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Abstract
In light of ageing infrastructure, structural condition assessment is a key prerequisite for the provision of reliable, safe and 
performant infrastructure networks. However, full systematic condition inspections across large transport networks are 
extremely resource intensive. Thus, network-wide continuous structural monitoring is hardly feasible using classical engi-
neering assessment methods. Modern remote sensing techniques open up new possibilities for infrastructure assessment 
and monitoring. Three different methods for rapid, contactless and non-invasive infrastructure deformation monitoring are 
evaluated: (1) satellite radar interferometry (InSAR), (2) airborne laser scanning (ALS) using unmanned aerial vehicles 
(UAV) and (3) vehicle-mounted mobile laser scanning (MLS). All methods are tested at an integral concrete bridge in Vienna, 
Austria, and results are contrasted to reference measurements available from several water-level gauges. In addition, thermal 
deformation is modelled based on the prevailing environmental conditions. Results show that all methods are well capable 
of detecting general deformation trends, albeit exhibiting different stages of maturity. While the main application of InSAR 
lies in long-term continuous deformation measurement of the overall structure, MLS and ALS have the benefit of providing 
a wealth of data through measurement campaigns. All three contactless measurement methods are suitable for supplement-
ing current structural condition assessments.

Keywords  Infrastructure monitoring · Structural health monitoring · Remote sensing · Sentinel-1 · Persistent scatterer · 
InSAR · Laser scanning · Mobile mapping · Thermal deformation modelling

Zusammenfassung
Fernerkundungstechniken für die Überwachung von Brückenverformungen im Millimeterbereich. Angesichts alternder 
Infrastruktur stellt die Zustandserfassung von Ingenieurtragwerken eine wichtige Voraussetzung für die Bereitstellung 
zuverlässiger, sicherer und leistungsfähiger Infrastrukturnetze dar. Vollständige systematische Inspektionen in großen Ver-
kehrsnetzen sind jedoch äußerst ressourcenintensiv. Daher ist eine netzweite, kontinuierliche Bauwerksüberwachung mit 
klassischen Bewertungsmethoden kaum machbar. Moderne Fernerkundungstechniken eröffnen neue Möglichkeiten für 
die Bewertung und das Monitoring von Tragwerken. Drei verschiedene Methoden zum schnellen, berührungslosen und 
nicht-invasiven Deformationsmonitoring werden bewertet: (1) Satelliten-Radarinterferometrie (InSAR), (2) Airborne Laser 
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Scanning (ALS) mit unbemannten Luftfahrzeugen (UAV) und (3) fahrzeuggestütztes mobiles Laserscanning (MLS). Alle 
Methoden werden an einer integralen Betonbrücke in Wien getestet, und mit Referenzmessungen eines Schlauchwaagen-
systems verglichen. Zusätzlich wird die thermische Verformung der Brücke unter Berücksichtigung der vorherrschenden 
Umweltbedingungen modelliert. Die Ergebnisse zeigen, dass alle Methoden trotz unterschiedlichen Genauigkeitspotentials 
gut in der Lage sind, allgemeine Verformungstrends zu erkennen. Während die Hauptanwendung von InSAR im lang-
fristigen, kontinuierlichen Deformationsmonitoring der Gesamtstruktur liegt, haben MLS und ALS den Vorteil, im Rahmen 
von Messkampagnen umfassende Daten über den Zustand des Bauwerks bzw. der Fahrbahnoberfläche zu liefern. Alle drei 
Fernerkundungsmethoden eignen sich daher gut als Ergänzung der aktuellen Zustandsbewertung.

1  Introduction

Structural health monitoring of critical infrastructure is of 
major importance for ensuring the safety and smooth func-
tioning of societies. Among various types of infrastructures, 
bridges stand out as assets of particular interest due to their 
widespread usage, their importance as key elements of infra-
structure networks as well as their exposure to potentially 
heavy load and adverse environmental conditions. Recent 
tragic examples of bridge failures such as the Mexico City 
Metro overpass collapse (Mexico, 2021), the collapses of 
Nanfang’ao Bridge (Taiwan, 2019), Majerhat Bridge (India, 
2019) and Ponte Morandi highway bridge (Italy, 2018) have 
illustrated not only the prevalence of the problem, but also 
the potentially severe impacts of bridge failure, includ-
ing loss of life and substantial economic damages. Con-
sequently, the continuous assessment of structural safety, 
including the measurement of structural deformation, does 
play an essential role (Bao et al. 2019).

Naturally, bridges exhibit movements due to temperature 
changes, which are estimated when designing the structure 
(Roeder 2003; Moorty and Roeder 1992). Bridge deforma-
tions strongly depend on the bridge design as well as the 
materials used. In general, two patterns of bridge deforma-
tion prevail, which are caused by either diurnal or seasonal 
temperature variation. Daily displacements of typical stati-
cally determined bridges are usually less than 1 cm, albeit 
deformations of up to several centimeters can be expected 
for integral bridges (Arsoy 2008), and deformations can 
even exceed 25 cm for large suspension bridges (Zhou et al. 
2020). In addition, seasonal and long-term displacements 
due to shrinkage and creep can be an order of magnitude 
higher (Praxmarer and Reiterer 2007).

Historically, structural health monitoring as well as the 
measurement of bridge deformation was conducted using 
a variety of different systems (Middleton et al. 2016; Seo 
et al. 2016). Geodetic measurements in course of detailed 
bridge inspections were among the first, measuring defor-
mation mostly at midspans and above piers. In the case of 
continuous monitoring, permanent sensor installation is 
necessary, for example using water-level pressure gauges 
or linear variable differential transformer (LVDT) sensors. 

These technologies require a reference point that is consid-
ered as non-moving. With water-level gauge systems, it is 
usually the abutment, while LVDT sensor systems typically 
use a ground point below the bridge as reference (Geier et al. 
2014).

In recent decades, new technologies enabled new ways 
of measuring bridge deformation. The operation of global 
navigation satellite systems (GNSS) opened up possibilities 
to measure position of selected points without any reference 
on Earth’s surface with millimetric to centimetric accuracy 
(Wang et al. 2021). The GNSS technology is particularly 
useful for cable-stayed bridges with very long spans (Xi 
et al. 2018), where application of other methods is not fea-
sible and deformations in order of 10 cm are expected.

The above-mentioned technologies deliver bridge defor-
mation data at a few selected points that are considered as 
decisive. Further technology advancements enabled acquisi-
tion of the bridge shape not only at few selected points, but 
at the whole surface. Photogrammetric measurements can 
be used to track a grid of points on the bridge using camera 
systems. One application of a photogrammetry method for 
monitoring the displacement of reinforced concrete bridge 
columns was presented by Alemdar et al. (2011), who report 
a measurement accuracy of approximately 1 mm. Using 
LVDT-sensor systems for comparative purposes, the tech-
nique showed good performance under the tested conditions.

Terrestrial laser scanning (TLS) devices provide point 
cloud data, which can be used to reconstruct the bridge 
shape. The points deviate from the scanned surface usu-
ally in the mm to cm range, therefore fitting of curves or 
surfaces is a common step in post-processing (Ye et al. 
2018). Apart from 3D-model creation, TLS does have a 
wide variety of applications in bridge asset management, 
including quality inspection, structural health monitoring 
and deformation monitoring (Rashidi et al. 2020; Mukupa 
et al. 2016). Mounting of laser scanning devices on mobile 
platforms (vehicles, UAVs) increases the system mobility at 
the cost of additional uncertainties regarding the positioning. 
Mobile mapping applications range from road edge extrac-
tion (McElhinney et al. 2010) via deformation monitoring of 
retaining structures (Kalenjuk et al. 2019) to as-built model 
generation of tunnels (Arastounia 2016).
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Distributed optical fiber sensing systems measure strain 
in an optical fibre that is attached to the bridge (Casas and 
Cruz 2003). The ability to measure the strain along the 
whole fibre enables to calculate the shape of bridge deforma-
tion. This technology was also tested on concrete structures 
with cracks (Li et al. 2021).

The use of satellite-based synthetic aperture radar (SAR) 
data is a relatively new approach in infrastructure monitor-
ing. While there have been some studies in the last decade 
describing the successful use of commercial high-resolution 
X-band SAR data for measuring bridge deformation (Laz-
ecky et al. 2017), the applications remained limited due to 
data availability. Just recently, the free and worldwide avail-
ability of SAR data, which came along with launches of Sen-
tinel-1A and Sentinel-1B in April 2014 and 2016, respec-
tively, sparked new interest in infrastructure deformation 
monitoring using satellite-based SAR interferometry (Mac-
chiarulo et al. 2022; Schlögl et al. 2021). The single look 
complex (SLC) products delivered by the Sentinel-1 pair 
of satellites provide C-band SAR data (centre frequency: 
5.405 GHz) at comparatively high resolution. Sentinel-1 
SLC data feature a pixel spacing of 2.3 m (range) times 14.1 
m (azimuth) and are available at a high temporal resolution 
of 6 days per orbit. Due to their sun-synchronous orbits, 
revisit times decrease and overlapping swaths increase 
towards both poles. In addition, almost global coverage ren-
ders this method interesting for network-wide assessments at 
low cost. Current advances in the area of bridge monitoring 
using InSAR do include the integration of information on the 
structural mechanics of bridges into the displacement time 
series analysis workflow (Qin et al. 2021).

Although contactless measurement technologies provide 
the comfort of remote measurement and the advantage of 
area-wide coverage of the bridge’s surface, generally a lower 
measurement accuracy is to be expected. While the strengths 
and weaknesses of many of these individual measurement 
techniques are comparatively well known, an actual juxta-
position of selected methods, including an assessment of 
their potential based on a quantitative analysis of resulting 
deformation patterns, is still outstanding. Consequently, 
the goal of this work is to contribute to development of 

non-destructive and contactless testing methods for struc-
tural condition assessment without the demand for marked 
reference points. Focus was put on rapid acquisition meth-
ods which should be able to measure many bridges in short 
time, so that whole road sections can be processed quickly 
without disturbing traffic. The requirements of rapid acquisi-
tion, remotely sensed measurement and data-based condition 
assessment led to the choice of three techniques for bridge 
deformation measurement, which are described, applied and 
contrasted in the following (c.f. Fig. 1): (a) satellite radar 
interferometry (InSAR), (b) airborne laser scanning (ALS) 
using unmanned aerial vehicles (UAV) and (c) mobile laser 
scanning (MLS) using a vehicle that measures the bridge 
while passing over it. The comparative assessment is illus-
trated at the example of an integral concrete bridge located in 
the Danube harbour of Vienna, Austria. Validation of results 
is performed using in situ measurements obtained from a 
water-level gauge, as well as modelled bridge deformation 
based on environmental conditions. All methods rely on the 
assessment of relative differences in a local environment.

2 � Data and Methods

2.1 � Study Area

An integral concrete bridge (i.e. a bridge without bearings 
and expansion joints in its superstructure) does serve as a 
study object in this comparative assessment of remote sens-
ing methods. Stretching across the Danube Canal, the ‘side 
harbor bridge’ (German: Seitenhafenbrücke) is located in the 
port of Vienna at N 48◦10′37.2′′/E16◦27′50.4′′ . The bridge 
consists of two river bank structures with a span of 32 m 
each and a river structure with a span of 64.7 m, resulting in 
a total length of 128.7 m. Two lanes for motor traffic as well 
as a path for pedestrians and bicycles result in a width of 15 
m. For details on structural engineering it is referred to Kral 
et al. (2012) and Geier et al. (2014).

The temporal coverage of the measurements depends 
on the measurement method used. InSAR data are avail-
able over the whole time period between January 2015 and 

Fig. 1   Investigated remote sensing measurement methods: A InSAR (Sentinel-1; source: ESA/ATG medialab (2014)); B UAV-ALS (4DU-Scan-
ner; source: 4D-IT); C MLS (RoadSTAR, source: AIT)



394	 PFG (2022) 90:391–411

1 3

October 2020 quite consistently with measurements every 
6 days per orbit. There are only single, minor data gaps, 
resulting in a sampling rate of twelve instead of 6 days on 
3–5 occasions per orbit (c.f. Fig.  4). ALS and MLS meas-
urements were conducted on 2020-04-09. To capture the full 
diurnal variations of the temperature-caused bridge defor-
mations, measurements took place in the morning (low tem-
perature) and early afternoon (highest daytime temperature) 
with both sensor systems. An additional measurement took 
place on 2020-10-21 with the ALS system.

Points with information on surface deformation as derived 
via InSAR cover the entire surface of the bridge. For ALS 
and MLS, the edge beam and the road surface of the bridge 
were monitored, both of which are usually directly attached 
to load-bearing bridge parts. A local reference system was 
defined based on a reference point in the stable northern area 
of the bridge (Fig. 2).

2.2 � In Situ Measurement

Due to the unique bridge characteristics, a comprehensive 
monitoring system was installed during bridge construction 
(Geier et al. 2014). Among other sensors, the measurement 
setup includes electronic water-level gauges used for meas-
uring vertical bridge deformation, laser distance sensors 
to capture bridge elongation and temperature sensors to 
obtain concrete temperature. The measurements are avail-
able for most of the time between December 2011 and June 
2017, at which point the monitoring system was no longer 
actively maintained to provide quality-controlled data on an 
operational basis. To provide a ground truth for the remote 
sensing measurements, the system was reactivated to pro-
vide quality-controlled measurements between January and 
June 2020. The location of the in situ deformation sensors 
is shown in Fig. 3.

2.3 � InSAR

The InSAR analysis is based on Sentinel-1 Single Look 
Complex (SLC) data products acquired in Interferometric 

Wide (IW) swath mode. These IW SLC products, which are 
generated by applying the TOPSAR (Terrain Observation 
with Progressive Scans SAR) technique (Zan and Guarnieri 
2006), feature a total swath width of 250 km and comprise 
three sub-swaths, which again consist of several bursts. In 
order to facilitate the data processing, the images of the IW 
SLC products are available at a common pixel spacing grid 
with a resolution of 2.3 m by 14.1 m in range and azimuth, 
respectively (ESA 2021). The time period under investiga-
tion in this analysis covers four full years and ranges from 
October 2016 to October 2020 (Fig. 4). Data from both 
Sentinel-1A and Sentinel-1B have been taken into account, 
resulting in a temporal resolution of 6 days for each orbit 
(Table 1). Since Vienna is covered by four different orbits 
(Fig. 5), four IW SLC products are available within every 
6 days.

The overall processing chain employed to obtain defor-
mation time series of the study object comprises two major 
pipelines: (1) the InSAR pipeline, featuring single leader 
InSAR processing as well as the actual PSI analysis; and 
(2) the pipeline for statistical post-processing of the InSAR 
time series. The complete underlying framework is presented 
in detail in Schlögl et al. (2021), the core elements of the 
workflow are briefly summarised in the following.

The InSAR processing pipeline comprises the following 
steps:

–	 Identification of relevant orbits The Vienna metropoli-
tan area is covered by two ascending (73, 146) and two 
descending (22, 124) orbits (Fig. 5).

–	 Data acquisition Approximately, 240 Sentinel-1 scenes 
were acquired for each of the four orbits for the time 
period October 2016 to October 2020 (Fig. 4, Table 1).

–	 Pre-processing of Sentinel-1 SLC data Single leader 
InSAR preprocessing of Sentinel-1 data (i.e. coregistra-
tion, leader and supporter scene selection, interferogram 
generation and stacking) was performed using SNAP, the 
‘Sentinel Application Platform’ (Foumelis et al. 2018; 
Delgado Blasco and Foumelis 2018).

Fig. 2   Reference system of study area. The local reference point is located at the north abutment of the bridge at SR. SR and S[1-6] denote the 
water-level gauge measurement locations
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Fig. 3   A Location of the six water-level gauge deformation sensors (white dots) on Seitenhafenbrücke and the reference line of the longitudinal 
section of the bridge (red). B Location of PS-points in the area of interest. Colors correspond to the orbit numbers as used in Figs. 4 and 5

Fig. 4   Sensing dates of Sen-
tinel-1 IW SLC data products 
used in this study. Colors cor-
respond to the orbit numbers 
as used in Figs. 3 and 5. Black 
arrows indicate leader scenes, 
grey dots indicate missing 
scenes

Table 1   Overview of Sentinel-1 SLC data used in this study

The number of persistent scatterer (PS) points refers to the number of points within the area of interest as depicted in Fig. 3

Orbit direction Orbit number Incidence angle Heading Sensing time Start date End date Images Leader date PS-points

Ascending 73 36.10 − 14.67 16:42 UTC​ 2016-10-05 2020-09-26 239 2018-02-09 51
Ascending 146 44.75 − 14.58 16:51 UTC​ 2016-10-04 2019-09-25 239 2018-03-04 78
Descending 22 32.82 − 165.37 05:09 UTC​ 2016-10-02 2019-09-29 239 2018-03-14 65
Descending 124 42.10 − 165.40 05:02 UTC​ 2016-10-03 2019-09-30 238 2018-03-15 79
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–	 Persistent scatterer interferometry The actual calcula-
tion of deformation time series was performed using 
the ‘Stanford Method for Persistent Scatterers’ as 
implemented in StaMPS/MTI (Hooper et al. 2012). 
The StaMPS processing chain includes the selection 
of pixels based on their noise characteristics, phase cor-
rection, phase unwrapping, and the removal of vari-
ous error components from the phase. The mean of 
the whole area (per orbit) was used as a reference. The 
output is a deformation time series in line of sight for 
stable targets of opportunity, called persistent scatterer 
(PS) points.

–	 Atmospheric correction of the deformation time series 
The atmospheric phase contribution was mitigated by 
employing TRAIN, the ‘Toolbox for Reducing Atmos-
pheric InSAR Noise’ (Bekaert et al. 2015), using data 
from GACOS, the ‘Generic Atmospheric Correction 
Online Service for InSAR’ (Yu et al. 2018).

The output of this first pipeline is time series of surface 
deformation for the identified persistent scatterers. Deforma-
tion is measured in relative to the leader scene in satellite 
line-of-sight for each of the considered orbits.

To improve the signal-to-noise ratio of the raw InSAR 
time series and to unveil underlying patterns more concisely, 
extensive post-processing steps were performed in a second 
pipeline:

–	 Time series cleaning (outlier removal) Extreme outli-
ers were eliminated by employing robust STL (Seasonal 
decomposition of time series by LOESS, cf. Cleveland 
et al. (1990)) decomposition for seasonal series, and 
Friedman’s Super Smoother (Friedman 1984) for non-
seasonal series. Observation deviating by more than three 
times the interquartile range from the (possibly season-
ally adjusted) smoothed value at the respective measure-
ment time were replaced by means of linear interpolation 
(Hyndman and Khandakar 2008).

Fig. 5   Sentinel-1 orbits and PS-points over Vienna. The two orange polygons denote the two ascending orbits, the blue polygons denote the two 
descending orbits. Identified PS-points are signified in the respective orbit color. The green dot indicates the location of Seitenhafenbrücke 
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–	 Time series smoothing The cleaned time series were 
smoothed and interpolated on a daily basis, using locally 
weighted scatterplot smoothing (LOESS; c.f. Cleveland 
et al. 2017).

–	 Bias correction for different sensing times Due to the 
different sensing times of ascending (approximately 
16:45 UTC) and descending (approximately 05:00 
UTC) passes, a systematic error would be present in 
the satellite measurements when combining ascending 
and descending orbits. This error is rooted in seasonally 
dependent diurnal bridge deformation patterns occur-
ring over the course of 1 day (Schlögl et al. 2021). To 
mitigate this bias, a correction term was applied for each 
day. This term is obtained by means of a random forest 
model (Wright and Ziegler 2017) linking the measured 
bridge deformation difference between the two sensing 
times to the prevailing environmental conditions at both 
sensing times. The (vertical) deformation difference 
(i.e. the target variable of the model) is derived from 
the in situ measurements recorded by the water-level 
gauge, and environmental conditions (i.e. the independ-
ent variables of the model) are represented by different 
weather variables, including air temperature, the zero 
degree isotherm, precipitation, relative humidity, global 
solar radiation, sunshine duration and wind speed. 
These weather data are available through the nowcast-
ing system INCA, operated by the Austrian national 
weather service. By providing the meteorological data 
as input, resulting bridge deformation difference can be 
estimated for each day by using the predictions of the 
random forest model trained on available water-level 
gauge data. Please refer to Schlögl et al. (2021) for fur-
ther details on the bias correction procedure.

–	 Extraction of vertical and horizontal components from 
different orbit directions Both the horizontal (east-
west) and vertical (up-down) motion components were 
extracted from deformation values measured in the 
satellite’s line-of-sight direction by combining the two 
descending and ascending orbits according to Eq. (1) 
(c.f. Delgado Blasco et al. 2019): 

 where dLoS denotes the displacement along the satellite 
line-of-sight, d

v
 is the vertical displacement component 

and d
hALD

dsc denotes the projection of the horizontal dis-
placement in descending azimuth look direction (ALD). 
� denotes the incidence angle and Δα is the satellite 
heading difference between ascending and descending 
orbit (c.f. Table 1). Horizontal and vertical deformation 
components were derived for an artificial grid, covering 

(1)
[

d
v

d
hALD

dsc

]

=

[

cos �asc
sin �asc

cosΔα
cos �dsc sin �dsc

]−1

×

[

dLoS
asc

dLoS
dsc

]

,

the bridge at a spatial resolution of 0.75 m × 0.75 m. For 
every grid point, the nearest PS points of any ascending 
and descending orbit located within a radius of 10 m 
were used for performing the conversion.

–	 Time series clustering To identify areas on the bridge 
where deformation patterns exhibit similar trajectories 
over time, both vertical and horizontal deformation 
series available at every grid point were grouped using 
longitudinal k-means clustering (Genolini et al. 2015).

–	 Aggregation of results Taking into account the proximity 
of in situ sensor locations to the deformation grid points 
as well as the information on the predominant cluster 
around the respective sensor location, ensembles of ver-
tical bridge deformation were derived. These ensembles 
provide robust information on deformation patterns, 
which can be validated against the independent in situ 
measurements.

–	 Time series decomposition For each of these ensembles, 
the highly seasonal time series were separated into a sea-
sonal component, a trend component, and a component 
indicating random noise. By eliminating seasonal and 
random components from the overall deformation, under-
lying trend patterns could be derived. This was again 
achieved using STL decomposition.

–	 Creation of longitudinal profiles To derive daily longi-
tudinal profiles of bridge deformation, points were sam-
pled at a spatial resolution of 1 m along the curb in the 
center of the bridge. Analogously to the in situ compari-
son described above, ensembles of vertical deformation 
were created by taking into account the proximity of 
each point sampled along the longitudinal profile to the 
deformation grid points as well as the information on the 
predominant cluster.

2.4 � ALS

2.4.1 � Data Acquisition System

The 4DU-Scanner is a mobile mapping solution that can be 
carried by a car or UAV. The sensor integrates two time of 
flight LiDAR systems with 16 profiles each, i.e. 32 profiles 
are measured simultaneously with a maximum sampling rate 
of 600 k points per second and a maximum of two returns 
per echo (first/last). The system operates fully autonomous, 
integrating a Trimble APX-15 UAV GNSS/IMU sensor for 
measuring position and orientation (i.e. the trajectory) dur-
ing data acquisition. For capturing the Seitenhafenbrücke, 
the 4DU-Scanner was carried by a DJI Matrice 600 pro 
UAV. To fulfill the Austrian regulation of the local avia-
tion authorities, the UAV is equipped with a redundant dual 
flight-control. The maximum flight-time of this configura-
tion is up to 15 min.
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2.4.2 � Data Collection

Two measurement campaigns have been carried out on 
2020-04-09 and on 2020-10-21. During the first campaign, 
the side beam was captured at 9 am and at 3 pm, almost 
simultaneously to the MLS capturing with the RoadSTAR 
system (see Sect.  2.5.2). To capture both side beams of the 
bridge without crossing the bridge during flight (due to legal 
reasons), two flights were necessary for a complete capturing 
at one time. So all-together, four flights were carried out to 
capture the respective data. Each flight consists of several 
strips from different flight heights. The mean distance to the 
side beam is approximately 5 m.

For the April campaign, we aimed at capturing the down-
ward facing side of the beam. Therefore, we started captur-
ing with flight height below the object up to approximately 
5 m above to cover the entire bridge. Figure 1 shows the 
sensor configuration at an average flight level along the side 
beam of the bridge. Figure  6 shows the point cloud and the 
therefrom derived mesh after co-registration and merging 
the data of the two morning flights of the first campaign.

For the campaign in October, a different flight pattern was 
chosen. To improve the quality of the trajectory (i.e. avail-
ability of GNSS-data) and to simplify the flight-operation, 
several strips enabling the capturing of the side beam from 
top have been carried out. The flight-time for this pattern 
was 3 min to capture the Western side beam. The Eastern 
side beam was not clearly visible from top due to various 
constructions and a significant layer of dirt. So altogether, 
three independent observations of the Western side beam 
at different weather conditions (morning/afternoon; spring/
fall) were used for the deformation analysis as described in 
the following section. The achievable accuracy with respect 
to water-level gauge reference data is evaluated in Sect. 3.2.

2.4.3 � Data Processing

Based on GNSS and IMU data and using a local reference 
station (APOS correction data, (BEV 2022)), a high-quality 
trajectory has been calculated using the post-processing-
kinematic (PPK) principle (Puente et al. 2013). The data 
have been transformed into ETRS89/UTM 33N projec-
tion (EPSG:25833) and locally referenced with respect to 

reference points provided by the Bundesamt für Eich- und 
Vermessungswesen (BEV-Austrian federal office for survey-
ing). The resulting absolute accuracy is ± 5 cm. To improve 
the local accuracy of the data, our first approach aimed at 
local co-registration of the individual flight-strips using 
the iterative closes point (ICP) method (Besl and McKay 
1992). To minimise the measurement noise, a sophisticated 
approach described by Nothegger (2011) has been applied. 
The core idea is to investigate the local neigbourhood of a 
point. Based on a local density estimation, the resulting point 
is shifted to the highest density of its neighboring points 
along a robustly estimated local surface normal. Figure 6 
shows the resulting point cloud and the therefrom derived 
3D-triangulation mesh. The local accuracy of the resulting 
model was ± 2 cm. Considering the expected deformation 
of the bridge, this was still not sufficient.

To increase the accuracy of the resulting profile describ-
ing the side beam, we localised the modelling approach 
further; i.e. we defined a vertical reference plane intersect-
ing the side-beam. For each flight strip, we extracted points 
within a certain distance to this reference plane, projected 
them into a 2D-reference system, fit natural cubic 2D-splines 
into each of these point clouds and finally calculated an aver-
age profile-spline based on all the individual profiles. The 
spline describing knots were defined with 10 m distance. 
This was done for all available datasets, i.e. morning and 
afternoon acquisition of Eastern and Western side-beam of 
the April campaign and western side beam of the October 
campaign.

2.5 � MLS

2.5.1 � Data Acquisition System

In addition to the UAV-based measurements using ALS, data 
acquisition on Seitenhafenbrücke was also carried out using 
a truck-mounted mobile mapping device. Originating from 
network wide data collection of road surface properties, the 
mobile laboratory RoadSTAR (see Fig. 1) records numerous 
relevant surface parameters of a roadway in a single pass. 
These parameters include skid resistance, longitudinal and 
transverse evenness and macro texture.

Fig. 6   UAV-ALS measure-
ments from the morning flight 
on April 9th, 2020. The image 
shows the ALS point cloud 
(left) and the derived mesh 
(right)
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While RoadSTAR was designed to capture the pavement 
surface, its range is in many cases sufficient to capture also 
parts of the edge beam surface. To allow this, RoadSTAR 
needs to drive close to the edge beam, while the space 
between laser scanners and edge beam must not be obscured 
(e.g. by a vehicle restraint system).

For the task at hand, the Fraunhofer PPS profile scan-
ner (see Fig. 7, left) was used to record the surface of the 
roadway or pavement. The profile scanner is mounted on 
the front of the vehicle and covers a width on the ground of 
4 m with 800 profiles per second. The point spacing in the 
transverse direction is approximately 5 mm. The measure-
ment uncertainty � (i.e. 1 standard deviation) is given as 0.15 
mm for 100 points on a surface with a reflectance of 80%. 
An Applanix POS LV420 dead reckoning system is used for 
positioning and attitude determination (cf. Fig. 7, right). For 
post-processing of the trajectory, virtual reference stations 
were created by EPOSA (EPOSA 2022) in the immediate 
vicinity of the surveyed bridge.

The RoadSTAR data acquisition is limited to the surface 
of the bridge, which typically has a pavement (often mastic 
asphalt or SMA) applied to it, which may have a different 
deformation behaviour from the bridge.

2.5.2 � Data Collection

To capture the full diurnal variations of the temperature-
caused bridge deformations, measurements were conducted 
on 2020-04-09 from 08:05 to 09:17 and from 14:30 to 15:35. 
The bridge has two lanes, so two runs were necessary to 
cover the full width of the bridge. Four runs were done in 
each direction in the morning and two runs in each direction 
in the afternoon. The distance between the two abutments 
is approximately 135 m. The vehicle speed was between 30 
and 40 km/h.

2.5.3 � Data Processing

In the first step, the recorded trajectory of the positioning and 
attitude system was post-processed. Therefore, RINEX data 
of a virtual reference station, created by service provider 

EPOSA (EPOSA 2022), was used together with the recorded 
data of the GNSS receivers, the IMU and the DMI data. The 
result is the ‘Smoothed Best Estimate Trajectory’ (SBET) of 
the driven paths including the attitude of the measurement 
system over the bridge. The SBET was exported in ETRS89/
UTM 33N coordinate system. The resolution of the SBET 
is 200 Hz, which corresponds to approximately 5 cm on the 
ground.

From the SBET and the recorded laser scanner data, point 
clouds were calculated for each pass over the bridge. This 
results in one LAZ file per pass. To remove inevitable meas-
urement inaccuracies of the trajectory, the resulting point 
clouds have been aligned. Therefore, spots in the area of the 
north and south abutment of the bridge were identified in 
the point clouds. These two points lie on the abutment and 
cannot move due to changing temperature.

Subsequently, all point clouds were translated to have 
an identical northern reference point. Afterwards, the point 
clouds were scaled in x, y and z direction so that the point 
clouds share the same identical southern reference point. 
The translations and the scaling were in the range of 10 cm. 
Using this method, the height variations along the bridge 
were preserved.

Through the aligned point clouds, 16 longitudinal profiles 
were fitted along the bridge with a transversal spacing of 
0.5 m, 8 in southbound, 8 in northbound direction (Fig. 8). 
The profiles have a longitudinal sampling of 1 m. Due to the 
alignment of the measurement runs, the longitudinal pro-
files cut the bridge at identical locations and for all further 
comparisons, only the z-coordinate of the points has to be 
considered. Each profile was then averaged separately for all 
morning and all afternoon trips.

2.6 � Temperature

The change of weather conditions between consecutive 
measurements might cause significant changes of the bridge 
deformation that have to be compensated. To avoid using 
any sensors mounted on the bridge to measure the on-site 
temperature, a finite element method was applied. It uses 
solely the available meteorological data: air temperature, 

Fig. 7   Left: the Fraunhofer 
PPS profile scanner. Right: the 
Applanix POS LV420 dead 
reckoning system
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wind speed and solar radiation (recalculated from sunshine 
duration per hour) and allows determination of effective 
temperature gradient ( TG ) and the uniform temperature 
( Tu ) at a given time. These parameters are the most suitable 
for further application as the temperature loads on a com-
monly used beam model of the bridge (Sanio et al. 2017). 
Temperature related deformations calculated in such a way 
are subtracted from the deformation measurements. In case 
of statically determined bridges, the temperature induced 
deformations ( wΔT ) for all longitudinal coordinates x can be 
calculated directly using Eq. (2), with the only uncertainty 
being expansion coefficient �

t
 (Zhou et al. 2021):

3 � Results

3.1 � InSAR

Both vertical and horizontal deformation component series 
are based on the deformation results of the prevailing cluster 
around the in situ measurement locations. By considering 
the time series of all corresponding persistent scatterers, the 
resulting ensembles do not only provide single point meas-
urements, but also some indication about the measurement 
uncertainty. Consequently, results are presented as ensemble 
average (i.e. arithmetic mean) and ensemble range (i.e. mini-
mum and maximum) for the six ensembles around the in situ 
measurement locations of the water-level gauge deformation 
sensors.

3.1.1 � Vertical Deformation

The main advantage of assessing the vertical deforma-
tion component is the possibility to validate the results 
with accurate in situ measurements. Overall results of 
the satellite-based vertical deformation monitoring are 
remarkably accurate (Fig. 9). This is especially true for the 
southern part of the bridge (sensors S5 and S6) as well as 

(2)wΔT =
ΔTG ⋅ �

t
⋅ x

2 ⋅ height
⋅ (x − length)

the northern middle part of the bridge (sensor S3), where 
the mean absolute deviation between the two measure-
ments is less than 2 mm (Fig. 10). Results for the center of 
the bridge (sensor S4) indicate an underestimation of the 
actual deformation. While the mean absolute deviation is 
around 5 mm, the maximum underestimation is up to more 
than 10 mm in winter and close to 8 mm in summer. The 
northern part of the bridge yields somewhat inconsistent 
results, as satellite measurements suggest virtually anti-
cyclic deformation patterns as opposed to the measured 
bridge deformation. Mean absolute deviation between the 
two measurements ranges between 3 mm (sensor S2) and 
4 mm (sensor S1). 

3.1.2 � Horizontal Deformation

Horizontal deformation is reported with respect to the azi-
muth look direction of the satellite sensor on a descend-
ing orbit. This corresponds almost perfectly to move-
ments along the lateral axis of the bridge, as the ALD 
of the respective descending Sentinel-1 orbits exhibits a 
clockwise shift of 14.6◦ from an east-west axis. At the 
same time, Seitenhafenbrücke is oriented from ENE to 
WSW, which results in the descending ALD being nearly 
orthogonal to the bridge orientation. Overall, the horizon-
tal deformation components are less pronounced than the 
vertical ones. A summary of the deformation ensembles 
around the in situ sensor locations shows diametrically 
opposed movement patterns for most locations (Fig. 11). 
This is consistent with expected bridge expansion in sum-
mer and contraction in winter, and becomes clearer when 
considering the spatial location of deformation clusters 
(Fig. 12). Points belonging to the violet cluster are located 
on the western side of the bridge, and exhibit a seasonal 
movement of 5 mm towards west in summer, and 5 mm 
towards east in winter, resulting in an absolute annual 
deformation range of 1 cm. The opposite applies to PSI 
points in the blue cluster, which are located on the east-
ern side of the bridge and move towards east in summer 
and back towards west in winter. The green and red clus-
ters are difficult to interpret, as they show no consistent 

Fig. 8   Left: fitted longitudinal 
profiles on the bridge deck. 
Red lines signify profiles in 
southbound direction, cyan lines 
show profiles in northbound 
direction. Right: detail of longi-
tudinal profiles running on the 
bridge deck surface
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picture. Some members of the green cluster (e.g. around 
sensors S2, S3 and S6) could be considered a slightly less 
pronounced version of the movement patterns in the blue 

cluster. The red cluster, however, is basically noise that 
occurs on the southern and northern bridge ramps rather 
than directly on the bridge. 

Fig. 9   Comparison of vertical bridge deformation patterns between 
in  situ measurements and InSAR-based measurements for all six 
water-level gauge sensors on the bridge. In  situ measurements are 
displayed as original measurements (green) and a smoothed version 
(using local regression) of these measurements (blue). Results for the 

PSI time series are displayed as summary of the whole ensemble: The 
orange line shows the mean deformation across all chosen InSAR PS 
points, the shaded area displays the deformation range of the respec-
tive ensembles

Fig. 10   Difference between in  situ measurements and InSAR-based 
measurements of vertical deformation for all six water-level gauge 
sensors on the bridge. The black line shows the mean deformation 

difference across all chosen InSAR PS points, the shaded area dis-
plays the range of the difference in the respective ensembles
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Fig. 11   InSAR-based measurements of the horizontal deformation 
component in azimuth-look-direction, summarised around the six 
water-level gauge sensors on the bridge. The solid lines show the 
mean deformation difference across all chosen InSAR PS points, 

the shaded area displays the range of the difference in the respective 
ensembles. Colors signify the four clusters derived via longitudinal 
k-means clustering (c.f. Fig. 12). Positive values correspond to east-
ward movement, negative values indicate westward movement

Fig. 12   Time series clusters for horizontal deformation component 
obtained via longitudinal k-means clustering of the deformation time 
series (A) and corresponding location of cluster points on the bridge 

(B). Positive values correspond to eastward movement, negative val-
ues indicate westward movement
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3.2 � ALS

To evaluate the achievable accuracy of our approach, we 
investigated the extracted, spline-based profiles in com-
parison to ground-truth data determined by the water-level 
gauge. Figure 13 shows the height differences between the 
profiles approximated for the Western edge beam for all 
three ALS-campaigns (April morning and afternoon and 
October). As described in Sect. 2.4.2, during the first cam-
paign, we aimed at capturing the bottom side of the edge 
beam. This limited the area that could be captured due to 
the minimum flight height above the ground to avoid hitting 
obstacles. Therefore, the area between reference point S2 
and S5 (approximately 60 m of the bridge construction) has 
been evaluated. As height reference, S2 was selected, i.e. the 
profiles were set to identical height at these points resulting 
in a height difference of 0 mm.

The solid lines represent the measured differences 
between the profiles at the different timestamps while the 
dotted line show the difference of the reference data deter-
mined by the water-level gauge at the reference points 

S2–S5. We can see that the relative trend can be determined 
properly for all three measurements. The significantly higher 
variation at S3 can probably be explained by the fact that the 
October campaign aimed at measuring the upper side of the 
side beam, i.e. a minor variation of the construction may 
have influenced the result as this peak is not detected when 
comparing the two measurements of April, both capturing 
the downward facing side.

3.3 � MLS

Figure 14 shows an example of the height curves of the 
averaged profiles for the southbound direction, with relative 
heights in [mm] from the northern reference point shown 
here. In addition, the range of relative heights in [mm] is 
given for each reference point. The curves show a consistent 
picture with ranges in the range of 1–6 mm. The locations 
with larger ranges are located at gullies that are situated at 
the edge of the bridge deck. In these locations, the profile fit-
ting of the surface leads to larger variations between profiles.

Fig. 13   Comparison of ALS-
based deformation differences 
with reference in situ meas-
urements. Note that reference 
measurements are interpolated 
using simple X-splines (dashed 
lines) to visually aid in the 
comparison of ALS and in situ 
measurements

Fig. 14   Average relative height 
of the approximated lines for 
all morning measurements 
(top) and ranges of the relative 
heights at the of the supporting 
points of the lines (bottom)
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Differences for each of the 16 averaged morning and 
afternoon profiles show a consistent picture. Under the jus-
tified assumption that the deformations of the bridge and the 
asphalt surface are identical during the day, this represents 
the deformation of the bridge in the (spatial) area of the 
respective line.

Assuming that the deformation of the bridge in the trans-
verse direction remains the same, i.e. no torsion occurs, the 
differences of the individual lines can be averaged. This was 
done for both the northbound and southbound directions. 
Figure 15 shows the height differences between morning and 
afternoon for each of the 8 lines of the southbound direction 
as well as the averaged deformation (thick black line).

Figure 16 shows the average height differences in the 
transverse direction between morning and afternoon for both 
directions of travel. In addition, the height differences of the 
electronic water-level gauge sensors are shown as blue dots, 
which result in the average of the measurement periods of 
the laser scans in the morning and afternoon. In the north-
bound direction, the agreement with the differences from the 
electronic water-level gauge is high except for the fifth point.

Table 2 shows the deviations between the water-level 
gauge and the mobile mapping measurement for both direc-
tions. The average deviation in southbound direction is 3.6 
mm, in northbound direction it is 1.1 mm.

3.4 � Temperature

Using the existing monitoring system on Seitenhafen-
brücke the proposed method for a temperature induced 
displacement was estimated and validated over 2 years 
with a timestep of one hour (Fig. 20). The bridge cross 
section was modelled with 2d elements and loaded on 
all outer sides with the air temperature, with respect to 
the convection coefficient, and with sun radiation applied 
on the upper surface including its reflection property. 
Resulting surface temperatures were compared to two 

Fig. 15   Height differences 
between afternoon and morning 
for each of the 8 lines of the 
southbound direction. The thick 
black line shows the average 
deformation

Fig. 16   Comparison of daily 
deformation differences 
between afternoon and morning. 
Blue dots show the measure-
ments taken at the locations of 
the water-level gauge. Lines 
show deformation differences 
obtained via mobile laser 
scanning, displayed as average 
across the 8 lines of each direc-
tion

Table 2   Difference Δ showing the daily variation (morning-after-
noon) between the water-level gauge measurements (sensors and cor-
responding location) and the RoadSTAR measurements, at the sta-
tions of the water-level gauge sensors

Sensor Location [m] Δ direction: South 
[mm]

Δ direction: 
North [mm]

S0 1 − 0.4 − 1.2
S1 11 4.0 2.0
S2 24 4.3 0.8
S3 45 2.7 − 0.3
S4 65 6.6 3.6
S5 85 3.7 1.1
S6 97 4.7 1.9

Average 3.6 1.1
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temperature sensors mounted on the lower side of the 
bridge surface (Fig. 17). The standard deviation of the 
differences was equal to 1.34 °C. After obtaining the 

temperature distribution over the cross section, the uni-
form temperature and the linear gradient could be calcu-
lated (Fig. 18).

Fig. 17   Comparison between 
measured and FE-based tem-
perature of Seitenhafenbrücke 

Fig. 18   Temperature distribu-
tion and recalculated uniform 
temperature and linear gradient 
for 2013-05-01 15:00

Fig. 19   FE model of Seiten-
hafenbrücke showing tempera-
ture induced deformation

Fig. 20   Comparison between 
measured (dashed) and 
modelled (solid line) bridge 
deformations in time
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As Seitenhafenbrücke is statically undetermined, a beam 
FE model of the bridge was needed to calculate the tempera-
ture induced deformation (Fig. 19). In this case, a soil–struc-
ture interaction contributed to the vertical deformation as it 
affected the bridge elongation. Therefore a model update 
was needed to achieve the same behaviour observed in the 
measurement. In case no monitoring system was mounted, 
this would have led to the need for several consecutive 
deformation measurements to obtain the deformation pat-
tern. Upon correcting for this deformation component, a pre-
diction with a standard deviation of 2.3 mm was achieved 
across all mounted sensors (Fig. 20).

4 � Discussion

4.1 � InSAR

Despite the relatively low spatial resolution as well as 
various measurement uncertainties, which thwart reach-
ing millimetric accuracy (that could be achieved in theory) 
in this practical example, results underline the potential of 
InSAR for continuous long-term monitoring of engineer-
ing structures. Especially, the monitoring of long-term 
deformation patterns and the detection of potential move-
ment trends are promising application areas. In the case of 
Seitenhafenbrücke the overall seasonality is captured quite 
well. In cases of extreme seasonal deformation, the InSAR 
based measurements tend to underestimate the displacement 
rate in some cases. To some extent, this is likely due to the 
time series smoothing applied during the post-processing. 
While LOESS (or other filtering methods for that matter) is 
useful for decreasing noise and thus obtaining more robust 
results, it could to some extent amplify the underestimation 
of peak deformation rates in time series exhibiting strong 
seasonality.

The actual quality of the obtainable results is strongly 
dependent on the recording geometry and local conditions 
(Schlögl et al. 2022). Taking bridges as an example, this 
specifically concerns the following aspects:

–	 The orientation of the bridge: An orientation which 
faces approximately north–south—i.e. in the satellite 
flight direction—is usually more favorable than an east-
west orientation, because potentially more scatterers or 
reflectors are available. In addition, the sensitivity for 
displacements occurring horizontally in North–South 
direction is very limited due to the viewing geometry on 
sun-synchronous orbits.

–	 The surroundings of the bridge: Objects in densely built-
up areas are more difficult to analyse than bridges in the 
proverbial ‘green field’. This is due to the high back-

scatter intensity in built-up areas, which complicates the 
measurement of object-specific deformation signals.

–	 The height of the bridge above ground level: The higher 
a bridge is above ground level (i.e. the digital elevation 
model used in the processing), the more difficult it is to 
precisely geolocate the PS points.

–	 The location of the bridge in the terrain: Effects caused 
by pronounced topography, such as layover or radar 
shadow, complicate analyses in mountainous terrain.

Since Sentinel-1 InSAR data are freely available, InSAR-
based deformation analyses are a cost-effective method for 
long-term monitoring of engineering structures. Continu-
ous monitoring of infrastructure assets can potentially be 
provided over large areas (e.g. network wide) with weekly 
updates and sub-centimetric accuracy. At the same time, 
there are three main issues that render a broad application 
of this method somewhat cumbersome. First, solid expertise 
in radar remote sensing is required to conduct multitempo-
ral interferometric analysis. Second, depending on the area 
of interest and the update frequency, potentially substantial 
processing resources are needed for analysing large stacks of 
SLC data sets. Third, the extensive post-processing of time 
series that is necessary to obtain robust and interpretable 
results from deformations in satellite line-of-sight does not 
make the preparation of PSI data a straightforward endeavor.

Employing the mean of the whole area as a reference 
instead of using a dedicated reference point might intro-
duce uncertainties caused by possible surface displacements 
within the area, as well as errors in tropospheric correc-
tion due to atmospheric variability. To some extent, this is 
a trade-off between optimising the processing towards high 
accuracy for single structures, and covering larger areas, e.g. 
in whole cities.

Open issues where further research is needed to translate 
deformation monitoring of infrastructure assets into prac-
tical applications specifically relate to three main aspects. 
First, uncertainties which stem from, e.g. atmospheric 
effects or artifacts of phase-unwrapping problems need to be 
tackled and reduced further. Second, further developments 
in statistical post-processing of time series are required. The 
processing chain described here leads to a slight underes-
timation of certain deformation patterns. To increase the 
robustness of the results, reductions in the accuracy of the 
deformation measurements in the summer maximum and 
winter minimum in the middle of the bridge were accepted 
to some extent. Third, the development of algorithms for 
the detection of abnormal behavior are considered a crucial 
issue for future work with high potential. The overall aim 
has to be to move from ex post analysis showing deforma-
tion patterns in hindsight towards automated early warning 
systems that issue warnings proactively.
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4.2 � ALS

Basically, the achievable accuracy of the UAV-based appli-
cation of LiDAR sensors is limited by three factors:

–	 Accuracy and precision of the LiDAR sensor,
–	 Accuracy of the sensor used for georeferencing (GNSS/

IMU sensor),
–	 Availability and quality of stable reference points.

The 4DU-Scanner integrates two Velodyne Puck LiDAR 
sensors. The range accuracy of this sensor is ±30 mm com-
prising measurement noise and angle measurement errors 
due to lack in calibration. The RMS of the positioning error 
of the Applanix APX-15 GNSS/IMU sensor is specified with 
20–50 mm under optimum conditions. Especially for the 
April campaign, aiming at flight heights below the bridge 
level causing varying visibility of available satellites, it has 
to be expected that the quality of the trajectory is below 
this expectations. Reference points have not been avail-
able. Aiming at fast and efficient measurement solutions, 
the establishment of a geodetic network based on stabilised 
marker points is unrealistic. In addition, such points may be 
realised only at stable parts of the construction. In our case, 
such points would not support the quality of the inspected 
area of the bridge.

Considering these circumstances and studying related 
work shows, that the typical achievable total error budget 
after registration and strip-adjustment of such systems is 
approximately ±50 mm. By means of the described pro-
cedure of localising the problem and using a high degree 
of redundancy with respect to the number of ‘independent’ 
measurements, we were able to determine at least the rela-
tive deformation trend with respect to the different thermal 
conditions of the bridge. The deformation was overesti-
mated (approximately factor 2; 5–10 mm differences) and 
only a limited area of the bridge could be investigated due 
to restrictions in safe flight operation (distance to ground).

4.3 � MLS

The investigation of the error budget of the mobile mapping 
system shows two essential components: on the one hand, 
the measurement uncertainty of the laser scanner with less 
than 1 mm, on the other hand, the positioning and angle 
determination with dead reckoning. The position error—and 
in this case of particular interest—the height error is strongly 
dependent on the reception conditions and in the best case is 
in the order of 2–3 cm. The inclusion of IMU data naturally 
leads to stabilisation, which has a positive effect on the con-
sistency of the results. However, position and attitude remain 
the main sources of measurement uncertainty. Considering 
this, the results from the comparison with the results of the 

electronic water-level gauge with differences between 0 and 
6 mm are remarkable. The diurnal variation of bridges is 
in the range of millimetres. Additional measurements are 
necessary to investigate how repeatable the results of mobile 
mapping are and more automation is needed to facilitate 
the process from raw measurement data to the deformation 
result.

4.4 � Temperature

Estimating the bridge temperature based on weather data 
and an FE Model introduces a minor degree of uncertainty 
in comparison to the mounted sensors. The big advan-
tage is, however, that the outcome determines exactly the 
parameters needed for temperature compensation instead of 
the usually measured surface temperature. Therefore, the 
results obtained through this method can rather be consid-
ered superior to the sensor-based data, despite the slightly 
higher uncertainty. Statically determined bridges experience 
expansion in the longitudinal direction (due to uniform tem-
perature) and curvature of the cross section over height (due 
to the temperature gradient). The first one is unimportant for 
the purpose of deformation compensation, the latter is only 
related to the expansion coefficient. For statically indetermi-
nate bridges such as Seitenhafenbrücke, the two components 
act simultaneously and the effectiveness of the temperature 
compensation depends mostly on the accuracy of the FE 
model. It should be noted that with increasing number of 
measurements, the uncertainties of temperature compensa-
tion can be reduced. An important issue is the deformation 
pattern, which is usually different for temperature loading 
and damage-induced deformation of the bridge.

4.5 � Comparison

The three different remote sensing measurement techniques 
described here are substantially different in terms of meth-
odology, accuracy as well as temporal and spatial resolu-
tion. Consequently, each of these methods does have its own 
benefits and limitations, and their practicability is dependent 
on the context and the intended purpose of the monitoring.

The biggest advantages of satellite-based InSAR analyses 
are the possibility to cover large areas (i.e. the whole net-
work), the high temporal resolution, and the low invasivity in 
terms of traffic interruptions. In addition, retrospective anal-
yses are possible, as long as InSAR data covering the area 
are available and the viewing geometry of the bridge allows 
for the detection of persistent scatterers. These benefits come 
at the cost of reduced accuracy in practice, especially in case 
of heavy traffic and during challenging atmospheric condi-
tions. In addition, the quality of achievable results is depend-
ent on the type of object under consideration, the viewing 
geometry, and the topography of the surroundings. While 
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this entails that the InSAR method will not work equally 
well for all bridges, or even might not work at all in some 
unfavourable cases, this problem can be alleviated to some 
extent using artificial corner reflectors (Selvakumaran et al. 
2019). It should also be noted that InSAR analyses require 
a rather complex processing pipeline as well as substantial 
computational resources for processing and storing data. In 
addition, the interpretation of results is not always straight-
forward for people unfamiliar with SAR remote sensing, 
for instance if deformations are reported in satellite line-of-
sight. While recent endeavors related to the establishment of 
a European Ground Motion Service (Crosetto et al. 2020), 
the implementation of national ground motion services as 
well as the processing on demand services (such as ESA’s 
Geohazard Thematic Exploitation Platform) have substan-
tially lowered the entry barrier and facilitated the access 
to InSAR data for a broader community, results obtained 
at continental or country scale do need to be handled with 
care when seeking to assess specific objects. Thus, InSAR is 
recommended for (either continuous or retrospective) long-
term monitoring, and for the assessment of general trends. 
Next steps should focus on enhancing continuous monitoring 
towards early warning applications, which could then trig-
ger a more detailed scrutiny in case unusual deformation 
patterns are detected.

Among the presented methods, ALS provides the highest 
flexibility concerning the accessibility of the area of inter-
est of a bridge. Considering the construction of the Seiten-
hafenbrücke, the shape of the edge beam has the highest 
probability to represent the current shape of the bridge; i.e. 
a deformation of the bridge can be observed most reliably, 
if capturing and modelling the edge beam at different dates 
and derive the respective deformation model. While InSAR 
models are derived from distinct points which are dependent 
on the bridge geometry and MLS-based data acquisition, if 
applied as described within this article, is limited to the area 
close to the vehicle, the UAV, used for ALS, may generally 
be directed to any viewing position to capture the desired 
structure. However, it turned out that the configuration of 
the flight path, especially the potential limitation of available 
GNSS signals for precise positioning as well as the inci-
dence angle of the emitted laser beams for distance meas-
urement, limits the achievable accuracy of this approach. 
Therefore, proper planning of the UAV mission is of crucial 
importance to achieve the best results possible. Compared 
to the MLS approach, the absolute accuracy of ALS is lower 
due to the restrictions introduced by the limited size and 
weight of the georeferencing sensors that can be applied by 
UAV. However, the relative trend of the model deformation, 
observed at different timestamps, could be determined with 
the described approach.

The broader idea behind the use of MLS for deforma-
tion measurement is that valid data about the deformation 

of many bridge objects distributed over the network can be 
obtained, which are collected in the context of network-wide 
road condition surveys. Through recurring, network-wide 
inspections, a time series for many non-instrumented bridges 
could be obtained without additional measurement effort. 
During network surveying, the day and time a certain bridge 
is passed is not determined beforehand, therefore it cannot 
be guaranteed that environmental conditions of two runs are 
comparable. Hence, it is necessary to integrate a tempera-
ture-deformation model for each bridge in order to compen-
sate for different ambient temperatures. Over longer periods 
of time—the inspection intervals for network-wide condi-
tion monitoring are usually 4–5 years—it cannot be safely 
assumed that the bridge deck pavement will undergo the 
same deformations as the bridge structure itself. As shown 
at the example of Seitenhafenbrücke, averaging over several 
lines along the structure seems beneficial in mitigating this 
issue. This avoids that shoving or delamination in the wheel 
tracks leads to incorrect deformations. For economic rea-
sons, it does not seem feasible to interrupt the road condition 
survey runs at each bridge to gather additional data through 
repeated measurements. Therefore, a trial on a bridge (ide-
ally an instrumented one) over a longer period (e.g. 3 years) 
with single measurements every month would be beneficial 
to get sound evidence on the potential of using just single 
runs. On the plus side, the mobile mapping systems provides 
a wealth of additional data on the condition of the bridge 
deck (e.g. ruts, surface defects, guard rail, etc.) which are 
beneficial for bridge maintenance planning.

5 � Conclusions

This article presents three remote sensing technologies for 
contactless measurement of bridge deformation. The per-
formance of each method is evaluated in comparison to a 
fixed monitoring system, and merits as well as limitations 
are discussed. Results show that all methods are well capable 
of detecting general deformation trends, albeit exhibiting 
different stages of maturity.

The main application of InSAR lies in long-term con-
tinuous deformation measurement of the overall structure. 
In theory, large areas can be covered at low cost, and at 
quite frequent update intervals (e.g. once per week in case 
of Sentinel-1). However, certain limitations and challenges 
do currently remain when it comes to the practical applica-
tion, at least with respect to frequent updates over large 
areas. Some challenges pertain to the exact estimation of 
certain phase components (e.g. atmospheric phase con-
tribution), the viewing geometry in complex terrain, the 
geometry of the object under consideration, and the poten-
tial underestimation of horizontal and vertical deformation 
components in case of pronounced seasonal deformation 
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patterns. However, InSAR can definitely provide added 
value for the long-term monitoring of engineering struc-
tures, especially if retrospective analyses are desired.

Among the described approaches, ALS based on UAVs 
is the most flexible one with low acquisition costs com-
pared to the described mobile mapping MLS approach, 
and low application and processing demands compared to 
InSAR. However, due to its limitations with respect to size 
and weight of the payload, the achievable accuracy is lim-
ited as well. Nevertheless, we were able to determine the 
deformation trend when comparing the three measurement 
campaigns to the ground-truth data. Hence, this method is 
well suited to be applied complementary to the two other 
approaches, for small and hardly accessible objects, or in 
case of lower accuracy requirements.

Mobile mapping as presented in this paper can be con-
ducted during regular measurement campaigns. MLS-
based deformation measurements can be derived as ‘by-
products’ of recurring network-wide inspections. After 
post-processing, the derived deformations are in a simi-
lar range as provided by the reference. More research is 
needed on the required number of repeated measurements 
to get valid results and detect outliers reliably. This is a 
crucial point for application in practice, as repeated runs at 
each bridge would impede the original purpose of network 
surveying.

In the current stage of development, all three remote sens-
ing methods are suitable for supplementing current struc-
tural condition assessments rather than replacing proven 
methods such as bridge inspections or water-level gauge 
measurements.

Naturally, the task of deformation-based bridge condi-
tion assessment goes beyond the acquisition of measure-
ments on bridge deformation. However, deformation can be 
used as indicator of structural damage for certain damage 
types. By simulating the expected deformation in differ-
ent structural conditions, thereby specifically accounting 
for temperature-based deformation, and comparing the 
modelled deformation with measurement results obtained 
through various remote sensing technologies, an assessment 
of the structural condition can be attempted. While the goal 
of this investigation was to provide a contrasting juxtaposi-
tion of measurement techniques, thereby focusing on the 
acquisition of bridge shape data and consequent evaluation 
of bridge deformation, some of the acquired data can also be 
used for further processing to identify the actual condition 
of the bridge and thus provide help in bridge assessment and 
maintenance planning.
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