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Abstract

In this paper, we introduce a non-invasive approach for monitoring bridge infrastructure with ground-based interferomet-
ric radar. This approach is called the mirror mode, since it utilises the flat surface of the bridge underside as a mirror to
reflect the signal to a corner reflector on the ground placed opposite of the radar sensor. For proving the feasibility of
this approach, a measurement campaign has been carried out at an exemplary bridge in Karlsruhe (Germany) including
a radar sensor in mirror mode, a second radar sensor in the default mode and a laser profile scanner. We investigate the
potential of this approach to monitor the bridge displacement in vertical direction and compare the results with the two
other sensors. The derived results reveal the potential for monitoring bridge infrastructure. Finally, we propose further
research aspects of this approach to analyse its capabilities and limitation in the context of non-invasive infrastructure
monitoring.

Keywords: Displacement monitoring, ground-based interferometric radar, non contact measurement, structural health
monitoring (SHM)

1 Introduction In this contribution, we propose a measurement approach
which is detached from using scattering points or reflectors

Bridges are an important part of the critical transport in-  at the bridge. This non-invasive approach utilises the flat
frastructure, hence their condition needs to be periodically ~ surface of the lower side of the bridge deck as a mirror [3].
assessed. One part of this assessment is monitoring of The radar signal is reflected towards the ground. Then, the
bridge behaviour in operation and over time. Changes GBR receives the reflected signal on the same path as the
in this behaviour such as varying displacement or strain emitted signal. Thus, the displacement of the mirror point
response caused by static or dynamic loads can indicate ~ €an be measured.

structural deteriorations or damages. Traditionally, the

dynamics of bridges are monitored with strain gauges and ~ An essential prerequisite to rely on this measurement
accelerometers. At this point, remote sensing techniques ~ S€tup is given by the bridge construction: it has to exhibit a
such as ground-based interferometric radar (GBR) show flat underside. Since a large number of small and medium
great potential to be used instead to avoid the complex  Sized highway bridges in Germany are characterized by
installation of directly contacting sensors. GBR is able @ flat underside, most of these bridges are not monitored
to measure the displacement in line of sight (LOS) contactlessly due to the necessary installation of reflectors.
with precision in the sub-millimetre range at a sample Lhereby, they are predestined for the proposed fast and
frequency of up to 200Hz [1]. It has been applied to  Practicable measurement approach.

different infrastructures (see e.g. [2]). In the context

of measuring the displacement of bridge infrastructure, ~ OVverall, the main contributions of this paper are:
transversal beams at the bridge underside are widely used
as reflective targets for the radar signal. A valid alternative
to ensure sufficient signal reflection is the application of

* a detailed description of the working principle of the
non-invasive measurement approach based on GBR;

corner reflectors. These reflectors need to be mounted at « an application at a bridge including a second GBR and
the bridge which can be hard or sometimes impossible to a laser profile scanner as two additional sensors for
accomplish, depending on the construction of the bridge. comparison;

Their installation can also interfere with normal operation

of the bridge and increases setup time. In addition, the use * acomprehensive evaluation of the proposed measure-
of reflectors does not support the principle of contactless ment approach and an analysis of its potential in re-
measurement, which is a key advantage of monitoring gards to the monitoring of bridge infrastructure;
with GBR.

* adiscussion of arising challenges compared to the de-
fault operation of GBR during bridge monitoring.

© 2020 by the author(s). Distributed under a Creative Commons CC BY license.
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2 Setup and methodology

2.1 Measurement with GBR: state of the
art

A GBR measures the differential displacement by detect-
ing phase differences in the backscattered signal. A modu-
lation of frequency allows to distinguish scatterers in vary-
ing range cells [1]. In default operation when monitor-
ing bridge infrastructure, the GBR is positioned below the
bridge facing the underside at an angle. Therefore, dis-
placements of several scattering points can be measured at
once. As the GBR only detects displacement differences
in LOS, the measurements have to be projected to a com-
mon axis for comparing the results. In general, the vertical
axis is used, since it is assumed that a bridge has the largest
displacement amplitude in this direction. The precision of
the measurement is correlated with the signal to noise ra-
tio (SNR) of the backscattered signal. It is typically lower
than 0.1 mm.

2.2 The mirror mode as an alternative mea-
surement approach

A large number of bridges exhibit flat surfaces at their un-
derside. These surfaces do not reflect the signal back to
the sensor and corner reflectors would have to be installed.
Instead we use the underside as a mirror to generate a sec-
ondary reflection at the ground opposite of the GBR (see
[3]). From the ground the signal is reflected back on the
same path as visualized in Figure 1. To ensure high enough
SNR, a corner reflector is placed on the ground facing the
bridge underside. Similar to the default operation, the LOS
measurement has to be projected to the vertical axis. The
projected displacement d results from the LOS measure-
ment dy,, with the coordinates (x1, y1) of the respective mir-

ror point:
dp /i +y7
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In contrast to the default operation, the factor 1/2 is added,
since the GBR measures twice the displacement in LOS as
is shown in Figure 1. The coordinates of the mirror point
are unknown but can be calculated with some assumptions
on the measurement setup. As the incidence angle is equal
to the angle of reflection, the following relation is defined
as
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Assuming the x-axis of the local coordinate system is par-
allel to the bridge underside, then the y-axis values are con-
stant and can be measured. Furthermore, the distance x;
between GBR and reflector is also known. Therefore, the
position of the mirror point x| results from
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Figure 1 Setup of the projection in mirror mode.

In default operation it is assumed that the horizontal dis-
placement of the bridge is negligible in comparison to the
vertical displacement. According to [4], this assumption
is not always applicable. For measurement points located
further away from the centre of the span, a significant
influence of the horizontal component was observed. As
the GBR always measures the sum of both components
in LOS, they cannot be differentiated. By using the
bridge underside as a mirror only the vertical component
is measured; other components do not influence the
measurement.

Compared to the default operation, the measurement in
mirror mode is expected to have a lower SNR, because the
signal is reflected more than once. According to [6], the
measurement precision is correlated with the SNR

A
4m-+/2-SNR

where A is the wavelength of the GBR. From the context
of variance propagation, the mirror mode has an advantage
to the default operation. Usually the variance increases,
when the displacements are projected to the vertical axis.
In mirror mode the projection decreases the variance, since
twice the displacement is measured.
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3  Application and data processing

To evaluate the approach described above, a measurement
campaign was carried out at a bridge in Karlsruhe, Ger-
many. This four-span prestressed concrete bridge has three
lanes for one way of car and truck traffic.

3.1 Measurement setup

The sensor and a reflector were placed under one of the
concrete beams as shown in Figure 2. The point, at which
the displacement is measured, is called the mirror point.
This point is located approximately in the middle of the
span. To evaluate and analyse the potential of the pro-
posed measurement approach, we applied a second GBR
and a laser profile scanner during the measurement cam-
paign. Figure 3 shows the entire setup with the sensors
and reflectors. The second GBR was placed directly under

d0i:10.20944/preprints202010.0521.v1
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the mirror point. As this sensor is aligned with the vertical
axis, no projection is needed. The displacement measured
in LOS is equivalent to the vertical displacement.

The laser profile scanner uses a rotating mirror to produce
two dimensional point clouds with a repetition rate of up
to 200 Hz. By positioning the laser profile in line with the
concrete beam, the scanner is able to measure the vertical
displacement of the whole beam. For the evaluation and
direct comparison between the GBR in mirror mode and
the profile scanner, a small subset of the profile at the mir-
ror point is analysed. Table 1 summarises the respective
sensor specifications.

Figure 2 Setup of the GBR in mirror mode with a reflec-
tor under a concrete beam.

Profile ~ GBR GBR
scanner mirror mode vertical

Reflectors

Figure 3 Setup of the three applied sensors.

3.2 Data processing

A direct comparison of the measured time series requires
sensor specific processing steps. For the two GBR these
steps are largely the same (see Figure 4). The sensors
measure the in-phase and quadrature components of the
received signal in the time-frequency domain. These com-

ponents are transformed to the time-range domain with an
Inverse Discrete Fourier Transform (IDFT). Amplitude and
phase are calculated with the absolute and the argument re-
spectively. The displacement in LOS results from unwrap-
ping the phase and is projected to a common axis depend-
ing on the measurement geometry.

An additional processing step of clutter removal has to be
implemented for the GBR in mirror mode. As the GBR
only has range resolution, it measures the sum of all dis-
placements in the respective range cells. Scattering points
moving in different directions in the same range cell cannot
be distinguished. However, a static scattering point results
in a systematic deviation of the displacement measurement
and is removed (see [5]). While this clutter also occurs in
default operation of the GBR, it is much more relevant for
the mirror mode. The radar signal takes multiple paths to
the corner reflector at the ground and back to the sensor.
The first path is the one described above by mirroring the
signal at the lower side of the bridge. On a second path the
signal reaches the reflector directly. Both paths have dif-
ferent ranges, so they cannot interfere with each other. But
when using more than one reflector, it is likely that a direct
path from one reflector is in the same range cell as a mir-
rored path from a different reflector. On the direct path the
reflector is static which results in the clutter to be removed
as mentioned above.

A direct comparison of the time series requires synchroni-
sation of the different sensor time information. Since this
synchronisation cannot be accomplished during the mea-
surement campaign due to hardware restrictions, we ad-
dress the temporal offset by cross correlating the displace-
ment time series.

Furthermore, the point clouds measured by the profile
scanner also have to be processed to compare the GBR
data and the profile scanner data directly. The single mea-
surement points are not reproducible and thus have to be
spatially clustered [7]. For every cluster, one representa-
tive point is calculated by averaging the displacements of
the measurement points within the respective cluster. The
displacement time series of the representative points result
from repeating the processing for every profile scan.

4  Results and discussion

Figure 5 shows an exemplary comparison of the bridge
displacement caused by a truck passing on the bridge. The
measurement of the GBR in mirror mode is projected ac-
cording to Equation (1) to the vertical axis. The second
GBR and the profile scanner measure vertical displacement
directly and thus can be compared to the data measured by
the GBR in mirror mode. The shape of the displacement
graph corresponds to a bridge with multiple fields. At first,
a positive displacement is measured since the neighbouring
bridge field is displaced by the vehicle crossing and lifts
the observed field. While the vehicle crosses the observed
field the displacement reaches its maximum negative value
of 1.5 mm. After the vehicle passage, the bridge oscillates
at its eigenfrequency.

Overall, the results of the mirror mode match well with

d0i:10.20944/preprints202010.0521.v1
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Table 1 Sensor specifications.

Sensor Model Sample Precision Displacement time series
frequency  range

GBR mirror mode IDS IBIS-FS 200Hz <0.lmm  Perrange cell of 0.75m

GBR vertical IDS IBIS-S 200 Hz <0.lmm  Perrange cell of 0.75m

Laser profile scanner Z+F Profiler 9012  50Hz 0.1-0.2mm  Per point cluster of ~ 0.5m

_ tical GBR has an estimated SNR of about 60 dB. The SNR

of the GBR in mirror mode is estimated at 46 dB. Both are
lIDFT above 35 dB, which is required to achieve the highest pos-
sible measurement precision of 0.02 mm according to [6].
Although the decrease in SNR is acceptable in this mea-
/ \ surement campaign, a loss of precision cannot be ruled out
for the general purpose.
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the other sensors. However, a small deviation in maxi-
mum negative displacement can be detected between the
two GBR. This can be further analysed by subtracting the
displacement in mirror mode from the displacement of the
other sensors as shown in Figure 6. The deviation reaches

Figure 5 Comparison of the vertical displacement of the
bridge for a truck passage measured with all sensors.

. . . 0.4
a maximum value of about —0.1 mm. It is approximately
proportional to the absolute displacement as also shown in
Figure 7. The difference between the profile scanner and 02 L

the GBR in mirror mode shows no systematic deviation.
It mostly consists of measurement noise from the profile
scanner, which is higher than the maximum value of the
deviation. Nevertheless this can be an indication that the
deviation is caused by the vertical GBR.

The most probable cause for this effect is a difference in
the measurement locations. In the default operation the
GBR faces the lower side of the bridge at an angle, so that
it can measure several points at a time with only range res- -0.4
olution. When facing the lower side of the bridge verti-

cally, the footprint of one resolution cell is quite large. It is

therefore possible that slightly different points at the bridge ~ Figure 6 Displacement differences: GBR vertical/Profile
underside are observed. The overall characteristics of the  scanner subtracted by GBR in mirror mode.

displacement time series would be similar, but a systematic

deviation in the absolute values could occur.

Besides comparing the displacement time series, it is im- .

portant to analyse the possible impact on measurement pre- S Conclusion and outlook

cision when using the GBR in mirror mode. As the signal

is reflected more than once, we expect a lower SNR. Inthe ~ This paper addresses the task of monitoring bridge

measurement setup discussed above, the signal of the ver-  infrastructure with. GBR. In contrast to most applied
measurement principles, the suggested mirror mode does
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Figure 7 Absolute value of differences as a function of
absolute value of displacements.

not rely on scattering points or reflectors at the bridge.
Instead this approach uses the flat underside of the bridge
as a mirror. One advantage of the mirror mode is a
non-invasive measurement by eliminating the need for
fixed reflector installation. This reduces setup time and the
normal operation of the bridge remains unaffected. It also
retains the possibility to have more than one measurement
point at the bridge underside unlike a GBR that is placed
directly vertically under the bridge. Furthermore, the
measurement is unaffected by horizontal displacements
of the bridge as only the vertical component is measured.
Since the signal is reflected more than once, the SNR
of the measurement is generally lower than in default
operation of the GBR. Although the decrease in SNR is
acceptable in our measurement campaign, this might lead
to higher noise for other applications.

We perform the proposed setup successfully in an ap-
plication at a prestressed concrete bridge. An evaluation
is provided by two additional sensors, a second GBR
operated in the default configuration and a laser profile
scanner. Besides a small systematic deviation between
the two GBR, the results of all measurements match well.
Along with additional analysis tools, these measurements
can now be used to model the bridges condition and
observe its behaviour over time.

In future work, we plan to further validate the accuracy of
the mirror mode. To determine the cause of the observed
deviation, additional comparative measurements with other
sensors such as accelerometers will be conducted. Addi-
tionally, we will measure other bridge infrastructure with
the GBR in mirror mode to be able to generalise the mea-
surement approach.
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