Combination of GPS and RTS measurements for
the monitoring of semi-static and dynamic
motion of pedestrian bridge

P.A. Psimoulis, I. Peppa, L. Bonenberg, S. Ince, X. Meng
Nottingham Geospatial Institute, Department of Civil Engineering,
The University of Nottingham, Jubilee Campus, Triumph Road, Nottingham, UK, NG7 2TU

Abstract. GPS and accelerometers have been
broadly used the last decade for the monitoring of
flexible structures and bridges, while Robotic Total
Station (RTS) has been successfully assessed for
the monitoring of slow and dynamic motions.
Further experimental studies have revealed specific
drawbacks of the GPS (multipath, etc.) and RTS
(clipping, etc.) monitoring techniques and how
these can be surpassed by their combined use. In
the current study, we assess the performance of the
complementary use of GPS and RTS for the
monitoring of the semi-static and dynamic
displacement of a relatively rigid pedestrian bridge,
with main modal frequency more than 1Hz.

Two RTS and GPS receivers were synchronised
monitoring the deflection of the two sides of the
mid-span of the bridge, while pedestrians excited
the bridge. Several excitations (walking, marching,
jumping, etc.) were examined, causing semi-static
and/or dynamic displacement of the bridge, and
rotation of the deck, of different amplitude and
frequencies. The analysis of the RTS and GPS
time-series, which was based on spectral analysis
and band-pass filtering of the time-series, resulted
to low- and high-frequency component expressing
the semi-static and dynamic displacement. Finally,
the combination of the GPS and RTS time-series
made possible the estimation of 1-4mm semi-static
displacement, the 5-10mm dynamic displacement
and the estimation of the main modal frequencies.
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1 Introduction

There has been a great interest in the recent years
for the monitoring of the structure response, as the
latter is being used for the design of structures
(Bardakis and Fardis, 2011) and the estimation of

the structural health, leading to the maintenance of
the structure (Knecht and Manetti, 2001; Psimoulis
and Stiros, 2011; Moschas and Stiros, 2014). Until
the last decade, the structure monitoring was based
mainly on accelerometers, strain gauges, etc.,
providing mainly the frequencies of the structure
motion and the corresponding strain. However, the
introduction of the geodetic sensors and mainly GPS
contributed significantly to the estimation of the
displacement of the structure in a Cartesian
coordinate system, independent of the structure.
Apart from the GPS, and recently GNSS systems,
which is mainly used for the bridge monitoring
(Meng et al., 2007; Roberts and Brown, 2010), other
geodetic techniques, such as Robotic Total Station
(Stiros and Psimoulis, 2012; Psimoulis and Stiros,
2013), interferometric radar (Dei et al., 2009;
Gentile, 2010) and combination of Total Station
with camera (Charalambous et al., 2015) have been
recently introduced for more accurate estimation of
the structure displacement. The geodetic techniques
have different advantages and limitations for
monitoring long- and short-period deflection of
structures, resulting many times in their combined
use in order to overcome their drawbacks and
estimate reliably the structure response (Moschas et
al., 2013). The GPS can record high frequency
oscillations, but the signal-to-noise ratio reduces for
small amplitude oscillation, below cm-level
(Psimoulis and Stiros, 2012). On the other hand,
RTS seem to be more suitable for small amplitude
oscillations (a few mm), of low frequency (<2-3Hz),
with high signal-to-noise ratio, having problems
though such as the clipping, jittering etc (Psimoulis
and Stiros, 2007; Stiros et al., 2008).

In the current study, we assess the use of GPS and
RTS for the monitoring of long- and short-period
response of a pedestrian bridge and the estimation of
the corresponding characteristics (amplitude and
frequency). The bridge was excited in many
different ways, varying in load type and load
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weight, aiming to examine the accuracy and the
performance of the GPS and RTS for the different
responses of the bridge. This study tests the
limitations of the two techniques and shows that by
using the appropriate analysis methods, is possible
to estimate reliably the response of the bridge by
reducing the noise of the two instruments.

2 Monitoring of Wilford Bridge

The Wilford suspension bridge is a pedestrian
bridge (Fig, 1), consisted of two masonry
anchorages and two main cables supporting the
deck. Many studies have been made in the past
from the University of Nottingham aiming to assess
the GPS for bridge monitoring and to develop
techniques improving its accuracy (Meo et al,
2006; Meng et al., 2007; Roberts et al., 2010). The
bridge is characterised by displacement of up to few
cm level and modal frequencies more than 1Hz
(Meo et al., 2006), making it an ideal structure for
monitoring testing. The bridge is constructed in
1904 with a span of 3.65m wide and 68.58m long,
and it is composed of a steel deck covered by a
floor of wooden slats. In 2010, the bridge was
reopened after a 2-year renovation period, leading
to possible modification of the main modal
frequencies (Yu et al., 2014).

For the monitoring of the pedestrian bridge were
used three GPS receivers, two RTS, an IMU and an
inclinometer. The two GPS antennas were mounted
with two 360° reflectors on top of the handrails at
the two sides of the midspan, while the IMU and
the inclinometer were installed, also, at the midspan
at the deck level. The two reflectors were monitored
by the two RTS (Leica TS30 and TS50) from a
distance of ~70m, with capacity of sampling rate up
to 10Hz (Fig. 2). Regarding the GPS stations, they

Fig. 1: Wilford pedestrian bridge

were consisted of a Leica antenna type AS10 and
receiver GS10. The third GPS station was set about
100m far from the bridge, used as the reference
station for the bridge monitoring. The midspan was
selected, as this was the point were the maximum
displacement was expected from the bridge
excitation.

The bridge was excited by a group of 15 people,
who produced four different types of vibrations of
the bridge. More specifically, they excited the
bridge by walking, jumping, swaying laterally to the
bridge and marching. In total there were 12 different
events of excitations, varying in type and load. All
the excitations lasted from 30 to 60s. For the
purpose of this study, we focused on three events
(walking, jumping and marching), for the pair of the
GPS and RTS records from the same side of the
midspan. The IMU and the inclinometer sensors
were used in this study only for the verification of
the excitation starting and ending time.

3. Data analysis

3.1 GPS/RTS records preliminary
processing

The GPS records were processed using the software
Leica Geo Office 8.3. During the measurements
there were 9 GPS and 9 GLONASS visible
satellites. In order to be consistent with the GPS
monitoring of the bridge from previous studies
(Meng et al., 2007; Meo et al., 2006), we used only
the GPS measurements. The cut-off angle was set to
15° and ambiguities were fixed to both L1/L2
frequencies. The GPS records processed in

kinematic mode, resulting in coordinate time series
of North, East and vertical component.

Fig. 2: The RTS with the GPS station for recording
in GPS time (left) and the GPS antenna with the
reflector mounted on the handrail at the midspan of
the bridge (right).
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Fig. 3: The GPS coordinate system (N,E,U; red
axes) and the bridge coordinate system (lateral,
longitudinal, vertical, white axes), both in plan
view. The vertical component is component
between.

Then, the NEU coordinate system of the GPS time
series was transformed by rotating clockwise, in
order to coincide with the bridge coordinate system.
Thus the NS and EW GPS timeseries were
transformed into the lateral and the longitudinal
axis of the bridge (Fig. 3).

Regarding the RTS, it was recording in GPS time,
thanks to the integrated GPS station with the RTS
(the Leica Viva Smartstation), and in a Cartesian
coordinate system which was pre-defined according
to the coordinate system of the bridge. Thus, the
RTS records provide directly the kinematic
coordinates in the coordinate system of the bridge
(longitudinal, lateral and vertical).

Finally both GPS and RTS time series were
transformed by shifting their origin point, in order
the latter to correspond to the equilibrium of the
monitoring station. Thus, the mean average of the
first 60 seconds for each time series was subtracted
and then the time series corresponding to the
displacement of the lateral/longitudinal/vertical axis
derived.

3.2 GPS/RTS time series analysis

In Figure 4 are presented the vertical GPS and RTS
time series for the entire duration of the
measurements. It is clear that the RTS time series
express mainly the vertical displacement of the
bridge due to the excitations, which varies
depending on the type of the excitation. The GPS
time series are clearly affected by long-period
noise, expressing probably obstruction error (e.g.
by the cables), multipath error, etc. (Moschas et al.,
2013), making difficult the detection of the
displacement due to the excitation. However,
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further analysis can be applied for the estimation of
the deflection displacement from the GPS time
series.

The current study focused on the 3", 4™ and 10™
excitation, which corresponds to walking, jumping
and marching. Each excitation period was analysed
separately by following the same methodology.

The main aim of the methodology was to analyse
the initial time series and separate it to two time
series of long-period and short-period component
expressing potentially the semi-static and the
dynamic displacement of the bridge. Afterwards, the
amplitude of the semi-static and the dynamic
displacement will be estimated according to the
amplitude of the long- and short-period component
during the excitation period. The separation of the
initial time series to the short- and long-period
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Fig. 4: The GPS (top) and RTS (bottom) vertical
time series for the entire duration of the

measurements. The different colour zones define the
period of each excitation.



component was made by applying high- and low-
pass Chebyshev filter of 8" order, with the cut-off
frequency defined according to the sensor and its
data characteristics.

More specifically, the cut-off frequency for the
RTS was 0.1Hz in order to detect the semi-static
long-period component, while for the GPS the cut-
off frequency was 0.5 Hz, in order to remove the
long-period noise from the dynamic component.
Furthermore, the sampling rate of the filters was
different between the GPS and RTS, as for GPS it
was 10Hz, while for RTS was varying depending
on the mean sampling rate corresponding to each
excitation.

Finally, the last step of the analysis was the spectral
analysis of the short-period components of the GPS
and RTS time series, aiming to the estimation of the
main frequencies of the motion and the detection of
the main modal frequencies of the bridge. For the
spectral analysis, the use of Lomb-periodogram was
selected due to the unevenly-spaced data of the
RTS (Pytharouli et al., 2008; Psimoulis and Stiros,
2008). However, due to the strong dynamic signal
of the displacement, technique such as DFT would
lead in similar results.

The above methodology was used for the GPS and
RTS time series using the same techniques and
parameters. However, the semi-static displacement
was estimated only based on the RTS long-period
component, due to the significant noise level of the
GPS long-period component, which cannot make
possible the detection of semi-static displacement.

3.3 Walking excitation

In Figure 5 and 6 are presented the GPS and RTS
initial time series and the corresponding short- and
long-period component (the latter only for RTS).
The long-period component of the RTS time series
is clear that, it expresses the semi-static
displacement, reaching the amplitude of 2.4mm.
Regarding the short-period component of the GPS,
the signal during the excitation period is of similar
amplitude as before or after the excitation. More
specifically the amplitude during the excitation is
about is +4mm, while the noise level before or after
the excitation is about £3mm. Thus, the estimation
of the dynamic component is not reliable.

Likewise, the RTS short-period component exceeds
slightly the noise level (+0.4mm), reaching the
amplitude of 1mm, making unclear whether this
expresses dynamic displacement. However, the
spectral analysis reveals three main frequencies of

displacement(mm)

displacement(mm)

240 250 260 270 280 230 300
time(s)

220 230

Figure 5: The initial (top) and the short-period time
series (bottom) of the GPS for the walking
excitation.
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Figure 6: The initial (top) and the short-period time
series (bottom) of the RTS for the walking
excitation. The red line indicates the long-period
component.

1.7Hz, 1.89Hz and 2.03Hz (Fig. 7), which are
statistically significant, corresponding to potential
modal frequencies of the bridge.

3.4 Jumping excitation

The filtering of the initial GPS time series for the
jumping excitation reveals the short-period
component, which is a signal combination of noise
and dynamic displacement (Fig. 8); the maximum
estimated dynamic amplitude is about 8mm. From
the RTS time series analysis, it is observed that no
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Figure 7: The spectrum of the short-period
component of GPS (blue line) and RTS (red line)
for the walking excitation, with the purple and
green corresponding to the 95% confidence level.
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significant semi-static displacement derives from
the long-period component, while the short-period
component is characterised by clear signal of
dynamic displacement, exceeding the noise level,
reaching up to +8mm (Fig. 9). Furthermore the
spectral analysis of the short-period component of
GPS and RTS revealed the main frequencies of 1.6
Hz (Fig. 10), while there are other neighboring
frequencies both for GPS and RTS, corresponding
probably to the same modal frequency and is the
result of singal leakage. The RTS detect also a
frequency of 2.2Hz, which is not though
statistically significant.
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Figure 8: The same plot as Figure 4 for the GPS for
the jumping excitation.
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Figure 9: The same plot as Figure 5 for the RTS for
the jumping excitation.
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Figure 10: The same plot as Figure 6 of the
spectrum GPS and RTS for the jumping excitation.

3.5 Marching excitation

Regarding the marching excitation the GPS short-
period  component  expresses clearly  the
displacement, with a stronger and more consistent
signal than in case of jumping and amplitude
reaching +8mm (Fig. 11). The RTS time series
consists of the short-period component, expressing
dynamic displacement of amplitude similar of that
of GPS (+7mm), and the long-period component,
expressing clearly a semi-static displacement as it is
increasing during the marching period, with
amplitude reaching up to 2.4mm (Fig. 12). The
spectral analysis of the GPS and RTS short-period
components (Fig. 13) revealed the frequencies of 1.6
Hz, with the RTS spectrum appearing again the
frequency of 2.2 Hz.
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Figure 11: The same plot as Figure 4 for the GPS
for the marching excitation.
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Figure 12: The same plot as Figure 5 for the RTS
for the marching excitation.
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Figure 13: The same plot as Figure 6 of the
spectrum GPS and RTS for the marching excitation.

4. Conclusions

The Wilford pedestrian bridge is a well-monitored
bridge, being the experimental field for many
studies in the past. In the current study, we focused
on the comparison of the analysis of GPS and RTS
data for different types of excitations. The main
outcome of the current study is that RTS proved to
be reliable and accurate in detecting and estimating
small semi-static displacement even of 2.4mm
amplitude, which was caused by a small group of
people (7 people). The accuracy of RTS in detection
of dynamic displacement is higher, however there is
the problem of not describing precisely the
oscillation cycles due to the ranging sampling rate
(Psimoulis and Stiros, 2008).

Regarding GPS, its weakness in monitoring semi-
static displacement of small amplitude was
confirmed, due to the long-period noise in structures
with structural elements, such as cables. However,
by using the appropriate filtering technique was
possible to remove the long-period noise and
estimate reliably the dynamic displacement. The
latter was possible for strong vibrations of the
bridge, caused by jumping or marching. Finally,
with both instruments, it was possible to detect the
main modal frequencies, with GPS being more
precise as the RTS is characterised by more noise in
its spectrum due to the jitter effect.

Finally, regarding the characteristics of the bridge it
is clear that the estimated modal frequencies are
similar with those estimated for the same bridge in
previous studies (Meo et al., 2006; Meng et al.,
2007). However, small deviations, such that of
22Hz, detected by RTS might be due to
modification of the bridge dynamic characteristics,
after the maintenance work of 2011 (Yu et al.,
2014).
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