm.

However, those accuracy specifications are not very meaningful in practice and cover
only a very small range of applications: The specified reflectivity of the measured structure
is usually not known and can also vary spatially. In addition, the measurement geometry in
particular plays a decisive role for the specification of realistic measurement uncertainties;
it is partly responsible for the occurrence of predominant forward reflection, i.e., the
flatter the angle of incidence, the greater the potential for forward reflection and a low
SNR. The measurement geometry is, at the same time, crucial for the derivation of the
projected vertical deformations. Furthermore, no reflectors are to be used in the application
scenario under investigation, so that an accuracy specification based on a defined reflector
is not purposeful.

Based on the SNR of the IBIS-S measurement, it is possible to derive an uncertainty
measure for the LOS displacement [24]. For TLS in general, the stochastic modelling of
the range measurement is possible based on the registered intensities [47,48] and allows a
practical determination (insitu) of the range precision. This approach takes into account
all effects acting on the measurement process (surface reflectivity, measurement geometry,
atmosphere, etc.).

3.3. Range Resolution

For the comparison of both measurement systems, the usage of the term range resolu-
tion is misleading, because the term corresponds to a different parameter with each sensor.

For the IMAGER 5016, the range is part of the raw measurement. The range resolution
is 0.1 mm and is defined by the used size of the modulated fine scale in combination with
the implemented phase measurement.

However, with the IBIS-S, the range resolution is independent from the displacement
measurement. The range resolution describes the minimum distance required between two
objects to distinguish their relative LOS displacement. Since the range resolution is defined
in the sensor’s line of sight, the actual resolution at the structure differs. Accordingly,
the next section will go into more detail on the spatial resolution at the object for both
measuring systems.
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3.4. Spatial Resolution at the Structure

The range resolution of the IBIS-S depends on the frequency bandwidth authorised
by local radio regulation of the transmitted signal. As an example in USA and Europe,
the bandwidth is limited to 200 MHz and the range resolution is therefore 0.75 m, see
also Section 2.2.

The area at the structure that can be evaluated in this way is limited by the opening
angles of the radar lobe, which in turn is defined by the antenna used. For the standard an-
tenna (IBIS-ANT3-H17V15), the manufacturer defines two widths for the main lobe: —3 dB
and —10 dB, which additionally differ in vertical and horizontal direction. The parameter
quantifies the radar lobe amplitude: —3 dB defines the angular area within the antenna
gain of more than 50% of the maximum gain; —10 dB includes the angular area within the
antenna gain of more than 10% of the maximum gain, see Figure 2.

The width of the main lobe at —3 dB is defined as 15° vertical and 17° horizontal; for
—10 dB it is defined as 45° vertical and 34° horizontal.

IBIS—ANTS3 vertical plane pattern IBIS—ANTS3 horizontal plane pattern

0 0

ant pattern ant pattern

/\ -3dB -3dB
-5 \ -10dB =5 -10dB

.(180 —60 —40 —20 0 20 10 60 80 (180 —60 —40 —20 0 20 40 60 80

Angle [Deg] Angle [Deg]
Figure 2. Antenna pattern for the standard antenna of the IBIS-S, vertical and horizontal (based on
the User-Manual).

Therefore the range resolution of the IBIS-S results in a division of the measuring
range into resolution cells: spherical shell segments with an angle range of 15°/17° (—3 dB)
resp. 45°/34° (—10 dB) and a thickness of 0.75 m. In each resolution cell, a sum of the
amplitude and phase of all reflections is determined. The contribution of each reflection
to the displacement measurement is weighted by its amplitude, which depends on the
specific antenna gain and the reflection characteristics. This ultimately leads to the spatial
resolution of the line of sight displacements, see schematic in Figure 3 and also Figure 1 on
the left side.

reflecting

SNR [dB]

range bin

Figure 3. Schematic illustration of the IBIS-S measurement principle in relation to the spatial resolu-
tion cells.

The individual resolution cells, defined by the opening angle and bandwidth, are pro-
jected onto the structure based on the inclination angle of the sensor, see also Figures 1 and 3.
This means that since the choice of the inclination angle (relative to the horizontal) defines
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the evaluable area at the structure, it also has an influence on the spatial resolution in profile
direction: For example, assuming a “smooth” horizontal structure 10 m above the sensor,
an IBIS-S inclination angle of 26° results in a spatial resolution between 1 m and 0.76 m
along the structure for the area of the —10 dB lobe; if the inclination angle is increased to
44°, the achievable spatial resolution lies between 1.4 m and 0.8 m.

Overall, the spatial resolution increases with the horizontal distance to the sensor.
Howerver, the larger the inclination angle, the closer the resolution cells are to the sensor,
leading to a lower spatial resolution in profile direction for such a configuration and
additionally the evaluable area is also decreasing.

Due to the expansion of the radar lobe (mainly horizontal), there is a risk that several
reflectors within a resolution cell overlap. Then, the measured displacement in line of sight
only represents the (weighted) average behaviour of all reflectors in the resolution cell
under consideration. This is particularly problematic if the reflectors differ in their move-
ment behavior due to constructional conditions, e.g., separate directional carriageways or
directional tracks on bridges.

In comparison, the actual spatial resolution of a profile scanner is defined by the
parameters rotation speed of the deflection mirror, laser measurement rate and divergence
angle of the laser beam. The actual spatial resolution is usually lower than the angular
resolution specified by the manufacturer due to the following two reasons:

1.  Depending on the choice of parameters, the laser spots of successive measurements
overlap to a greater or lesser extent, which reduces the actual resolution at the struc-
ture surface.

2. The rotation speed induces an additional deformation of the laser footprint (elonga-
tion) in profile direction, since a corresponding angular range is always swept during
the measurement time. This can be interpreted as a larger “actual” divergence angle
or as an increasing overlap of successive measurements according to [46,49].

Another aspect when considering the spatial resolution actually available in practical
applications is that the single point precision of a profile scanner is usually not sufficient for
the requirements of the application scenario [7]. Therefore, in order to achieve the required
precision, averaging is performed using neighbouring measurement points, which, how-
ever, further reduces the spatial resolution for profile scanning in favour of a qualitatively
better derivation of displacements.

To get an idea of the achievable spatial resolution, two examples are given below:

1.  Ata measurement frequency of 55 Hz, 20,000 points are measured per profile, which
corresponds to a theoretical angular increment of 0.018°. If 75 neighbouring measuring
points are combined, the actual available angular increment is reduced to 1.35°, which
corresponds to a spatial resolution of 0.24 m at 10 m distance.

2. If the measuring frequency is reduced to ~14 Hz, a spatial resolution of 0.24 m at a
distance of 40 m can still be achieved.

It can be seen that statements about the spatial resolution can only be made in con-
nection with the selected measurement frequency and the existing measurement setup. In
addition, special features of the object surface (ideally planes are used) may have to be
taken into account. Compared to the IBIS-S, however, the spatial resolution can be freely
adjusted within certain limits.

The spatial resolution perpendicular to the profile direction is defined for both systems
by the opening angle of the measuring beam. For the IBIS-S this is 17°/34° (-3 dB/—10 dB,
horizontal) for the IMAGER 5016, it is approx. 0.6 mrad, which corresponds to a factor of
approx. 500/1000 between the sensors. At a distance of 10 m this means a footprint width
of ~3 m/6 m for the IBIS-S and 0.006 m for the IMAGER 5016.

3.5. Projection of Displacements

The purpose of using these sensors for the deformation monitoring of bridges is to
obtain deformations in a defined direction (mostly vertical or horizontal). Therefore, the
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“raw” measurements must be projected in the required direction. For the projection, it is
usually assumed that the vertical displacement of a bridge is predominant, while possible
horizontal components are considered negligible. In the first part of this section we will
follow this assumption before discussing the effects of multiple displacement components.

3.5.1. Single Displacement Component

Since the raw measurements of a profile scanner consist of distance and internal
angle measurements, the projection of the deformations is inherent and possible with high
accuracy. The manufacturer specifies an angle accuracy of 0.004° for the IMAGER 5016.
The horizon reference is realised via an internal dynamic compensator, which operates
in the same accuracy range as the angle encoders. In addition, the dynamic compensator
makes it possible to detect low frequency movements of the sensor during the measurement
and to correct them if necessary.

The IBIS-S has no (additional) internal sensors to determine projection angles. There-
fore, external sensors are required to derive the corresponding value for each resolution cell.
The projection angle for a resolution cell results from the inclination angle of the radar head
and the vertical position within the radar lobe: at 44° radar head inclination in combination
with an opening angle of the radar lobe (—10 dB) of & 22.5°, projection angles between 21.5°
and 66.5° can thus occur. At 26° radar head inclination the projection angles vary between
3.5° and 48.5°; thus the same projection angle can occur despite different inclination angles
of the radar head. In order not to reduce the accuracy of the measurement by the projection,
the recording geometry must be well known.

If the situation is reduced to a 2D case, this consists of a right-angled triangle that
is spanned by the zero point of the IBIS-S and the theoretical “reflector” on the structure.
Accordingly, two elements must be known in order to determine the respective projection
angle. With a “perfectly smooth” horizontal (2D) structure as shown in Figure 1, the pro-
jection angle for each resolution cell could be determined, for example, on the basis of
mean LOS ranges in combination with the vertical distance of the IBIS-S zero point to the
underside of the bridge. The projected displacement v can be calculated from the LOS
displacement Ary g using the range R and the height h:

o Arros - R @)
h

In order to state the uncertainty of a projected displacement according to (2), geometric
uncertainties of the measurement configuration have to be discussed in addition to the
influence of the uncertainty of the LOS measurement: Depending on the structure of
the underside of the bridge, different heights and LOS ranges result for the individual
resolution cells, depending on the position of the virtual “main reflector”. For the 2D
case the possible variation of the “reflector” in range and height is introduced as the
uncertainties sg and sj,. In combination with the uncertainty for the LOS displacement

Arpos the standard deviation of the projected displacement s, can be derived:

R 2 ArLOS 2 ArLOS'R 2
S%: <I’l) 'SZAYL05+< h ) 'S%{—i_ (hz> 'Si (©)]

Without additional information about the position of the virtual “reflector” in the
resolution cell, the possible height variation depends entirely on the measured structure
and the possible LOS range variation is limited only due to the size of the resolution cell.

In order to estimate the influences of the discussed uncertainties on the standard
deviation of the projected displacement in general, angle-dependent measurement config-
urations are considered under three different uncertainty assumptions for the geometric
quantities r and h, respectively. The lower and upper bounds of the LOS measurement
accuracy (manufacturer specifications) each generate an investigation scenario, see Figure 4
top and bottom.
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Figure 4. Uncertainty of the projected displacements (vertical) for different standard deviations of

the LOS displacement (upper vs. lower graphic), projection angles and precision of range and height

for the resolution cells.

The upper graph shows that with a standard deviation for the LOS displacement of
0.1 mm, the standard deviation of the projected displacement increases with decreasing
angle, with a much greater deterioration below 30°. However, the precision of range and
height do not play a significant role in this configuration, even with a precision of only
375 mm (half the size of the range resolution) there is hardly any difference.

Assuming a much better precision for the LOS displacements of 0.01 mm (see lower
graph), the picture is similar, the standard deviation of the projected vertical deformations
decreases considerably, especially in the low angular range. However, in contrast to the
first scenario, the uncertainties of distance and height also have a significant influence on
the precision of the projected displacement.

This very simple 2D approach outlines only a small part of the problem. In practice,
the situation is usually much more complicated and must be discussed in corresponding
detail (see Section 4). Especially with complex structures of the bridge underside and
larger distances to the sensor (increasing extension of the radar lobe), the danger that
several “main reflectors” are located within one resolution cell increases, which makes a
correct derivation of a projection angle almost improbable. If, moreover, a different motion
behavior of the reflectors is present, a mixed signal is generated which, in the best case, can
be recognized and sorted out as such.

3.5.2. Multiple Displacement Components

Up to this point, it has been assumed that only a vertical displacement of the bridge
structure exists due to an applied load. However, if an additional significant horizontal
displacement is present, the situation is becoming more complex.

Such horizontal displacements in the longitudinal direction of the bridge can already
be caused by the vertical deflection of the bridge, since free bearings in particular move
horizontally in the direction of the center of the span. Acceleration when the train enters
the bridge or during braking can also cause vertical deflection. Horizontal displacements
transverse to the bridge can additionally occur if for example the bridge lies in a curve
(sinusoidal run). The maximum values of both horizontal displacement components are
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usually in a very low millimetre range. In principle, it can be assumed that the vertical
displacement is dominant (by far).

For the derivation of vertical displacements with the profile scanner, such small
horizontal displacements are negligible; these deviations are not registered at all. However,
since the profile scanner is a 2D measurement sensor, these can be measured directly at
suitable locations (vertical areas) if the displacement is in profile direction.

In contrast to this, however, the IBIS-S is a 1D measuring system, thus in an inclined
measurement setup, the components cannot be separated by a single LOS measurement
which is comprised of more than one displacement component, leading to a deviation in
the projected vertical displacement. If the IBIS-S measures vertically upwards (without
projection) then a small horizontal displacement is also irrelevant.

Alternatively, multiple displacement components can be separated by using more than
one IBIS-S, as described by [50,51] or an alternative sensor for the derivation of horizontal
displacements. The transformation of the measurements Ar;pg to a three-dimensional
displacement vector Ary, is derived by the geometric relation between the sensors and the
targets. With the known target coordinates Pr and sensor coordinates P;, the distances d;
are defined:

di = ||Pr — Pi[|2 4)

The partial derivatives of the distances with respect to the target coordinates result in
the Jacobian matrix J, defining the transformation as

Arpos =] - Arp )
By inverting the Jacobian matrix, the three-dimensional displacement vector results:
Arp =] ' Arios (6)

Usually, only two displacement components are relevant for the most common mea-
surement setups of IBIS-S. The Jacobian matrix is then modified to exclude the correspond-
ing line and column of the third component, enabling the transformation with only two
sensors. Similar to the uncertainty analysis of the single displacement component, the
measurement uncertainty can be propagated in the case of multiple components as well.
The measurement uncertainty sa,, ., is propagated with the Jacobian matrix:

LArios = SArpos 1 @)

_ _1T
Zar, =17 Tangs T ®)

As discussed earlier, the uncertainty of the geometric relation has an additional in-
fluence on the uncertainty of the projected displacements and could be modelled with a
Monte-Carlo simulation.

4. Contactless Monitoring at a Railway Bridge

In the previous section, problems were pointed out in particular for the IBIS-S. In order
to illustrate these problems, which up to now have only been discussed theoretically,
investigations on a large railway framework bridge are shown in the following section.
The investigated structure is a double-track steel bridge consisting of a four-span continuous
framework girder, see Figure 5. The goal of the investigation was to derive spatially
distributed deformations at the underside of a bridge span on the south side with a span
width of approx. 82 m.
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Figure 5. Railway framework bridge under investigation.

Since the arising problems are to be understood as a synthesis of IBIS-S measurement
configuration (acquisition geometry) and the complex-structured measurement object, we
first take a closer look at the bridge structure in the relevant area. For this purpose, 3D laser
scans of the IBIS-S positions and the relevant bridge section were taken with a TLS, which
enables the visualisation of the IBIS-S spatial resolution on the scanned bridge.

Figure 6 shows a section of approx. 12 m of the underside of the bridge (3 cross girders)
as a photograph and as a 3D laser scan, with the individual components highlighted
in different colours using the z-coordinate. This section is representative for the entire
underside of the bridge. The bridge consists in addition to the two large main longitudinal
girders, which are connected by cross girders (orange), of four smaller longitudinal girders
(yellow), on which the actual tracks rest (light blue). Wind bracing runs between the large
longitudinal girders (orange) and between each of the smaller pairs of longitudinal girders
(yellow) there is also an additional slinger bracing (green).

Figure 6. Complex framework of the underside of the bridge: Photograph vs. color-coded (height)
laser scan.

The application scenario defined in Section 1 requires a spatial resolution in order to
enable an efficient monitoring application of the sensor. With the IBIS-S, however, this is
only the case if the sensor is inclined, which means that the evaluable range and the spatial
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resolution at the object depends on the distance to the object and also the sensor inclination
angle (relative to the horizontal). The inclination of the IBIS-S increases the measurable
area on the object: An inclination angle of 44° results in a measurable area of 20 m in a
height 10 m above the sensor, whereas an inclination angle of 26° results in a measurable
area of 138 m. Both values are given for the angle range of the —10 dB lobe. To obtain
qualitatively better measurements, it is advisable to use only the —3 dB range, but then the
measurable range is significantly smaller. If the negative effects discussed in the previous
section are ignored for the time being, it would make sense for the user to work with the
largest possible inclination angle in order to obtain the largest possible evaluable area. To
take this (only theoretically sensible) approach into account, a total of three positions (setup
1 to 3) were realised with the IBIS-S, see Figure 7.

Setup 1

Figure 7. Side view of the bridge (laser scan) showing the schematic recording geometries of
the 3 setups.

Figure 7 shows the corresponding acquisition geometries in a side view of the 3D scan.
The used inclination angles (relative to the horizontal) of 90°, 44.4° and 26.4° as well as the
opening angles of the radar lobe (—10 dB, dashed) are shown. For all three configurations,
the same connection to the (sixth) cross beam of the bridge span was targeted. It should be
noted that only setup 2 and 3 (inclined) offer a spatial resolution, setup 1 (vertical) therefore
does not correspond to the defined application scenario and was additionally implemented
to verify the comparability of the measurements of both sensors.

Based on the measurement configuration of Setup 2, the following description explains
how the “view of the IBIS-S” on the object is derived from the 3D-scan: First, the used
inclination angle of the IBIS-S is calculated based on a plane modelling of all scanned casing
sides. With the inclination angle and the defined zero point of the IBIS-S (back of the casing
in the middle between the two connectors), the resolution cells can then be projected onto
the object, see Figure 8 for Setup 2.

With this visualisation, it is possible to identify potential reflectors of the microwave
interferometer signal within individual resolution cells in order to derive the optimal
geometrical parameters for determining the projected displacement (projection angle).
On the other hand, Figure 8 illustrates the problems already discussed at the end of
Section 3 regarding the correct localisation of reflectors and the size of the aperture angle of
the radar lobe, which can easily prove insurmountable with complex object structures:

*  Due to the open framework structure of the bridge, a large number of potential
“reflectors” and thus good reflection properties (high SNR values) can be expected.
However, in the side view (Figure 8 lower graphic) it can be seen that an area of
approx. 1.8 m vertically can lie within a resolution cell, which makes the identification
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of the “correct” reflector almost impossible and thus leads to a large uncertainty in the
determination of the projection angle.

*  The size of the aperture angle is also problematic for the differentiated consideration
of details at complex object structures. In Figure 8 upper graphic it can be seen that
already in the first (visualised) resolution cells more than half of the bridge width is
contained in the —10 dB radar lobe. At the end of the evaluable range (right part of
Figure 8 upper graphic), the radar lobe already covers almost the entire width of the
bridge, so that (always) both directional tracks are detected in one measurement. It
must therefore be assumed that in such resolution cells a mixed signal is generated
from reflections on the loaded and unloaded track.

Figure 8. Top and side view of the bridge with the projected resolution cells (color-coded) of the
IBIS-S for Setup 2.

In the following section, the results of this study will be presented, especially with
regard to the latter problem. However, prior to this, the comparability of the derived
vertical deformation of the two sensors is shown on the basis of setup 1 (vertical).

4.1. Setup 1 (Vertical): Basic Comparability

In order to demonstrate the basic comparability of the two sensors, they were set up
side by side, see Figure 9. The IBIS-S pointed vertically upward (angle of inclination 90°,
see also Figure 7 Setup 1), so no projection is necessary, but there is also no usable spatial
resolution at the object. The resolution cells lie one behind the other and due to the open
framework structure several resolution cells intersect the structure, see Figure 9 top left
side (view from IBIS-S).

The vertical distance from the IBIS-S to the connection of the small longitudinal girder
to the cross girder is 11.8 m. Accordingly, resolution cell 16 is relevant for the further
comparison; it mainly contains the cross girder and the small longitudinal girder and is
shown in Figure 9 on the left side in red. The other resolution cells contain one main
longitudinal girder, the lateral bracing, the railway sleepers, metal plates, etc. (shown in
yellow, purple and green).
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Figure 9. Measurement configuration of IBIS-S and IMAGER 5016 in profile mode for setup 1. On the
left side a 3D scan of both sensors is shown, including the color coded (range bins) view of the bridge
underside from the IBIS-S. On the right side a cutout of a processed profile of the IMAGER 5016 is
shown, which is color coded based on the spatio-temporal processing scheme from [7].

Depending on the resolution cell, the —10 dB lobe can cover the entire bridge width
and a section of up to 8 m in the longitudinal direction of the bridge, see Figure 9. The —3 dB
lobe, which dominates in this case, covers only the targeted longitudinal girder, in particular
for resolution cell 16 (red), as well as a section of the cross girder.

With the IMAGER 5016, a profile was measured along the corresponding longitudinal
beam, see Figure 9 on the right side. Based on the data driven spatio-temporal processing
scheme [7], the relevant measurement information was extracted automatically and sepa-
rated in corresponding classes (see different colors in the profile in Figure 9 on the right
side). From this processed data set, an approx. 25 cm long section directly at the connection
to the cross girder was chosen, which contains 73 points per profile. The boundaries of the
selected area are highlighted with red lines.

Based on those datasets Figure 10 shows two crossings of a Stadler Flirt EMU 4 with a
duration of 40 s each. The crossings differ in train speed and direction of travel. Due to
the construction of the bridge as a continuous framework girder, the bridge span is “lifted”
as soon as the train is on the adjacent bridge span. The characteristic of a train crossing
therefore always consists of at least one deformation in the negative and positive range, the
order depends on the direction of travel of the train.

Figure 10 shows the results of the IMAGER 5016 in profile mode in blue and of the
IBIS-S measurements in red. The deviations from each other are in the range of a few tenths
of a millimetre with a maximum negative deformation of just under 4 mm.

These two representative results show the comparability of the two sensors, as there
are only deviations within the measurement uncertainty of the respective sensor and no
visible systematic deviations.
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Figure 10. Comparison of the derived displacements with both measuring systems (profile scanner
and MI) at cross girder 6. Line 1 shows the measurements of the IMAGER 5016 in profile mode in
blue and the IBIS-S measurements in red (no projection necessary) and line 2 displays the respective
differences in black.

4.2. Setup 2 and 3 (Inclined): Spatial Resolution

In contrast to setup 1, the IBIS-S was inclined in setup 2 and 3 to allow the derivation
of spatially distributed displacements. The position and the inclination angle of the IBIS-S
were changed for each setup.

For Setup 2 the IBIS-S was located under the fourth cross girder and inclined at an
angle of just under 45°, still targeting a connection to the 6th cross girder of the bridge span,
see Figure 7 and 8. A total of 29 resolution cells intersect the bridge structure and cover a
horizontal area of just under 25 m. The LOS distance to the targeted connection at the 6th
cross girder is 14.72 m in this case.

To obtain a larger evaluable area (spatial resolution) at the bridge the IBIS-S was
inclined even more, with an angle of approx. 26° in setup 3, still targeting a connection to
the sixth cross girder of the bridge span, see Figure 11 and also Figure 7. The sensor was
positioned under the second cross girder, resulting in over 70 resolution cells intersecting
the bridge structure and covering a horizontal area of over 60 m. In the direction of the
bridge center, the measuring range was limited by the first bridge pillar. The LOS distance
to the targeted connection at the sixth cross girder is 22.67 m in this case.

Figure 11. Perspective view of Setup 3 with color-coded resolution cells for the IBIS-S.

In contrast to Figure 10, the time series of the registered deformations of the two
measurement systems now do not match properly for either Setup 2 or 3, see Figure 12.
The figure shows on the left side the results of setup 2 at cross girder six and on the right
side the results of setup 3 also at cross girder six.
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The time series of the analysed bridge part on the left side (setup 2) is “lifted” as soon
as the train is on the adjacent bridge span and especially in this part, the two sensors record
an increasing difference in the registered deformations (difference of up to 1 mm). After
the measurements pass the “zero line” (approx. second 40) there is an offset between the
two sensors of approx. 0.5 mm, which is constant afterwards. While the measurements of
the IMAGER 5016 in profile mode (blue) return to the initial level, the offset remains for
the IBIS-S measurements (red).

T 4 train crossing (RB) from north to south (vertical, 1D proj T 4 train crossing (RB) from south to north (vertical, 1D projection)
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Figure 12. Comparison of the derived displacements with both measuring systems (profile scanner
and MI) at cross girder 6 for setup 2 (left side) and setup 3 (right side). Line 1 shows the measurements
of the IMAGER 5016 in profile mode in blue and the 1D-projected IBIS-S measurements in red, and
line 2 displays the respective differences in black. Note the different scaling of the differences between
the two train crossings.

In the following it can be shown that the difference between the results of both
measurement systems is caused by an additional horizontal displacement component of
the observed bridge span. However, since a single LOS measurement of the IBIS-S cannot
resolve separate information about two different displacement directions, both components
are projected in the vertical axis; therefore, the displacement realised via the projection
deviates from the true vertical displacement.

The time series of the IBIS-S on the right-hand side of Figure 12 (Setup 3) shows another,
much more drastic effect. In addition to the deviations in the positive displacement range
(latter part of the time series) there are large fluctuations in the negative displacement range
(load phase). These deviations are most likely caused by the presence of multiple reflectors
with different deformation behaviour in the particular resolution cell combined with the
horizontal displacement of the bridge field. The advantage with this time series is that, in
contrast to the left side, it can be recognised directly that the measurement of the IBIS-S for
this resolution cell is strongly distorted and therefore not usable for further analysis.

Unlike with the IBIS-S, the horizontal displacement component has no significant
influence on the measurements of the IMAGER 5016 in profile mode, both time series are
smooth and follow the same (realistic) pattern as before. Furthermore, it is even possible to
record the horizontal displacement at suitable locations in the measured profile [18].

Due to the acquisition geometry, there are no suitable locations to determine horizontal
displacements at cross girder six. Therefore the following investigations related to the
impact of horizontal displacements are performed at cross girder four and five. Both cross
girders are particularly suitable for illustrating the effects of a horizontal displacement,
as the measurement geometry is well suited for both determination by means of profile
scanning and also for microwave interferometry.

Figure 13 displays the results of the measurements of the IMAGER 5016 in profile
mode and of the IBIS-S for cross girder four on the left side and cross girder five on the
right side. For the profile scanner, four consecutive profiles were combined to increase the
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spatial resolution in the evaluation area. This is particularly useful for determining the
horizontal displacement, as the measurable sections are relatively small. Since the train
crossings do not contain any high-frequency components, the resulting low sampling rate
is quite sufficient for the analysis in the time domain.
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Figure 13. Comparison of the derived displacement with both measuring systems (profile scanner
and MI) at cross girder 4 (left side) and cross girder 5 (right side) for setup 3. The figures in line 1
show the measurements of the IMAGER 5016 in profile mode in blue and the 1D-projected IBIS-S
measurements in red, and in line 2 the respective differences are displayed in black. In line 3 the
horizontal displacements measured with the IMAGER 5016 in profile mode at cross girder 4 are
presented in yellow. Line 4 shows the measurements of the IMAGER 5016 in profile mode in blue
and the 2D-projected IBIS-S measurements in red.

In the first line the vertical displacements for the measurements of the IMAGER 5016
in profile mode in blue and the IBIS-S measurements using the 1D-projection in red (see
Section 3.5.1 and compare with Figure 12) are shown.

The second line depicts the differences between those two time series in black. The dif-
ferences follow the same pattern as shown in Figure 12 on the left side. The comparison of
the differences from cross girder four and five show that the flatter the projection angle the
bigger the effect due to the horizontal displacement. In the case of cross girder four, the
projection angle is approx 45°, so the horizontal displacement is translated 1:1 (erroneously)
into the deviations from the nominal deformation (compare line 2 and 3). In the case of
cross girder five, the projection angle is smaller, so that the horizontal displacements have
an even stronger influence on the (incorrectly) projected vertical displacements.
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The horizontal displacements measured with the profile scanner are presented in line
3 in yellow. The displacement could only be measured at cross girder four, therefore only
one time series is shown. Due to the projection angle of approx. 45°, the shape and scale
of the horizontal displacements correspond directly to the vertical deviations between the
two measuring systems evaluated at cross girder four.

The last line depicts the results of the measurements of the IMAGER 5016 in profile
mode and of the IBIS-S using the 2D projection (see Section 3.5.2). By combining the
IBIS-S measurements with the horizontal displacements determined by the IMAGER 5016
in profile mode, the previously existing deviations are completely corrected; therefore
we can assume that the horizontal displacements at cross girder four are representative
for both cross girders. It is thus obvious that all systematic effects are compensated by
the 2D projection and that only a slightly increased noise level remains for the IBIS-S
measurements, due to the SNR of the horizontal displacement measurements with the
IMAGER 5016 in profile mode.

The roughening effect that can be seen in the corrected IBIS-S measurement series
depends not only on the SNR of the horizontal displacements but also on the projection
angle. According to variance propagation, noisier IBIS-S measurement series (corrected)
are observed at lower projection angles (cf. left and right columns).

The observed effect can also be proven mathematically. Equation (8) enables the
estimation of the resulting uncertainty. The estimation considers the geometric relations as
well as the measurement uncertainties for the respective sensors. The horizontal time series
measured with the IMAGER 5016 in profile mode has an uncertainty of 0.15 mm, while
the IBIS-S achieves the best possible uncertainty of 0.02 mm due to the high SNR at the
crossbeams four and five. After the 2D projection, the uncertainty of the resulting vertical
displacements is estimated to be 0.16 mm at cross girder four and 0.25 mm at cross girder
five. Which also fits very well to the visual impression.

5. Conclusions

This paper compares two contactless measurement systems, microwave interferometry
and profile scanning, both on a conceptual level and in the context of a joint practical
application in monitoring a bridge structure. It was demonstrated that both measurement
systems can in principle be used to solve dynamic monitoring tasks. In particular, their
high spatial resolution enables an extremely efficient use, since a large number of object
points can be detected simultaneously.

However, this basic suitability is only possible under certain restrictions, especially
in the case of the microwave interferometer. In principle, a single IBIS-S can only be
used appropriately if the deformations to be detected occur exclusively in a vertical or a
horizontal direction. However, even under this condition, the following problems must
still be taken into account.

When measuring with an inclined radar head, errors in the projection of the LOS
displacement measurements can hardly be avoided. This does not apply to the special case
when measurements are made directly in the direction of the deformation, which has been
excluded from these considerations, since in such a configuration no spatial resolution can
be realized at the structure.

¢  Even if initially the precise detection of LOS displacements at discrete points of the
structure by the IBIS-S is assumed, the correct inclination determination of the LOS
direction can rarely be realized with the precision that would be necessary to maintain
the low uncertainty of the measured LOS displacement during the projection process
onto the vertical or horizontal deformation component.

e However, for an error-free determination of the projection angle, not only the precise
inclination determination of the LOS direction is crucial, but also the correct identi-
fication of the reflector on the structure to which the determined LOS displacement
is assigned. In Section 4, this problem was discussed in detail and it was shown
that a precise identification at complex structures with multiple potential reflectors
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in every resolution cell is almost impossible. This in turn leads to uncertainties for
the projected deformations that are many times larger than the uncertainty of the
determined LOS displacement.

In addition to the correct localization of a single reflector, the existence of several
reflectors with different deformation behaviour in a resolution cell is therefore a separate
problem. This can lead to deviations of up to 66% (4 mm) relative to the maximum
deformation (6 mm) for an affected resolution cell, as shown in the example in Section 4.2.
Because such a time series usually has strong distortions compared to the time series of
other resolution cells, it can be relatively easily identified as erroneous and eliminated,
which of course reduces the spatial resolution of the deformation accordingly.

Furthermore, it must be assumed in general that occurring deformations consist of
both vertical and horizontal components, which is, however, often neglected in practice.
The consequences that arise when 2D deformations are unknowingly recorded with a
1D measurement system are discussed in Section 4.2. Therein, 2D displacements acquired
with the profile scanner are contrasted with the 1D displacements of the microwave interfer-
ometer. Since the LOS measurements of the microwave interferometer do not contain any
information on how to correctly decompose them into horizontal and vertical displacement
components, a one-sided projection onto the vertical displacement component creates a
systematic distortion in all time series (see Figure 13). In addition, we show how to correct
the distorted IBIS-S time series using the IMAGER 5016 in profile mode at suitable locations.

Especially measurement series which are not so clearly distorted (e.g., compared
to time series with multiple reflectors) are a potential danger. In the basic shape, no
outstanding distortions are visible at first, the distortion only becomes apparent when
comparing the measurements with those of another sensor. Nevertheless, even after the
“wrong” projection, the low LOS measurement uncertainty results in a very smooth curve,
which is considered synonymous with high precision. In the end a much lower uncertainty
is assumed, which, however, cannot be achieved due to incalculable systematic effects, and
this error will not be detected in standalone use.

In contrast, the problems mentioned above do not occur with the profile scanner
as a 2D measurement system, since the projection is inherent due to the internal angle
encoder. Furthermore, it is even possible to record the horizontal and vertical deformation
simultaneously and use these measurements for correction and subsequent validation of
the distorted IBIS-S measurements. For these reasons, profile scanning is more suitable for
standalone use in dynamic monitoring applications. While the microwave interferometer
offers a higher measurement frequency and a lower noise level in LOS, the successful
application depends too much on limiting surrounding conditions and prior knowledge of
the structural response. In addition, deformations can only be derived in large resolution
cells, and a detailed analysis of the structure is therefore not possible.

Author Contributions: Conceptualization, F.S. and A.F,; data curation, F.S.; formal analysis, F.S.;
investigation, ES. and A.F; methodology, ES.; resources, E.S. and A.F,; software, ES. and C.M.; valida-
tion, ES. and C.M,; visualization, ES.; writing-original draft preparation, ES.; writing-review and
editing, ES., CM., A.F; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We would like to thank Eichhorn for his support. We acknowledge support by
the Deutsche Forschungsgemeinschaft (DFG—German Research Foundation) and the Open Access
Publishing Fund of Technical University of Darmstadt.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 9562 20 of 21

References

1.  Ding, Y.L; Wang, G.X.; Sun, P; Wu, L.Y,; Yue, Q. Long-Term Structural Health Monitoring System for a High-Speed Railway
Bridge Structure. Sci. World ]. 2015, 2015, 250562. [CrossRef] [PubMed]

2. Reiterer, M,; Firus, A. Dynamische Analyse der Zugtiberfahrt bei Eisenbahnbriicken unter Berticksichtigung von nichtlinearen
Effekten. Beton Stahlbetonbau 2022, 117, 90-98. [CrossRef]

3. Ko, ].M.; Ni, Y.Q. Technology developments in structural health monitoring of large-scale bridges. Eng. Struct. 2005, 27,1715-1725.
[CrossRef]

4. Bigelow, H.; Pak, D.; Herrmann, R.; Schneider, S.; Marx, S.; Petraschek, T.; Feldmann, M.; Hoffmeister, B. Dynamische
Messungen an einer Eisenbahnbriicke als Stahlbetonverbundrahmen: Untersuchung der Eisenbahniiberfiihrung tiber die Salzach
bei Schwarzach /St. Veit. Stahlbau 2017, 86, 778-788. [CrossRef]

5. Firus, A. A Contribution to Moving Force Identification in Bridge Dynamics. Ph.D. Thesis, Technische Universitdt Darmstadt,
Darmstadt, Germany, 2021. [CrossRef]

6. Firus, A.; Schneider, J.; Berthold, H. Experimental validation of a moving force identification method for applications in railway
bridge dynamics. In Bridge Safety, Maintenance, Management, Life-Cycle, Resilience and Sustainability; CRC: Boca Raton, FL, USA, 2022.

7.  Schill, F. Uberwachung von Tragwerken mit Profilscannern. Ph.D. Thesis, Technische Universitdt Darmstadt, Darmstadt,
Germany, 2018.

8.  Firus, A.; Schneider, J.; Becker, M.; Pullamthara, J.]. Microwave Interferometry Measurements for Railway-Specific Applications.
In Proceedings of the COMPDYN 2017, 6th ECCOMAS Thematic Conference on Computational Methods in Structural Dynamics
and Earthquake Engineering, Rhodes Island, Greece, 15-17 June 2017. [CrossRef]

9. Nassif, H.H.; Gindy, M.; Davis, ]. Comparison of laser Doppler vibrometer with contact sensors for monitoring bridge deflection
and vibration. NDT Int. 2005, 38, 213-218. [CrossRef]

10. Malekjafarian, A.; Martinez, D.; Obrien, E.]. The Feasibility of Using Laser Doppler Vibrometer Measurements from a Passing
Vehicle for Bridge Damage Detection. Shock Vib. 2018, 2018, 9385171. [CrossRef]

11.  Zschiesche, K.; Fitzke, M.; Schliiter, M. Self-Calibration and Crosshair Tracking with Modular Digital Imaging Total Station.
PEG—]. Photogramm. Remote Sens. Geoinf. Sci. 2022. [CrossRef]

12.  Gentile, C.; Bernardini, G. An interferometric radar for non-contact measurement of deflections on civil engineering structures:
Laboratory and full-scale tests. Struct. Infrastruct. Eng. 2009, 6, 521-534. [CrossRef]

13. Bernardini, G.; De-Pasquale, G.; Bicci, A.; Mara, A.; Coppi, F; Ricci, P.; Pieraccini, M. Microwave interferometer for ambient
vibration measurement on civil engineering structures: 1. Principles of the radar technique and laboratory tests. In Proceedings
of the EVACES '07—Experimental Vibration Analysis for Civil Engineering Structures, Porto, Portugal, 24-26 October 2007.

14. Paffenholz, J.A.; Vennegeerts, H.; Kutterer, H. High frequency terrestrial laser scans for monitoring kinematic processes. In Proceed-
ings of the 4th International Conference on Engineering Surveying—INGEO 2008, Bratislava, Slovakia, 23—24 October 2008.

15. Kutterer, H.; Alkhatib, H.; Paffenholz, ].A. Monte-Carlo Simulation of Profile Scans from Kinematic TLS. In Proceedings of the
FIG Congress 2010, Facing the Challenges—Building the Capacity, Sydney, Australia, 11-16 April 2010.

16.  Schill, E; Eichhorn, A. Deformation Monitoring of Railway Bridges with a Profile Laser Scanner. ZFV—Z. Geod. Geoinf. Landmanag.
2019, 144, 109-118. [CrossRef]

17. Meyer, N.; Schmid, L.; Wieser, A.; Medic, T. Vibration monitoring of a bridge using 2D profile laser scanning: Lessons learned
from the comparison of two spatio-temporal processing strategies. In Proceedings of the 5th Joint International Symposium on
Deformation Monitoring (JIDSM), Valencia, Spain, 20-22 June 2022.

18.  Schill, F; Sviridova, A.; Eichhorn, A. Deformation monitoring of noise barriers with profile laser scanning. In Proceedings of the
4th Joint International Symposium on Deformation Monitoring (JIDSM), Athens, Greece, 15-17 May 2019.

19. Hesse, C.; Heer, R.; Horst, S.; Neuner, H. A concept for monitoring wind energy turbines with geodetic techniques. In Proceedings
of the 3rd IAG Symposium for Geodetical and Structural Engineering and 12th FIG Symposium on Deformation Measurements,
Baden, Austria, 22-24 May 2006.

20. Schill, F; Eichhorn, A. Investigations of low- and high-frequency movements of wind power plants using a profile laser scanner.
In Proceedings of the 3rd Joint International Symposium on Deformation Monitoring (JISDM), Vienna, Austria, 30 March-1 April 2016.

21. Artese, S.; Nico, G. TLS and GB-RAR Measurements of Vibration Frequencies and Oscillation Amplitudes of Tall Structures: An
Application to Wind Towers. Appl. Sci. 2020, 10, 2237. [CrossRef]

22. Helming, P; Von Freyberg, A.; Sorg, M.; Fischer, A. Wind turbine tower deformation measurement using terrestrial laser scanning
on a 3.4 MW wind turbine. Energies 2021, 14, 3255. [CrossRef]

23. Glowacki, T. Monitoring the Geometry of Tall Objects in Energy Industry. Emnergies 2022, 15, 2324. [CrossRef]

24. Rodelsperger, S.; Laufer, G.; Gerstenecker, C.; Becker, M. Monitoring of displacements with ground-based microwave interferom-
etry: IBIS-S and IBIS-L. . Appl. Geod. 2010, 4, 41-54. [CrossRef]

25. Zhang, B,; Ding, X.; Werner, C.; Tan, K.; Zhang, B.; Jiang, M.; Zhao, J.; Xu, Y. Dynamic displacement monitoring of long-span
bridges with a microwave radar interferometer. ISPRS ]. Photogramm. Remote Sens. 2018, 138, 252-264. [CrossRef]

26. Huang, Q.; Wang, Y.; Luzi, G.; Crosetto, M.; Monserrat, O.; Jiang, J.; Zhao, H.; Ding, Y. Ground-Based Radar Interferometry for
Monitoring the Dynamic Performance of a Multitrack Steel Truss. Remote Sens. 2020, 12, 2594. [CrossRef]

27. Liu, X,; Tong, X.; Ding, K.; Zhao, X.; Zhu, L.; Zhang, X. Measurement of Long-Term Periodic and Dynamic Deflection of the

Long-Span Railway Bridge Using Microwave Interferometry. IEEE |. Sel. Top. Apllied Earth Obs. Remote Sens. 2015, 8, 9. [CrossRef]


http://doi.org/10.1155/2015/250562
http://www.ncbi.nlm.nih.gov/pubmed/26451387
http://dx.doi.org/10.1002/best.202100086
http://dx.doi.org/10.1016/j.engstruct.2005.02.021
http://dx.doi.org/10.1002/stab.201710524
http://dx.doi.org/10.26083/tuprints-00020293
http://dx.doi.org/10.7712/120117.5600.17334
http://dx.doi.org/10.1016/j.ndteint.2004.06.012
http://dx.doi.org/10.1155/2018/9385171
http://dx.doi.org/10.1007/s41064-022-00220-0
http://dx.doi.org/10.1080/15732470903068557
http://dx.doi.org/10.12902/zfv-0248-2018
http://dx.doi.org/10.3390/app10072237
http://dx.doi.org/10.3390/en14113255
http://dx.doi.org/10.3390/en15072324
http://dx.doi.org/10.1515/jag.2010.005
http://dx.doi.org/10.1016/j.isprsjprs.2018.02.020
http://dx.doi.org/10.3390/rs12162594
http://dx.doi.org/10.1109/JSTARS.2015.2464240

Sensors 2022, 22, 9562 21 of 21

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Dei, D.; Pieraccini, M.; Fratini, M.; Atzeni, C.; Bartoli, G. Detection of vertical bending and torsional movements of a bridge using
a coherent radar. NDT Int. 2009, 42, 741-747. [CrossRef]

Michel, C.; Keller, S. Introducing a non-invasive monitoring approach for bridge infrastructure with ground-based interferometric
radar. In Proceedings of the 13th European Conference on Synthetic Aperture Radar, EUSAR 2021, Online, 29 March-1 April
2021; pp. 1073-1077.

Michel, C.; Keller, S. Advancing ground-based radar processing for bridge infrastructure monitoring. Sensors 2021, 21, 2172.
[CrossRef]

Michel, C.; Keller, S. Determining and Investigating the Variability of Bridges” Natural Frequencies with Ground-Based Radar.
Appl. Sci. 2022, 12, 5354. [CrossRef]

Luzi, G.; Crosetto, M.; Cuevas-Gonzalez, M. A radar-based monitoring of the Collserola tower (Barcelona). Mech. Syst. Signal
Process. 2014, 49, 234-248. [CrossRef]

Nico, G.; Prezioso, G.; Masci, O.; Artese, S. Dynamic Modal Identification of Telecommunication Towers Using Ground Based
Radar Interferometry. Remote Sens. 2020, 12, 1211. [CrossRef]

Luzi, G.; Monserrat, O.; Crosetto, M. The potential of coherent radar to support the monitoring of the health state of buildings.
Res. Nondestruct. Eval. 2012, 23, 125-145. [CrossRef]

Negulescu, C.; Luzi, G.; Crosetto, M.; Raucoules, D.; Roullé, A.; Monfort, D.; Pujades, L.; Colas, B.; Dewez, T. Comparison of
seismometer and radar measurements for the modal identification of civil engineering structures. Eng. Struct. 2013, 51, 10-22.
[CrossRef]

Luzi, G.; Crosetto, M.; Fernandez, E. Radar interferometry for monitoring the vibration characteristics of buildings and civil
structures: Recent case studies in Spain. Sensors 2017, 17, 669. [CrossRef] [PubMed]

Pieraccini, M.; Fratini, M.; Parrini, F.; Atzeni, C.; Giani, B. Interferometric radar vs. accelerometer for dynamic monitoring of large
structures: An experimental comparison. NDT Int. 2008, 41, 258-264. [CrossRef]

Kuras, P; Ortyl, L.; Owerko, T.; Salamak, M.; Laziniski, P. GB-SAR in the Diagnosis of Critical City Infrastructure—A Case Study
of a Load Test on the Long Tram Extradosed Bridge. Remote Sens. 2020, 12, 3361. [CrossRef]

IDS IBIS-S Datasheet.  Available online: https://idsgeoradar.com/products/interferometric-radar/ibis-fs (accessed on
1 December 2022).

Rodelsperger, S. Real-Time Processing of Ground Based Synthetic Aperture Radar (GB-SAR) Measurements. Ph.D. Thesis,
Technische Universitidt Darmstadt, Germany, 2011.

Z+F IMAGER 5016 Datasheet. Available online: https://www.zofre.de/en/laser-scanners/3d-laser-scanner/z-f-imagerr-5016
(accessed on 1 December 2022).

Metasensing FastGBSAR Datasheet. Available online: https:/ /metasensing.com/product/fastgbsar/fastgbsar-r/ (accessed on
1 December 2022).

Z+F PROFILER 9020 Datasheet. Available online: https://www.zofre.de/en/laser-scanners/2d-laser-scanner/z-f-profiler-9020
(accessed on 1 December 2022).

Salido-Monz, D.; Meca-Meca, FJ.; Martin-Gorostiza, E.; Ldzaro-Galilea, ].L. SNR degradation in undersampled phase measure-
ment systems. Sensors 2016, 16, 1772. [CrossRef]

Schill, F,; Eichhorn, A. Characterisation of discontinuities in laser scanner profiles. In Proceedings of the MoLaS 2018—Mobile
Laser Scannning Technology Workshop, Freiburg im Breisgau, Germany, 14-15 November 2018.

Chaudhry, S.; Salido-Monzd, D.; Wieser, A. A modeling approach for predicting the resolution capability in terrestrial laser
scanning. Remote Sens. 2021, 13, 615. [CrossRef]

Wujanz, D.; Burger, M.; Mettenleiter, M.; Neitzel, F. An intensity-based stochastic model for terrestrial laser scanners. ISPRS J.
Photogramm. Remote Sens. 2017, 125, 146-155. [CrossRef]

Schill, F; Wujanz, D.; Hartmann, J.; Holst, C.; Paffenholz, J. A general intensity-based stochastic model for the Z+F Imager 5016
Series. 2023; Manuscript in Preparation.

Schmitz, B.; Kuhlmann, H.; Holst, C. Investigating the resolution capability of terrestrial laser scanners and its impact on the
effective number of measurements. ISPRS ]. Photogramm. Remote Sens. 2020, 159, 41-52. [CrossRef]

Li, C.; Chen, W,; Liu, G.; Yan, R;; Qi, Y. A Noncontact FMCW Radar Sensor for Displacement Measurement in Structural Health
Monitoring. Sensors 2015, 15, 7412. [CrossRef] [PubMed]

Monti-Guarnieri, A.; Falcone, P.; D"Aria, D.; Giunta, G. 3D vibration estimation from ground-based radar. Remote Sens. 2018,
10, 1670. [CrossRef]


http://dx.doi.org/10.1016/j.ndteint.2009.07.001
http://dx.doi.org/10.3390/s21062172
http://dx.doi.org/10.3390/app12115354
http://dx.doi.org/10.1016/j.ymssp.2014.04.019
http://dx.doi.org/10.3390/rs12071211
http://dx.doi.org/10.1080/09349847.2012.660241
http://dx.doi.org/10.1016/j.engstruct.2013.01.005
http://dx.doi.org/10.3390/s17040669
http://www.ncbi.nlm.nih.gov/pubmed/28338604
http://dx.doi.org/10.1016/j.ndteint.2007.11.002
http://dx.doi.org/10.3390/rs12203361
https://idsgeoradar.com/products/interferometric-radar/ibis-fs
https://www.zofre.de/en/laser-scanners/3d-laser-scanner/z-f-imagerr-5016
https://metasensing.com/product/fastgbsar/fastgbsar-r/
https://www.zofre.de/en/laser-scanners/2d-laser-scanner/z-f-profiler-9020
http://dx.doi.org/10.3390/s16101772
http://dx.doi.org/10.3390/rs13040615
http://dx.doi.org/10.1016/j.isprsjprs.2016.12.006
http://dx.doi.org/10.1016/j.isprsjprs.2019.11.002
http://dx.doi.org/10.3390/s150407412
http://www.ncbi.nlm.nih.gov/pubmed/25822139
http://dx.doi.org/10.3390/rs10111670

	Introduction
	Investigated Sensors
	Related Work
	IDS IBIS-S
	Zoller+Fröhlich IMAGER 5016

	Theoretical Comparison of the Sensors for the Contactless Monitoring of Bridges
	Measuring Frequency
	Measurement Precision
	Range Resolution
	Spatial Resolution at the Structure
	Projection of Displacements
	Single Displacement Component
	Multiple Displacement Components


	Contactless Monitoring at a Railway Bridge
	Setup 1 (Vertical): Basic Comparability
	Setup 2 and 3 (Inclined): Spatial Resolution

	Conclusions
	References

