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ABSTRACT: Vibration-based Structural Health Monitoring (SHM) has become increasingly
popular during the last years. Hereby, the frequencies of the structure’s oscillations form the
basis of the structural diagnostics. The typically used measurement sensors for determining
these frequencies include accelerometers and robotic total stations which comprise the
drawback that access to the monitored structure is required. To overcome this limitation, the
usage of an image-assisted total station (IATS) is proposed. Hereby, the measurement procedure
is similar to measurements with conventional robotic total stations in which the retroreflective
prism can be omitted for IATS measurements. Instead, prominent natural features of the
monitored structure are observed by using the IATS’s telescope camera and later analyzed by
means of image processing techniques. Along with a saving of costs, access to the monitored
structure is not required which allows a more flexible definition of the measurement points. To
demonstrate the suitability of an IATS for vibration monitoring, experimental measurements at
different bridges were conducted with state-of-the-art IATSs and accelerometers as reference
Sensors.

1 INTRODUCTION

Conventional sensors for vibration-based SHM include accelerometers and robotic total
stations. Both sensors comprise the disadvantage that access to the structure is required to attach
the measurements sensor (accelerometer) or auxiliary equipment such as retroreflective prisms
for total station measurements.

Therefore, the usage of an IATS for frequency measurements of oscillating structures has been
proposed. Hereby, different prototypes with artificial (Biirki et al. 2010; Wagner et al. 2013;
Charalampous et al. 2015) and natural targets (Wasmeier 2009; Hauth et al. 2013) were used.
Furthermore, different state-of-the-art instruments were also tested with artificial (Ehrhart and
Lienhart 2015a) and natural targets (Ehrhart and Lienhart 2015b; Ehrhart and Lienhart 2015c¢).

When using a single instrument, accurate measurements are only possible for movements
parallel to the image sensor of the IATS. A two-instrument approach provides 3D measurements
but requires a precise synchronization between the used IATSs and obviously a second
instrument (Guillaume et al. 2016).

In this article, a single-instrument approach for accurate vibration measurements is proposed.
Hereby, natural features of the observed structure are used as targets. By analyzing the
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structure’s directions of movement, it is not required to position the instrument so that the
movements occur parallel to the image sensor of the IATS.

2 MEASUREMENT SYSTEM

The proposed sensor for measuring the frequencies of oscillating structures is an image-assisted
total station (IATS, Figure 1). An IATS enhances a conventional robotic total station by an
image sensor in the telescope in which the image data benefits from the optical magnification
(e.g. 30x) of the telescope. Further descriptions of the multi-sensor system IATS can be found in
Wagner et al. (2014). It is noted that recent generations of IATSs are available as scanning total
stations which comprise a laser scanning functionality with measurement rates of up to 1 kHz
(Leica 2015) or 26 kHz (Trimble 2016).

The image-based angle measurements Hz and V of an IATS comprise
® the values of the angle encoders,
® the readings of the two-axis tilt compensator, and
® the measured image coordinates of the target.

The computation of Hz and V and the necessary system calibration is compactly described by
e.g. Biirki et al. (2010) or Ehrhart and Lienhart (2016). Ehrhart and Lienhart (2016) report an
accuracy of 0.1 mgon (= 1.6 prad) for the image-based angle measurements of the instruments
used in the case studies of this article. At a distance of e.g. 30 m between the IATS and the
observed target, the reported accuracy corresponds to about 0.05 mm for the measured
movements. The image coordinates of the natural features included in the observed structure
(Figure 1) are obtained by feature matching which is robust for outdoor applications (Ehrhart
and Lienhart 2015c¢).

The IATSs used in this article are a Leica MS50 I R2000 (Leica 2013), cf. Section 4.1, and a
Leica MS60 I R2000 (Leica 2015), cf. Section 4.2. Concerning the image data, the instruments
differ in the video rate and in the size of the video. Hereby, a 320 px x 240 px video is
transmitted at 10 fps for the MS50 and a 640 px x 480 px video is transmitted at 30 fps for the
MS60.

3 PROPOSED MEASUREMENT CONCEPT

For measuremets with an IATS, the 3D Cartesian coordinates of a target X are computed from
the image-based angle measurements Hz and V and the slope distance s by

cosHzsinV
sinHzsinV
cosV

X=S =SV (1)

in which the origin of the coordinate system is set to the center of the IATS.

For a Leica MS60, the image-based angle measurements are available with an accuracy of
0.1 mgon and a measurements rate of 30 fps (Section 2). The accuracy of the reflectorless
distance measurement is specified with 2 mm + 2 ppm in which a non-constant measurement
rate of up to 20 Hz can be achieved (Leica 2015; Lienhart et al. 2017). Furthermore, for rapidly
moving structures the distance measurements cannot be performed exactly towards the visual
target because it is not possible to steer the telescope fast enough.



SMAR 2017 — Fourth Conference on Smart Monitoring,
Assessment and Rehabilitation of Civil Structures

SMAR 2017

Figure 1. Exemplary setup for the monitoring of bridge vibrations with an IATS (bottom left) and
observed image data with automatically detected features of the structure (bottom right).

However, if the observed element of the structure can be approximated by a triangulated
irregular network (Gong et al. 1998) or a geometrical primitive (Scherer 2007), such as the
plane in Figure 2, the distance can be computed. A plane can be described by the Hesse normal
form

nx—d=0 2)

where its parameters n and d result from a plane fit of points on the structure’s surface which
are measured by the IATS. By inserting (1) in (2), the distance can be computed after

s=dm-v)?! (3)

For applying (3), it is necessary that the surface points, from which the plane parameters are
estimated, and the image-based angle measurements towards the visual target refer to the same
coordinate system XYZ (Figure 2). Since both measurement types are obtained by using the
same sensor, i.e., the IATS, this prerequisite is fulfilled.
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Figure 2. Element of an observed structure approximated by a plane.

It is however noted that the distance computed from (3) is only rigorously valid as long as the
observed structure moves along the axes A; and A,. Movements along B can be detected by
evaluating (1) in which the distance s is measured by a reflectorless distance measurement. It is
hereby not necessary that the telescope points towards the visual target. The resulting
coordinates X' can be used in

d"=n-x" 4)
to update the plane parameter d . The differences

b=d —d )
correspond to the movements along B in Figure 2.

However, as already mentioned, the distance measurements are inferior to the image-based
angle measurements. It is therefore beneficial if the movement axes of the observed structure
are known prior to the selection of the instrument position. For monitoring applications
according to DIN 18710-4, the expected movements of the observed structure are included in
the task description.

Figure 3 depicts different instrument positions P, and thus different measurement geometries,
for the monitoring of a bridge. The movement axes of the bridge are defined in vertical direction
M, and across M, and along Mj; the bridge axis. Compared to M, and M,, it can be assumed that
the movements along M; are much smaller.

For instrument position P, where the element E| is observed, the movements along B in Figure 2
correspond to the small movements along M; of the bridge in Figure 3. Consequently, the
computation of the slope distance after (3) is valid and instrument position P, can be regarded as
a favorable measurement geometry. For instrument position P, in the riverbed where the
structure element E, is observed from a skew angle, (3) is not rigorously valid. Accordingly,
instrument position P, can be regarded as an unfavorable measurement geometry.
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Figure 3. Monitoring of elements E of a bridge with movement axes M from different instrument
positions P.

Summarizing, a favorable measurement geometry occurs if the movements of the structure
along A, and A, (Figure 2) occur parallel to the image sensor of the IATS and the movements B
are small.

4 CASE STUDIES

The suitability of different state-of-the-art IATSs for vibration-based SHM of oscillating
structures was evaluated at the Augartensteg (steel construction, 74 m span width) and the
Pongratz-Moore-Steg (steel construction, 72 m span) which are both footbridges over the river
Mur in Graz, Austria.

For the Augarten measurements a Leica MS50 with a video rate of 10 fps (cf. Section 2) was
used in which the instrument was positioned so that the favorable measurement geometry P; of
Figure 3 is achieved. The Pongratz-Moore measurements were conducted by using a Leica
MS60 with a video rate of 30 fps. Hereby, the instrument position P, of Figure 3 was chosen on
purpose to evaluate the impact of an unfavorable measurement geometry. The accelerometers
HBM B12/200 with a sampling rate of 200 Hz were used as reference sensors in both
experiments. For both experiments, the distance between the IATS and the respective target was
about 30 m.

4.1 Results for a favorable measurement geometry

For the Augarten experiment, Figure 4 shows the bridge response caused by one walker
crossing the bridge. The instrument position P; (Figure 3) allows an accurate measurement of
the movements in vertical direction and across the bridge axis. The movements along the bridge
axis can only be determined from reflectorless distance measurements which are inferior to the
accurate image-based angle measurements (cf. Section 3). Compared to the vertical movements
with an amplitude of about 0.8 mm, the movements across the bridge axis with an amplitude of
less than 0.3 mm are much smaller. However, the dominant frequency of 1.7 Hz, which also
results from the accelerometer measurements, can be detected for both directions.
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Figure 4. Bridge response in the Augarten experiment for one walker crossing the bridge.

4.2 Results for an unfavorable measurement geometry

For the Pongratz-Moore experiment, Figure 5 shows the vertical bridge response caused by two
runners crossing the bridge. Although an unfavorable measurement geometry P, (Figure 3) was
chosen for the measurements, the dominant frequency of 2.5 Hz, which corresponds to the step
frequency of the runners, can be detected by using the approach of Section 3.

The movements along the bridge axis are too small to be resolved by the IATS. Furthermore,
the dominant frequency of 32 Hz, measured by the accelerometer, could not be resolved by the
IATS because of the video rate of 30 fps.

The movements across the bridge axis result from (5) and primarily depend on the reflectorless
distance measurement of the IATS. Due to the limited accuracy of the distance measurements
(Section 3), the resulting amplitude spectrum does not contain reasonable information.

However, Figure 6 depicts the time series of the movements across the bridge axis, resulting
from (5), for the duration of the experiment. Additionally, measurements with a robotic total
station (RTS), which were taken at instrument position P, (Figure 3) and thus allow an accurate
measurement of the across movements, are displayed. Both time series are filtered by a low-pass
Butterworth filter of order 2 and a cutoff frequency of 0.5 Hz.
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Figure 5. Vertical bridge response in the Pongratz-Moore experiment for two runners crossing the bridge.
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Figure 6. Filtered bridge response across the bridge axis in the Pongratz-Moore experiment.

The correspondence between the two time series validates the approach of Section 3. It is noted
that the events in the times series can be related to wind loads acting on the bridge. Figure 6 also
demonstrates that the specified accuracy of the reflectorless distance measurement of 2 mm +
2 ppm (Section 3) is outperformed for relative distance measurements.

5 CONCLUSIONS

In this article it was shown that state-of-the-art IATSs can be used for vibration-based SHM,
i.e., for frequency measurements of oscillating structures. By analyzing the structure’s
directions of movement, the measurement geometry can be designed so that the relevant
movements occur parallel to the image sensor of the IATS which allows accurate measurements
with measurement rates of (currently) 30 Hz.

Compared to conventional measurements with robotic total stations or accelerometers, an IATS
has the advantage that access to the observed structure is not required at any time. This is
achieved by observing natural features of the structure with the IATS’s telescope camera.
Compared to accelerometer measurements, an IATS is further advantageous because it allows
the analysis of the oscillations also in time domain.
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It was shown that the specified accuracy of a few millimeters for the reflectorless distance
measurement of recent IATSs can be outperformed for relative measurements occurring in
monitoring applications. The relatively low measurement rate of the distance measurements
(less than 20 Hz) could be improved by using the hardware of recent scanning total stations
which allows measurement rates in the kHz range.
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