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Abstract. The traditional visual inspections, along with the remote Structural Health Monitoring (SHM) methods
are very valuable tools to keep the existing bridges safely in service. In the case of old structures with incomplete
documentation, verification of dimensions is also an essential aspect. Traditional on-foot or on-boat visual
inspections have many limiting factors. For large or tall structures, there is little to no possibility of visually
inspecting the entire structure without using lifts or other heavy machinery. This paper presents an attempt to use
a Scanning Total Station (STS) for the inspection and inventory of the dimensions of a truss railway bridge over
the largest river in Poland. Measurements were conducted using two methods: the direct method with the use of a
total station and the use of advanced geometric analyses of the collected point cloud. The field tests on the bridge
were preceded by tests in the laboratory, where the accuracy of the method was assessed. During the tests on the
bridge, a deviation from the actual geometry of the selected truss connection in relation to the old documentation
was detected. The credibility and scale of this deviation throughout the bridge span were confirmed by Unmanned
Aerial Vehicle (UAV) inspections.
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1 Introduction

The increasing number of old and deteriorated bridge structures in the world has only highlighted the
importance of their inspection and maintenance. The traditional visual inspections along with the remote Structural
Health Monitoring (SHM) methods are very valuable tools to keep the bridges safely in service. In the case of old
structures with incomplete documentation, verification of dimensions is also an essential aspect. Traditional on-
foot or on-boat visual inspections have many limiting factors. For large or tall structures, there is little to no
possibility of visually inspecting the entire structure without using lifts or other heavy machinery.

Many researchers and industrial centers around the world are working on the use of modern techniques for
remote inspection of bridges [1]. Nepomuceno et al. [2] present a potential schema for remote visual inspections.
They emphasize that the risk to inspectors’ health and safety would be reduced when they are not required to be
on-site. On-site photographers (with the use of a 360° camera) are expected to spend less time on-site than a
traditional inspector. Galdelli et al. [3] and Ribeiro et al. [4] presented a remote visual inspection system for bridge
predictive maintenance and proposed, integrating robotics with vision solutions. Nguyen et al. [5] show developing
a Building Information Modelling (BIM)-based Mixed Reality (MR) application to enhance and facilitate the
process of managing bridge inspection and maintenance tasks remotely from the office.

CILAMCE-2023
Proceedings of the XLIV Ibero-Latin American Congress on Computational Methods in Engineering, ABMEC
Porto — Portugal, 13-16 November, 2023


mailto:Anna.Rakoczy@pw.edu.pl
mailto:rps@isep.ipp.pt

Remote inventory and inspection of the truss bridge elements and connections using STS and UAV

This paper presents an attempt to use a Scanning Total Station (STS) and photogrammetric documentation
recorded with the use of an Unmanned Aerial Vehicle (UAV) for the inspection and inventory of the dimensions
of a truss railway bridge over the Vistula River in Poland.

2 STS applications for bridge inspection and inventory

Surveying equipment

To create the geometry of the selected bridge part a STS was used. This device is capable of conducting precise
reflector-less measurements as well as the ability to create point clouds by laser scanning. The basic parameters of
this device are: angular accuracy equalled 1", distance measurement accuracy onto prism 1 mm + 1.5 ppm and any
surface 2 mm + 2 ppm, scanning with 1000 Hz mode — range to 300 m with range noise 1.0 mm at 50 m and
scanning with 1 Hz mode — range to 1000 m with range noise 0.6 mm at 50 m (Grimm [6]). The instrument can
be used in various applications of the bridge’s SHM. For example Omidalizarandi et al. [7] and Erhart et al. [8]
present applications for vision-based displacement and vibration analysis of bridges. Sanchez-Cuevas et al. [9]
present the application of the STS to assist UAVs in inspection, which requires physical contact between the aerial
platform and the bridge surfaces.

Laboratory tests to assess the accuracy of the method

Two laboratory tests were conducted to assess the accuracy of the measurement method in different environmental
conditions. In both tests, the measured object was a steel bar on a balcony, as seen in Figure 1. This was performed
to simulate the conditions that could be present at the bridge site — the vertical distance between the station and
measured elements. The tests aimed to measure the dimensions of the beam using reflector-less measurements and
point cloud scanning, and then compare the results with the known dimensions of the beam.

Figure 1. Laboratory tests; from the left: scan area as indicated on the display; from the right: Scanning Total
Station during field survey.

The first test (No. 1) was designed to analyze the influence of atypical geometry on the measurements. The
beam had a rectangular cross-section with bent and smooth edges. This test has revealed several problems with
manual measurements. Firstly, the location of the measured object has made it very difficult to aim at the target
points correctly. The bent edges of the beam had a substantial effect on the accuracy. It is assumed that this is
primarily due to how a bent smooth edge reflects the laser beam. Difficulty in target acquisition of an elevated
target was also noticed. The second test (No. 2) was done on a beam with a rectangular cross-section and sharp
edges. This test has confirmed that the shape of the measured object has a substantial influence on the
measurements. To mitigate the effect of the shape of the beam on the results, five points were measured on the
opposite sides of the beam. Then a plane was fitted to each set of points, and the distance between the two parallel
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planes was calculated. This approach is only applicable to symmetrical objects with at least two parallel faces.
Additionally, in both tests, laser scanning was done. The scan area of one of the scans can be seen in Figure 1. The
STS can capture point clouds from several stations and combine them into one during surveying on the built-in
software. This allows for on-site verification of obtained scans. Combined point clouds captured from at least two
measuring stations were created. The point clouds were then used to obtain the dimensions of the beams in both
tests.

Applied algorithms for determining dimensions from the point cloud

Point cloud data obtained in controlled (as shown in Figure 2) consisted of the balcony, the beam itself, and part
of a wall behind. Several cloud processing operations were conducted to obtain the desired dimension from the
point cloud that contained almost one million points. The cloud was cropped to narrow down the beam itself. Then
two M-estimator SAmple Consensus (M-SAC) based algorithms were introduced to separate opposite faces of the
beam. The M-SAC algorithm is a version of the Random SAmple Consensus RANSAC algorithm — Pleansamai
& Chaiyasarn [10], which has been used in similar applications for many years.

Figure 2. The processing of the point cloud data; from the left: the final point cloud in test No. 1; from the
right: the region of the point cloud from the test No. 1 used in calculations.

The scanned object has a rectangular cross-section; therefore it can be separated into two sets of parallel
planes. The scanned steel bar was only visible from the front and two sides. The sides are then considered as two
parallel planes. The distance between them is the dimension to be measured. The approach was to find the best-
fitting planes for two opposite surfaces of the cross-section. Firstly, the cropped portion of the point cloud was
cleaned using a Statistical Outlier Removal (SOR) filter. Then the resulting cloud was treated with two versions
of the parallel plane fitting M-SAC algorithm. This method of fitting a data set to a mathematical model by
selecting a random small region of interest, obtaining an initial solution, and expanding it is well suited to point
cloud processing. This version of the algorithm uses the M-estimator function to fit data to a geometric model of
a plane. The first approach was to find the best-fitting plane using a normal vector perpendicular to one of the sides
of the object. Then this vector is used to find the second plane. Because of the nature of the algorithm and
tolerances, these planes are not perfectly parallel. One of the planes is then shifted to match the other's normal
vector, making the resulting planes parallel. The distance between them is found. This operation is repeated starting
from the other side of the beam, and the distance is averaged. Another approach was to use M-SAC to fit a plane
on each side of the beam. Then for each of the two sides, the inlier points, which are the points located within a
tolerated distance from the found plane, are extracted from the point cloud. These (close to the plane but not exactly
on it) points are used to fit two parallel planes different from the ones found by M-SAC. This approach used the
same fitting function as the calculations used to fit parallel planes with points from manual measurements used in
the second test (No. 2). Therefore, there is a variance between each run of the algorithm. To obtain the best results,
both approaches were iterated one thousand times. The mean distance between the planes was calculated, and an
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average was taken for the whole fitting process. The number of iterations was chosen by observing the convergence
of the results and the number of iterations that failed to find a suitable fit. Considerable significance was placed
on finding suitable fitting parameters. The tolerances of the maximum distance from the fitted plane for inlier
points were set to the resolution of the scan, which was 0.002 m. The angular tolerance for finding the normal
vectors was set to 0.02 deg Preliminary data processing was performed in CloudCompare [11] and basic
algorithms were implemented in MatLab [12].

Small-scale elements measurement results

It has been noticed that the smooth edges of the beam in test No. 1 could incorrectly reflect the laser beam of
the measuring device, thus impacting its performance. The Wave Form Digitizing (WFD) technology used in the
measurement device is supposed to mitigate inaccuracies caused by laser dot size. However, in test No. 1, it was
not possible to achieve a satisfactory accuracy of manual measurements. This could be caused by the steep
horizontal and vertical angle of the measured object. Such conditions could be present on-site during the survey.

Table 1. Comparison of different measurement methods and achieved deviations

Method Obtained dimension [mm]  Difference [mm]  Deviation [%]
Direct measurements (two stations) 424 2.4 6.0%
Point cloud data mean distance o
(approaches 1 and 2) 435 33 8.8%
Plane fitting 44.2 4.2 10.5%
Caliper 40.0 0.0 -

Three different methods were used to determine the dimension of the rectangular beam in test two (No. 2).
The resulting dimensions obtained were then compared to measurements made with a caliper. The relative
deviation was calculated as the difference divided by the reference measurement. These results are collected in
Table 1. Direct measurements taken from two surveying stations in test No. 2 have achieved a satisfactory relative
accuracy of six percent for a dimension of 40 mm. That, as opposed to test No.1, confirms that the shape of the
edges of the measured object considerably influences the measurements. The point cloud data obtained during
laboratory tests has shown similar accuracy. The average dimension obtained achieved a relative deviation of less
than nine percent. That has confirmed that the STS is capable of creating accurate point cloud data, as well as the
ability to merge several point clouds into one data set. Finally, a way of increasing the accuracy of manual
measurements was introduced. The plane-fitting approach uses a set of points on the surface to calculate a plane
model of the side of the object. This approach was developed to mitigate the problems of smooth edges, as seen
in test No. 1. It is capable of mitigating such problems with a relative deviation of around ten percent. It must be
noted that the accuracy of manual measurements is largely dependent on the human operator and thus might vary
significantly between surveys. The point cloud and data are independent of the human factor and can be used even
in the most challenging surveys. It should be added that the measurements were performed for small cross-sections,
which resulted in significant relative deviations. Overall, the laboratory tests (resulting in absolute deviations) have
shown that the device and methods achieved adequate accuracy for engineering applications.

3  The field tests on the bridge

3.1 Truss railway bridge

Gdanski Railway Bridge in Warsaw is a multi-span, steel truss bridge over the Vistula River in Poland. The
bridge has two separate structures for each of the railway lines. One of these structures was constructed in the
1980s and was renovated in 2015; the second was rebuilt in 2015. Each of the structures consists of eight spans of
over 60 meters in length and two smaller spans on each end. The bridge and the analysed connection, as seen from
the riverbank is shown in Figure 3.
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3.2 The measured connection

For the experiment, a main structural connection of the truss, shown in Figure 4, was chosen. It is a W- type
asymmetrical connection, joining one vertical member and two diagonal members with the lower chord of the
truss. The members are connected by a gusset plate and are joined using rivets. Each of the three riveted
connections is unique in the number and position of the connectors. This connection was selected for Remote
inventory and inspection using STS and UAV since it was designated as repaired in the post-renovation
documentation. In addition, the location of the connection provided easy access to the measurements from the
sidewalk under the bridge.

analyzed
connection

Figure 3. The view of the bridge

4

Figure 4. Photographs of the analyzed connection; from the left: taken from a UAV; from the right: taken
from STS.

3.3 The results of measurements

The W-type connection previously highlighted was measured using STS and UAV systems to perform remote
inventory and inspection. The survey aimed to compare the available digital documentation of the selected
connection with survey data. The only available documentation was made during renovation work. No original
design documents could be found.

The STS was conducted to create a combined point cloud of the whole connection. Additionally, reflector-
less measurements were also performed. The combined point cloud consisted of over three million points. It was
then cropped and cleaned to only include the main parts of the connection. Overall, over one million points were
included in the processed data set.

The UAV was used to acquire 646 images from the span studied for creating a point cloud using
photogrammetry. The system allowed to reconstruct the fagade of the steel truss bridge as depicted in Figure 5.
The technique showed a few limitations related to an insufficient number of images of the area resulting in voids
in the point cloud.
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Figure 5. Fagade of steel truss bridge

Finally, the resulting point cloud from both systems required some processing techniques to be able to
compare to the available 2D drawings. Flattening algorithms were used. Firstly, a best-fitting plane was found,
then the data set points were all projected onto the plane as shown in Figure 6. The projected points were then
traced to create a contour of the flattened point cloud. The final comparison of the STS and UAV system can be
seen in Figure 6 and Figure 7, respectively.

Figure 6. Point cloud of the analyzed connection projected onto the 2D plane; from the left: STS system;
from the right: UAV system

Figure 7. Geometry verification: STS point cloud contour (black solid line), UAV point cloud contour
(blue solid line) and documentation drawing (red dotted line).

Several discrepancies between the documentation and the observed structure were found during surveying.
For example, the left diagonal member has been found to be connected with less material than indicated in the
drawings. The shape of the gusset plate on the left side has been found to be altered. It was found that the rows of
rivets connecting the vertical member are spaced horizontally with a 69% and 61% relative deviation and vertically
at a 41% and 37% relative deviation (calculated in the same way as in laboratory tests) for the STS and UAV
system respectively. The rest of the dimensions, such as the member width, the height of the lower chord, or the
spacing of the diagonal member's connectors, were all measured to be within a 10% relative deviation compared
to the documentation. Such discrepancies might be the result of changes made during the construction process or
a product of renovation works.
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4  Conclusions

Laboratory and field tests confirmed the usefulness of STS and UAV for remote measurements and inventory
of bridge structures. Based on laboratory tests implementing STS, it must be noted that the accuracy of manual
measurements is largely dependent on the human operator and thus might vary significantly between surveys. The
point cloud and data are independent of the human factor and can be used even in the most challenging surveys.
Overall, the laboratory tests have shown that the device and methods achieved adequate accuracy for engineering
applications. Based on field tests on the bridge it was confirmed that STS and UAV are effective at finding small
but potentially significant deviation of bridge geometry in the investigated connection without the need to engage
costly and disruptive machinery to aid on-foot inspections.
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