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Summary

The application of GPS in bridge monitoring aims to determine accurately and

precisely the response of the deck and towers of the bridge and estimate the

main response characteristics (amplitude and modal frequencies). The main

requirement of GPS monitoring is a high level of accuracy and availability of

fixed solutions, which ensure the reliable operation of GPS and result in the

precise estimation of the bridge's response. However, the derived GPS time

series of bridge monitoring can be contaminated by noise, due to the

performance of the GPS satellite(s), the geometry of the GPS satellite constella-

tion and the potential obstructions due to the bridge elements, which can even

lead to GPS solution of poor accuracy and/or precision and result in reduced

efficiency of the performance of the GPS monitoring. This study investigates

the potential contribution of other Global Navigation Satellite Systems (GNSS)

constellations for a more robust and reliable displacement time series solution,

derived from multi-GNSS records. More specifically, a novel method is

developed to derive the optimal combination of GNSS records to determine the

GNSS displacement time series based on checks of parameters which reflect

the geometry of the satellite constellation and the quality of the GNSS satellites

signals. The method is applied in monitoring of the Severn Suspension Bridge,

in the United Kingdom, and it is revealed the enhancement in the GNSS

monitoring performance of the bridge response for specific time intervals for

various locations on the bridge's support towers, suspension cables and deck.

KEYWORD S

bridge response, monitoring, multi-GNSS time series, Severn Suspension Bridge, spectral
analysis

1 | INTRODUCTION

Long-span bridges are one of the key assets of infrastructure, which require continuous structural health monitoring
(SHM) in order to evaluate the bridge response, identify potential malfunction and enhance the maintenance of the
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bridge.1 The specific design of each long-span bridge and the various external dynamic loadings (i.e., wind, temperature
and traffic) result in their complex response. This led to the development of multisensor monitoring systems for long-
span bridges; the wind and structural health monitoring system (WASHMS) of Tsing Ma Bridge is a representative
example, as it consists of more than 800 sensors.1 Apart from the traditional monitoring sensors (e.g., accelerometers
and strain gauges), the Global Positioning System (GPS) has been introduced in bridge monitoring providing direct 3D
displacement, in an independent coordinate system2,3 and high-sampling rate (up to 100 Hz3–5). Several experimental
studies have shown that GPS measurements can accurately monitor dynamic motion of a few mm amplitude, that is,
4–5 mm,6–8 and estimate the motion frequency up to 4–5 Hz,2,9 meeting the requirements of a broad range of bridge
types (flexible or rigid).

Many studies have been conducted on GPS structural monitoring,10–16 aiming to determine the response and the
main modal frequencies of structures.17,18 Even though, in all the aforementioned applications, the GPS monitoring
was generally successful for determining structure response at cm level, it faced challenges due to multipath effects in
the GPS measurements from the structure elements (i.e., towers, cables and passing vehicles on the bridge19) and
obstructions or signal interference producing cycle slips in the GPS measurements,20 resulting in additional coloured
noise and biases.21

Several studies focused on developing techniques to overcome the impact of the GPS monitoring error sources, by
using adaptive filters (AFs),22 or other filtering methodologies such as Chebyshev and Wavelet Transform,21 to mitigate
the multipath impact and reduce the GPS data noise. Another approach is to combine GPS data with other sensors in
order to reduce the impact of the GPS data errors. For instance, the integration of accelerometer with GPS data, by
applying Kalman filter, results to a displacement time series of low noise level23 where the overall system (GPS and
accelerometer) reliability and performance are improved. Robotic Total Stations (RTS) have been combined with GPS
in order to reduce the GPS data errors7,24 and mitigate the impact of the multipath effect in GPS data.19 Also, in case of
poor availability or poor GPS, satellite geometry is to use supplementary sensors such as pseudolites or locatalites.25,26

However, potential inconsistencies between GPS and the other sensors (frequency bands, sampling rate, etc.) limits
their integration.27,28 Thus, the combination of GPS with other sensors cannot always lead to improvement of GPS
displacement accuracy, as it strongly depends on the number of valid satellites and the geometry of the satellite
constellation.

The development of other Global Navigation Satellite Systems (GNSS; GLONASS, Galileo, BeiDou) provides a
complementary solution to overcome some of the limitations of using GPS alone for bridge displacement monitoring. It
is broadly proved in previous studies that the combination of GPS with other GNSS constellations contributes in
improving satellite geometry, due to the increased number of valid satellites,29–31 and leads to the enhancement of the
accuracy32–34 and availability of GNSS solution.35,36

In this study, we investigate whether and under which conditions the contribution of GNSS systems can be
beneficial and enhance the performance of GPS-only monitoring of the Severn Suspension Bridge, in the
United Kingdom. The assessment of the GPS-only and multi-GNSS solutions is based on the quality of the
displacement time series (i.e., noise level and availability) and the accuracy of the estimated modal frequencies.
The GPS-only and multi-GNSS solutions and parameters expressing the quality of the satellite constellation and
the satellite signals are analysed to form a methodology, which can define the solution (GPS-only or multi-GNSS)
that leads to the most reliable estimation of the bridge response (displacement and modal frequencies). Part of this
methodology is to simultaneously use also a zero-baseline measurements at the base-reference station during the
monitoring period, in order to evaluate the quality of the GPS-only and multi-GNSS measurements and their
noise level.

The beneficial contribution of GNSS to enhance GPS performance is well-known.29–35 However, the main aim of
the current study is to develop a methodology, which can be applied by non-experts of GNSS measurements, where the
most reliable multi-GNSS solution will be defined and lead to the estimation of the bridge response characteristics
(displacement and modal frequencies) without adopting any advanced GPS/GNSS processing techniques or integration
of the GNSS receivers with other sensors. The main approach is to use standard GNSS processing techniques, such as
double difference (DD), which can be easily configured and run in real time. Furthermore, even though the methodol-
ogy was developed using the available satellite systems for the monitoring of Severn Bridge, in the United Kingdom,
this methodology can be applied for the monitoring of any major civil engineering infrastructure (i.e., bridges, tall
buildings, etc.) and use any available satellite system of the GNSS technology, according to the availability at the
corresponding geographic area.
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2 | METHODOLOGY

The developed method evaluates the performance of the GPS-only and multi-GNSS solutions in the bridge
monitoring and how the multi-GNSS approach can resolve problems of the GPS-only solution, which is reflected
in the displacement time series as higher noise level or poor availability (i.e., gaps) and reduced accuracy in the
modal frequencies estimation. To evaluate the enhancement which can be achieved by including other satellite
systems, zero-baseline measurements need to be conducted, where two GNSS receivers are connected with the
same antenna; one used as base-reference station and the other as rover. The main advantage of the zero-baseline
measurements is that most of the error sources of the GNSS records are cancelled through the DD processing
mode. Hence, the GPS/GNSS zero-baseline time series vary around zero, expressing the impact of the errors due
to the geometry of the satellite constellation, amplified by the receiver noise.35 The zero-baseline measurements
are an approach which has been adopted in many studies for the modelling of the GPS receivers noise and the
impact of the satellite constellation.37,38 In our study, the GNSS base station, apart from reference station for the
GNSS stations deployed on the bridge, was also connected to a second GNSS receiver to carry out the zero-
baseline measurements.

For the assessment of the noise level and availability of the GPS/GNSS solution, the different solutions (GPS
and multi-GNSS) were related to parameters which express the quality of the measurements. More specifically,
those parameters are (i) the geometric dilution of precision (GDOP) which expresses the quality of the geometry
of satellite constellation of each measurement39,40 and (ii) the signal-to-noise ratio (SNR), which reflects the
quality of the satellite signals and can be used to identify problematic satellites, signal interference and cycle
slips.35,41 Furthermore, the multipath parameter (MP), which can be computed by applying a linear combination
between the code and carrier phase measurements of GNSS dual frequency receivers,39 can be used for the
detection of cycle slips which are caused by strong multipath environment and site-specific effects. Both detections
(MP and cycle slips) were used.

For the processing of the bridge GPS/GNSS records, the DD mode was used with the GNSS reference station used
as base, in order to be consistent with the zero-baseline measurements processing and limit the error sources of the
GNSS bridge measurements. Error sources, such as troposphere and ionosphere, are significantly limited due to the
relatively short baseline (<1 km).42,43 However, the impact of the multipath effect, which depends on the site-specific
surrounding conditions for each station,44 remains the main error sources of the bridge GNSS stations.

To assess the effectiveness of the developed method, an additional step was introduced in this study, where the
displacement time series and the modal frequencies deriving of the GPS-only and multi-GNSS solutions were assessed.
The comparison aims to examine whether the characteristics of the response deriving from the multi-GNSS time series
are significantly more accurate and reliable by using the multi-GNSS approach for the time intervals of the weak
GPS-only solution.

3 | SEVERN BRIDGE MONITORING

The Severn Suspension Bridge, which is one of the largest suspension bridges in the United Kingdom, was monitored
to assess the multi-GNSS monitoring approach. The bridge, which was opened in September 1966, carries the M48
motorway as a dual carriageway over the Severn Estuary, connecting the Bristol area to South Wales.45 The bridge's
deck is supported by two main cables and hangs between two steel towers. Its length is 1600 m, consisting of a central
suspended main span of 988 m in length, which is supported by the two towers, through the cables. Each tower has a
height of 136 m above mean sea level.46,47

Apart from the GNSS monitoring campaign of 2015, on which the current study was based, there was also the GNSS
monitoring campaign of 2010. Previous studies of monitoring Severn Suspension Bridge, which were based on both
GNSS monitoring campaigns (2010 and 2015), have revealed that the main modal frequencies of the midspan are 0.147
and 0.226 Hz, at the vertical component, and �0.09 Hz at the lateral component, while for the tower, the main modal
frequency is 0.147 Hz on the longitudinal component, which reflects the impact of the first mode of the deck on the
towers.46,48 Regarding the vertical response at the midspan, it can reach 10–20 cm, depending on the vehicle loading,
and the longitudinal/lateral response of the towers may reach even up to 2 cm.11,45,46,48
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3.1 | Deployment of GNSS stations

The monitoring of Severn Bridge was conducted between the 20 and 23 July 2015, focusing on 11 monitoring points of
the bridge (Figure 1). Table 1 presents the GNSS receivers and antennae models at each monitoring point and the
corresponding recording time period. A GNSS station was installed on the roof of the toll building, �1 km away from
the eastern tower of the bridge, which was fixed and used as base-reference station. The GNSS stations at some
monitoring points on the bridge consisted of a choke ring antenna (Leica AT504) to reduce the multipath effect. All the
GNSS receivers were recording with a sampling rate of 10 Hz.

For the scope of this study, the analysis was focused on points T1 and T2 of the east tower and the points B and F at
the midspan. Those points were chosen as they express the response of two crucial elements of the bridge (i.e., the
tower of the bridge and the deck at the midspan), while the impact of the multipath effect is expected to vary between
the two locations; the points at the tower are less affected by multipath due to the open-sky and unobstructed environ-
ment relatively to the midspan, where the surrounding structural elements (e.g., towers and cables) create a complex
multipath environment. Furthermore, the midspan GNSS stations are also expected to be affected by dynamic
multipath conditions, which is produced by the passing vehicles (i.e., high lorries41,49). However, the use of choke-ring
antennae at the locations B and F and mounting the GNSS antennae on poles �5 m above deck level restricts
significantly the reception of reflected signals from the vehicles and limits the impact of the dynamic multipath.

At the base station two GNSS receivers, a Leica GR10 and a Leica GS10 were connected via a splitter (Gems GPS
2-way splitter GS12) to a single Leica AR-10 choke ring antenna with ray dome to form the zero baseline. The GNSS
measurements of the zero baseline are mainly contaminated by errors due to the geometry of the satellite constellation
and the receiver noise.35 The GNSS measurements of zero baseline were conducted during 44 consecutive hours,
starting at 12:00 AM on 20 July 2015 until 08:00 AM on 22 July 2015 (Table 1). Then, the base station was restricted on
Leica GR10 after moving GS10 to a handrail location on the bridge.

The available GNSS satellites at the geographic area of Severn Bridge during the monitoring period were GPS,
GLONASS, Galileo and BeiDou. However, due to the limited number of visible BeiDou satellites (i.e., one or two
satellites observed for short duration) and the fact that only three Galileo satellites were in operation at that time,

FIGURE 1 The location of the GNSS stations on the bridge and the plan view of the bridge with the corresponding angle, with respect

North, which is applied for the transformation of the coordinate system to the bridge local coordinate system (longitudinal—y-axis, lateral—
x-axis and vertical—z-axis). The east tower points (T1 and T2), the midspan points (B and F) and the points A and G, which are analysed in

the current study, are highlighted (red circles)
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BeiDou and Galileo constellations had a marginal effect on the positioning performance. Hence, only GPS and
GLONASS constellations are used to evaluate the performance of multi-GNSS solutions. Furthermore, as there were
more than one type of receiver, the evaluation of the performance was restricted to use only Leica receivers, as the
ambiguity resolution of the GLONASS measurements in DD mode requires receivers of the same type due to the inter-
frequency bias (IFB).50 In addition to the GNSS data, other meteorological data, including air temperature and bridge's
steel temperature, relative humidity, wind speed and wind directions, were gathered during the survey at specific
locations. However, the analysis of the meteorological data and their correlation with the GNSS data were not in the
scope of this study, and hence, they were not used.

4 | DATA PROCESSING

The GNSS records were downloaded from the receiver on a periodic basis, and they were processed (zero baseline and
bridge monitoring measurements) using RTKLIB v2.4.2.51 By introducing the GNSS records to the software,
preprocessing analysis was made where potential epochs or time intervals of cycle slip and low quality of satellites
signal (due to multipath, signal interference, etc.) were identified. However, those time intervals were related or
coincided with periods of relatively high GDOP values and where further analysed at the GPS-only/multi-GNSS time
series analysis stage.

To analyse the response of the bridge, the data have been post-processed in a kinematic mode using the DD
technique using dual frequencies (L1 and L2) measurements for short baseline (�1 km long). The processing was based
on broadcast ephemeris with a 15� cut-off elevation angle for different GNSS constellations. The kinematic positions at
each monitoring station of the bridge and the zero baseline were computed relative to the reference point at the fixed
GNSS base station.

In the RTKLib software, there are three strategies to fix the ambiguities during the kinematic post-processing of the
GNSS records: (i) fix and hold, (ii) continuous and (iii) instantaneous.51 The continuous and fix and hold strategies use
the approach of Kalman filtering, while the instantaneous strategy uses an integer least squares method to fix the
ambiguity epoch by epoch.51 For the purpose of this study, the instantaneous was applied, as it is a more common

TABLE 1 Specifications of GNSS stations for the Severn Suspension Bridge monitoring

Group Points Antenna type Receiver type

Time period for collecting GNSS data

20 July 21 July 22 July 23 July

Base* Ref. Leica AR10 Leica GS10 12:00–24:00 00:00–24:00 00:00–24:00 00:00–09:00

R-b Leica GR10 14:22–24:00 00:00–24:00 00:00–08:15 x

Tower T1 Leica AS10 Leica GS10 14:22–24:00 00:00–24:00 00:00–24:00 00:00–08:16

T2 Leica AS10 Leica GS10 14:22–24:00 00:00–24:00 00:00–24:00 00:00–08:16

T3 Leica AT504 Trimble Net9 12:10–24:00 00:00–24:00 00:00–24:00 00:00–09:00

T4 Leica AT504 Trimble Net9 12:19–24:00 00:00–24:00 00:00–24:00 00:00–09:00

cables A Leica AT504 Javad Leica1200 13:24–24:00 00:00–03:32
20:30–24:00

00:00–11:16
16:32–24:00

00:00–09:00

B Leica AT504 GS10 Leica1200 x 09:18–11:00 00:00–24:00 00:00–09:00

D Leica AT504 Javad x 12:40–24:00 00:00–04:55 00:00–09:00

F Leica AT504 Leica GS10 14:22–24:00 00:00–24:00 00:00–24:00 00:00–08:16

Handrail B1 Leica AS10 GS10 Leica1200 x 03:03–20:25 x x

D1 Leica AS10 Leica GS10 15:36–24:00 00:00–02:45 x x

G Leica AR10 Leica GS10 x 00:00–24:00 09:18–24:00 00:00–09:00

Note: The GNSS data of (a) the base station, (b) the points T1 and T2, of the east tower, and (c) the points B and F of the midspan are primarily used in the
current study. Data of points A and G which fulfilled the criteria of the study were also analysed to validate the results of the other points. The antenna of the
base station was connected to two GNSS receivers to form the zero baseline. The Leica AT504 antenna is a chock-ring reducing the multipath effect and used
for the critical monitoring points of the cables and the towers. The points in bold are used in the current study and with x symbol are identified the periods
with no available data.
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approach adopted by similar GNSS records processing software (e.g., Bernese52), especially when the GNSS records are
not integrated with other sensors. Also, this approach is more easily applied for real-time monitoring application, such
as the GPS bridge monitoring. However, in some cases, the fix-and-hold strategy was also applied to examine the impact
of the Kalman-filtering approach and its potential enhancement on the GPS/multi-GNSS solution.

Due to the large amount of data, the GPS/GNSS data were split and processed in hourly intervals. To be consistent,
the GPS/GNSS solutions of the different intervals were computed with respect the coordinates of the GNSS base station,
which derived from the zero-baseline measurements processing in static mode. Finally, the GPS/GNSS data of 10 Hz
processing resulted in 3D coordinates kinematic time series in NEU relative to the fixed GNSS base-station coordinates.

Furthermore, for the bridge monitoring points, the 3D GNSS coordinates (E, N and U) were transformed, by using a
linear transformation, into the local bridge coordinate system (lateral—x, longitudinal—y and vertical—z2). For this
purpose, the positions of tower points were used, as they represented the alignment of the bridge, to define the orienta-
tion of the bridge's longitudinal axis. The GNSS coordinate system was rotated by 58� anticlockwise, and the x-axis and
y-axis expressed the lateral and longitudinal axis, respectively, while the z-axis expresses the vertical axis of the bridge
(Figure 1).

5 | ZERO-BASELINE ANALYSIS

Since only the GPS and GLONASS satellite systems were used, the investigation was applied for three GNSS solutions:
(i) GPS-only, (ii) GLONASS-only and (iii) multi-GNSS, combining GPS and GLONASS. The zero-baseline measurement
analysis aims to reveal time intervals of low precision or availability of GPS-only solution and examine whether
GLONASS contributes beneficially and results to a multi-GNSS solution of better precision than the GPS-only solution.
Also, it was checked whether the GPS-only/multi-GNSS precision was strongly related with the corresponding GDOP,
as it was proved by Msaewe et al.35

Since the GPS satellite constellation has a daily repetition (with a time lag of �4 min), any periods of weak GPS
satellite geometry and problematic GPS satellites will be revealed in the 24-h time series. These identified periods will
have mainly impact on the precision of the GPS-only solutions, which should also be reflected in the estimation of the
displacement time series of the bridge monitoring points. Hence, even the zero-baseline measurements lasted 40 h, we
analysed the 24-h zero-baseline measurements (21/07); any periods of weak GPS constellation observed in that time
series will be also identified in any of the following days, by shifting the time period by multiples of 4 min, depending
on the number of the days.

Figure 2 illustrates the GPS-only, GLONASS-only and multi-GNSS time series of the zero-baseline measurements
and the time series of the corresponding GDOP values, where it is obvious that the GLONASS-only time series (N,E,U)
have the highest deviation, expressing the high noise level. The GPS-only solution has significantly lower level of
deviation, with some time intervals of higher noise level (for instance 01:00–02:00, 08:00–09:00, 11:00–12:00 and 12:00–
13:00) which coincide with relatively high GDOP values for the GPS satellite constellation. For some of those time
intervals, the high GDOP value is the result of low GPS satellite number (Figure 3; e.g., 08:00–09:00 with even 4 GPS
satellites) or relatively low number of GPS satellites but probably weak geometry (e.g., 12:00–13:00 with 6 satellites but
GDOP value reaching 9). For those time intervals, the multi-GNSS solution leads to a more precise time series, thanks
to the increased number of satellites and the significantly improved geometry of satellite constellation, reflected on the
corresponding GDOP value. Also, the main improvement of the multi-GNSS solution is achieved on the Northing
component, for which the GPS-only solution is weak for GPS measurements of high latitude,53,54 and on the vertical
component, which is the most susceptible to high noise level. The relationship between GDOP value and the measure-
ments precision is known and investigated thoroughly in Msaewe et al.,35 where it was shown that the precision is
reversely proportionally to GDOP for values larger than 2. For smaller values of GDOP, the satellite constellation does
not have significant impact on the measurement precision.

Furthermore, to assess the precision of the GNSS solution, the root-mean-square (RMS) error derived from the 1-h
interval data processing was computed for the three examined solutions (Figure 4). It is obvious that the GLONASS-
only solution is the least precise, with significant high noise in the vertical component. Regarding the GPS-only and
multi-GNSS solutions, it is observed that they are of similar precision and confirmed that the multi-GNSS solution is
more precise mainly for the North component, where the GPS-only solution is weak due to the poor geometry of
satellite constellation for high latitude locations, especially for the time periods 08:00–09:00 and 11:00–12:00 when the
number of GPS satellites is relatively low (i.e., ranging between 4 and 7; Figure 3).
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FIGURE 2 (a–c) Coordinate time series of the zero baseline showing the noise level for the GPS-only (blue), GLONASS-only (red) and

multi-GNSS (GPS + GLONASS; green) solutions and (d) the corresponding GDOP values on 22 July 2015. The periods of strong correlation

between the high GDOP values and the high deviation of the corresponding satellite constellation solution (included in circles) are obvious

FIGURE 3 Number of visible GPS and multi-GNSS (GPS + GLONASS) satellites as they are tracked by the GNSS receivers at the

locations of (top) point T1, (middle) point T2 and (bottom) base station on 22 July 2015. In general, the same number of satellites are tracked

by all receivers. The receivers of the tower seem to have more stable tracking of satellites for the period between 12:30 and 14:00, potentially

due to better visibility. It is also observed that the number of GPS satellites drops down to four, which is reflected in very high GDOP values

(GPS GDOP �9 for interval 08:40–08:55 in Figure 2)
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Regarding the availability of the three solutions (Figure 5), the multi-GNSS processing leads to the solution with the
highest availability, which during the 24-h period of 21 July is 100%, apart from the three time intervals (07:00–08:00,
14:00–15:00 and 15:00–16:00), where it reached 90%, 84% and 84% of availability due to gaps of 6, 10 and 10 min, respec-
tively. Those gaps were produced due to unrecorded data by one of the two reference receivers. The GPS-only solution
is of lower availability than multi-GNSS, dropping lower than 90% for some 1-h periods and reaching even below 81%
for the time interval 12:00–13:00 due to the limited number of GPS satellites (i.e., reaching even three satellites;
Figure 3). The GLONASS-only solution proved to be of lower availability as illustrated in Figure 5.

FIGURE 4 Comparison of precision expressed as RMS for GPS-only (G), GLONASS-only (R) and multi-GNSS (G + R) along zero

baseline components and the corresponding time series of GDOP values for each satellite constellation. It is observed that multi-GNSS

solution has generally the lowest RMS values, slightly better than the GPS-only solution, apart from some limited periods of weak GLONASS

solution (i.e., 6–8 h in the U component)

FIGURE 5 The fixing rate availability of apparent of GPS-only (G), GLONASS-only (R) and multi-GNSS (G + R) along zero baseline

solution on 21 July 2015. The multi-GNSS solution has the highest availability in terms of fixed solution
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Based on the analysis of the zero-baseline measurements, it can be seen that the multi-GNSS solution is generally of
higher accuracy and availability of that of the GPS-only solution. However, the main enhancement in the solution is
achieved for the time periods of relatively low GPS satellites number and high GDOP values of the GPS-only solution,
which reflects the influence of the poor GPS satellite constellation on the quality of the GPS solution.

6 | SEVERN BRIDGE MONITORING ANALYSIS

The investigation of the accuracy of GPS-only and multi-GNSS solutions focused on the analysis of the points which
(i) had GNSS receiver compatible with the base station, allowing to fix the GPS/GLONASS ambiguity resolution, and
(ii) with available 24-h data records if possible, in order to assess the GPS satellite constellation. Based on these criteria,
the analysis was based primarily on (i) the Eastern Tower (T1 and T2) and (ii) the midspan (B and F). The GNSS data
of the points A and G were also analysed, in order to validate the outcome of the midspan points. Furthermore, the
point C GNSS data of 2010 GNSS monitoring campaign were also analysed to evaluate the beneficial contribution of
multi-GNSS for a period of (i) different environmental/weather conditions (March 2010 against July 2015) and
(ii) different GLONASS satellite constellation.

The GPS-only and multi-GNSS displacement time series were assessed based on the criteria of the availability and
the noise level of the derived displacement time series and the reliability of the estimated modal frequencies. The time
series were split into low- (<0.1 Hz) and high-frequency (>0.1 Hz) components, in order to evaluate the impact of the
noise level of the GPS-only/multi-GNSS measurements for different frequency bands. Eighth-order Chebyshev I high-
and low-pass filters were used as it has been applied successfully in previous studies of GPS bridge monitoring
applications.8,41 The cut-off frequency of 0.1 Hz was selected as the multipath effect is mainly limited to frequencies
below 0.1 Hz.41 In the following sections, we present representative cases of time periods where (i) the GPS and multi-
GNSS solutions have same level of accuracy thanks to the high-quality of GPS measurements and the GLONASS
constellation which cannot have any beneficial contribution to the solution and (ii) cases where the multi-GNSS
solution proved to be beneficial, with respect the GPS-only solution, for the reliable estimation of the bridge response.

6.1 | Eastern Tower monitoring analysis

The displacement time series of the GPS-only solution of station T2 were characterised with more gaps than the
corresponding time series of T1 station. Even though both stations at T1 and T2 are occupied by similar Leica receivers,
the positioning performance may differ at specific intervals due to the impact of the different surrounding environment
at the two locations, which affects the availability of fixed solution (Table 2). To enhance the positioning solution, a
multi-GNSS solution was applied to increase the number of satellites and tackle the problem of poor satellite
availability and potential multipath effect and thus reduce the gaps in the fixed solution (Table 2). This proves that a
combined solution can overcome problematic periods as well as reducing the noise level.55

Figure 6 illustrates the lateral, longidutinal and vertical response of T1 and T2 for the 24-h period (22 July) and the
corresponding GDOP values of the GPS-only/multi-GNSS satellite constellations. Similarly to the zero-baseline
measurements (Figure 2), it is obvious that for the periods of relatively high GDOP values for GPS constellation, the
GPS-only displacement time series is characterised by significantly higher deviation in the lateral (periods: i, j, l, r, u),
longitudial (periods: i, l, r) and vertical (periods: b, i, j, m, r, u, w) components, which indicate higher noise. The time
intervals of GPS-only solution of high noise level coincide with most of those of the zero-baseline measurements and
could be the result of the weak satellite geometry or poor GPS satellite signals.

TABLE 2 Comparison of percentage of fixed solution availability at T1 and T2 between GPS-only and multi-GNSS solutions

Interval

Availability sol. % at T1 Availability sol. % at T2

Problematic satellite at T2GPS-only Multi-GNSS GPS-only Multi-GNSS

(i) 08:00–09:00 100 100 66.9 92 G15

(l) 11:00–12:00 99.8 99.9 71.6 94 G21

(q) 16:00–17:00 99.8 100 75.4 87.3 G26
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A representative case where the GPS and multi-GNSS solutions led to similar displacement time series is for the
time interval between 19:00 and 20:00 (Figure 7), due to the relatively high number of GPS satellites (>8; Figure 3) and
strong geometry of the GPS satellite constellation (GPS GDOP �2; Figure 4). It is evident that the difference between
the GPS and multi-GNSS solutions ranges up to a few mm for both low- and high-frequency time series of the vertical
component. The same difference between the time series of that time interval was also observed for 20 and 21 July,
proving that the high quality of GPS measurements thanks to the strong geometry of GPS satellites is repeated daily
(with a time lag of �4 min), and additional GNSS satellites do not enhance further the accuracy of the solution for the
specific time interval.

On the contrary, for the time interval between 01:00 and 02:00 is evident the higher noise level in the vertical com-
ponent of the GPS-only solution, with respect the multi-GNSS solution, especially for the period bewtween 01:14 and
01:34; the latter is related to the high VDOP value (vertical DOP) of that time interval (Figure 8). In that case, the GPS
constellation consists of six satellites with VDOP value ranging between 5 and 3.5, while the multi-GNSS consists of
13 satellites much more uniformly distributed, which results to VDOP below 2. The poor GPS satellite constellation pro-
duces the high noise level in the GPS-only solution and results to deviate from the multi-GNSS vertical displacement
even up to 4 cm for the time interval. The impact of the poor GPS satellite geometry is significant on the low-frequency
component of the displacement, as the difference between the low frequency of GPS-only and multi-GNSS solution is
larger, reaching up to 2.5 cm, whereas for the high-frequency component ranges around ±1 cm. Apparently, the contri-
bution of the GLONASS satellites, by covering the Northern part of the sky, limits the impact of the surrounding
obstructions and augments the multi-GNSS solution as it is reflected in the accuracy of the estimated displacement time
series. The difference seems to be higher in the low-frequency component, as the multipath errors and satellite constel-
lation problems correspond to the low-frequency band of the GNSS measurements. Similar behaviour of the GPS-only
and multi-GNSS solutions is observed for the same time interval of 21 and 23 July.

Likewise for the time interval between 08:00 and 09:00, the number of GPS satellites reduces from eight to five
(08:15) and then to four satellites (08:40–08:55; Figure 9). The poor geometry of GPS satellite constellation in that time
interval leads to gaps in the GPS solution and significant difference from the multi-GNSS solution for the T1 and T2

FIGURE 6 (a–c) Displacement time series at tower points T1 and T2 showing the comparison between the GPS-only and multi-GNSS

solutions and (d) the corresponding GDOP values with GPS-only and multi-GNSS on 22 July 2015. It is evident the larger deviation of the

displacement of the GPS-only solution for the periods of high GDOP values relatively to the less noisy multi-GNSS solutions

10 of 29 MSAEWE ET AL.



stations. The difference of the low- and high-frequency components between the two solutions increases when the GPS
GDOP value decreases, as the errors due to weak GPS satellite constellation are greater for high GDOP values and the
deviation larger from the multi-GNSS solution. Characteristically, at around 08:50 when the GPS GDOP value is greater
than 8, the differences in the low- and high-frequency components reach up to 20 mm (Figure 9). Furthermore, the
data gaps observed in the GPS solution of point T1 for the period between 08:00 and 08:20 are probably due to poor
quality of some of the GPS satellite signals, since both T1 and T2 receive signals from eight satellites. This is a site-
specific effect and caused by the surrounding environment of station T1 and potential multipath effect. A similar prob-
lem is observed in the period from 11:00 to 12:00, where the GPS-only solution for the lateral displacement of stations
T1 and T2 is less precise for the period 11:22–11:34, when the GPS constellation DOP value increases (Figure 10). How-
ever, a significantly higher noise level of the GPS solution is observed at the T2 station around 11:50, where the differ-
ence between GPS-only and multi-GNSS solutions reaches up to 20 mm in the low- and high-frequency component.
This is due to the poor satellite signal of satellite G21, which starts coming over the horizon at around 11:40, but the sig-
nal received by this satellite is of very low quality due to the low elevation angle-related atmospheric and multipath
noise, according to the SNR and MP parameters of the GNSS receiver record at T2; the SNR of L1 and L2 is very low for
G21 ranging �35 and �24 dBHz, respectively, while the MP2 fluctuation exceeds 1 m. Those parameters indicate
potentially a very strong multipath effect for station T2 for that satellite, with a large impact on the accuracy and preci-
sion of the GPS-only solution. The SNR of G21 is also slightly increased for station T1 but apparently not significantly
enough (still SNR1 ranging at �45 dBHz and SNR2 > 35 dBHz) to have an impact on the GPS-only solution
(Figure 10). However, the multi-GNSS solution results to a displacement time series of consistent noise level of that of
station T1, even without excluding the G21 satellite from the processing, indicating the benefit of using multi-GNSS
solution in unfavourable conditions.

6.2 | Severn Bridge midspan monitoring analysis

The potential high noise level of the displacement time series is not that evident in the GPS-only solution for the
midspan due to the relatively large response amplitude, especially for the vertical component. In Figure 11, the differ-
ence between the performance of GPS-only and multi-GNSS solutions is not obvious. However, by calculating the

FIGURE 7 (Top) Displacement time series of the vertical component of points T1 and T2 and the derived (middle) difference of the low

frequency between the solutions of GPS-only and multi-GNSS and (bottom) the difference of the high-frequency component between the

GPS-only and multi-GNSS solutions for the time interval between 19:00 and 20:00 on 22 July
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difference between the two solutions, it is clear that the deviation of the difference is increased mainly for the periods
where the GDOP value of GPS constellation is significantly higher than that of multi-GNSS constellation (Figure 12).
These intervals are the same which are characterised as GPS-only low-precision intervals from the zero-baseline mea-
surements (Figure 2). The problems which are faced on the stations on the cables (B and F) are similar to those of the
Eastern Tower (T1 and T2): poor GPS satellite constellation, poor quality of GPS satellite signal and multipath effect.
However, the structural elements (cables and towers), which are at higher levels than stations B and F at the midspan,
create stronger multipath environment than that of the stations at the towers.

In Figure 13, the GPS-only and GNSS solution for stations B and F in the vertical components are presented. Similar
to the vertical components of the tower stations (T1 and T2, Figure 9) at the same interval, the low quality of the GPS-
only solution for the time period between 08:20 and 08:55 was expected due to the poor GPS satellite constellation.
However, the GPS-only solution of stations B and F shows significantly more gaps which are produced due to the
obstructions of the satellite signals of the already limited number of satellites, which lead to low availability for
the GPS-only solution. The time period the GPS-only solution availability is 49% and 69% for the stations B and F,
respectively, while the multi-GNSS solution is 100% for both stations. The lower availability at station B is probably due
to the position of station B at the northern side of the midspan of the bridge, which probably restricts the visibility of
the available GPS satellites with azimuth between 120� and 300�. The multi-GNSS constellation covers more broadly
and uniformly the open sky having continuously available more than 11 satellites. Thus, the weak GPS constellation
leads to a poor solution with several gaps in the position solution and differs from the estimated lateral displacement of
the multi-GNSS solution up to 50 mm in both the low- and high-frequency components.

Furthermore, during the interval of 11:22–11:34, the VDOP is slightly increased (i.e., up to 2) following the trend of
the GDOP for the T1 and T2 stations (i.e., larger than 3, Figure 10). However, the GPS-only solution has gaps which

FIGURE 8 The GPS-only (blue) and multi-GNSS (green) vertical displacement for (a) Tower T1 and (b) T2 and their differences

between the corresponding (c,d) low-frequency and (e,f) high-frequency components. For the period between 01:14 and 01:34, there is a

slight reduction of the available GPS satellites (from seven to six) (g) and a significant increase of the VDOP values (h). In the skyplots is

evident the difference in the satellite geometry between the (i) GPS-only and (j) multi-GNSS constellation for this 1-hour time period. It is

evident the high deviation of the GPS-only displacement time series, relatively to the multi-GNSS displacement time series, due to the

reduction of the GPS satellite number, reflected also in the VDOP value
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brings the availability to 73% and 80% for stations B and F, respectively (Figure 14), while the corresponding availability
of a multi-GNSS solution is almost 100% for both stations. Even though the difference between VDOP of GPS-only and
multi-GNSS satellite constellation might not be great (not more than 0.3), the quality of the signal of the limited GPS
satellites is weak, leading to poor or even no GPS-only solution. The difference between the GPS-only and multi-GNSS
solutions reaches or even exceeds the 50 mm, especially for the interval between 11:25 and 11:30 (Figure 14).

6.3 | Severn Bridge monitoring analysis: Points A and G

The analysis of points A and G confirmed the beneficial contribution of multi-GNSS for the time intervals which were
revealed from the zero-baseline measurements and the other monitoring points. For instance, Figure 15 presents the
lateral and vertical component time-series of Point A between 08:00 and 09:00, with the difference between the GPS-
only and multi-GNSS solution in the low- and high-frequency band. The beneficial contribution of multi-GNSS solution
is clear, as the GPS-only solution is characterised by poor satellite constellation due to the low number of GPS satellites
(only four GPS satellites between 08:40 and 08:52), resulting to poor availability of GPS solution (�43%), while the
multi-GNSS solution has 100% availability and precision improvement exceeding 10 mm in both low- and high-
frequency band.

Likewise, the GNSS data of point G were analysed and it was observed the beneficial contribution of the multi-
GNSS for the periods of poor GPS satellite constellation and low availability of GPS solution, as for the other points
(midspan and point A). Figure 16 presents the lateral and vertical component time-series of point G for the time inter-
val between 11:00 and 12:00. For that period, it is observed that the multi-GNSS has higher availability than the GPS-

FIGURE 9 The GPS-only and multi-GNSS displacement of the lateral and vertical components for T1 and T2 with the differences of

their corresponding low- and high-frequency components. The time series of the number of satellites of GPS and multi-GNSS constellation

and the corresponding GDOP values are presented. The skyplots of the GPS and the multi-GNSS constellation show the location of the

satellites for the examined time interval. The high increase of the deviation of the GPS-only solution with respect to the multi-GNSS

solution, due to the very low GPS satellite number, is reflected both in low- and high-frequency component
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FIGURE 10 The GPS-only and multi-GNSS displacement of the lateral displacement for T1 and T2 stations, with the differences of

their corresponding low- and high-frequency components and the time series of the number of satellites and the corresponding GDOP

values. Also the SNR and MP parameter time series are also presented for the GPS satellites, indicating the low-quality signal of the G21

satellite. The high deviation (peaks) of the GPS-only solution for the period 11:45–11:50 is strongly related to the high SNR and MP values

for G21 satellite at T2 station

FIGURE 11 Comparison of daily time series at cable stations B and F on the midspan of the bridge showing the comparison between

components of displacements with GPS-only and multi-GNSS solutions on 22 July 2015. The GPS-only and multi-GNSS solutions seem to

generally agree for the entire monitoring period
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FIGURE 12 The time series of difference between GPS-only and multi-GNSS solutions for all the components of the midspan stations B

and F that are presented in Figure 11. There are time intervals with consistent differences between GPS-only and multi-GNSS solution in

lateral, longitudinal and vertical component, which are generally in agreement with the time intervals defined as GPS solution of low-

precision from the zero-baseline measurements

FIGURE 13 The GPS-only and multi-GNSS displacement of the vertical component for B and F with the differences of their

corresponding low- and high-frequency components. The time series of the number of satellites for the GPS and multi-GNSS constellation

and the corresponding VDOP values are presented. The skyplots of the GPS and the multi-GNSS constellation show the location of the

satellites during the recording period. The poor GPS satellite constellation has an impact on the availability of the GPS-only solution as it is

reduced even below 50% for point B
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only solution, reflected on the number of satellites and GDOP parameter. More specifically, it is observed the enhanced
precision of the multi-GNSS which exceeds the 10 mm in low- and high-frequency component, mainly for the period of
the low quality of GPS satellite constellation (i.e., 11:18–11:30). However, for the same time interval, the midspan points
presented even lower availability of GPS-only solution (Figure 14), indicating the site-specific effects that may occur in
the GNSS measurements, which can reduce the accuracy and the quality of the GPS-only solution, especially in an envi-
ronment such that of a suspension bridge which is affected by obstructions and interference due to structural elements
of the bridge.

6.4 | Severn Bridge monitoring analysis of 2010 GNSS data

From the GNSS 2010 monitoring campaign, only point C GNSS data was analysed, as at this point had a multi-GNSS
receiver (Figure S1). By adopting the same methodology of the data analysis of 2015 GNSS campaign, the time intervals
of poor GPS satellite constellation were detected, revealing periods where the number of GPS satellites dropped even to
five satellites (Figure S2) and the addition of GLONASS satellites proved beneficial for the improvement of the availabil-
ity and the accuracy of the multi-GNSS solution. Figure 17 presented the lateral and vertical component time-series of
the GPS-only and multi-GNSS solution for the time-interval between 19:00 and 20:00, with the corresponding available
satellites and DOP values. During that time interval, there is the period between 19:10 and 19:30 where the number of
GPS satellites is low, varying between five and six satellites and resulting to poor satellite geometry, as it is reflected on
the high GDOP values (i.e., GDOP ranging between 6 and 9.5). The addition of GLONASS satellites led to at least to
eight available GPS and GLONASS satellites in total, improved the satellite geometry, as the GDOP value is reduced
below 4 and resulted to the reduction of the noise level, which reached even 20 mm in low- and high-frequency compo-
nents for the period of poor GPS satellite constellation. The beneficial contribution in other time intervals of point C of
GNSS monitoring campaign of 2010 is presented in Figures S3 and S4.

FIGURE 14 The GPS-only and multi-GNSS displacement of the vertical component for B and F with the differences of their

corresponding low- and high-frequency components. The time series of the number of satellites for the GPS and multi-GNSS constellation

and the corresponding VDOP values are presented. The skyplots of the GPS and the multi-GNSS constellation show the location of the

satellites during the recording period. The weak GPS constellation has a great impact on the availability of the GPS-only solution and the

deviation from the multi-GNSS solution which reaches even up to 50–70 mm
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6.5 | Severn Bridge response—Spectral analysis

For the estimation of the main modal frequencies of the bridge response, the GPS-only and multi-GNSS displacement
time series of each component (lateral, longitudinal and vertical) were analysed by applying spectral analysis. For a reli-
able comparison between the modal frequencies derived by the GPS-only and multi-GNSS data spectral analysis, we
focused only on the modal frequencies which fulfilled the following criteria: (i) to be confirmed from previous stud-
ies46,48 of the response of Severn Suspension Bridge (Table 3), since the bridge design and/or bridge FEM model were
not available, (ii) to derive from the analysis of time-intervals with low multi-GNSS noise and with conditions of bridge
excitation/force dominant in one direction and (iii) to correspond to peaks of the spectra exceeding the 95% statistical
significance. As most of the analysed time series are uncontinuous (with gaps), a suitable technique for spectral analysis
is the Lomb Normalised Periodogram (LNP) using Norm-Period code, which also allows to define the statistical signifi-
cance level of the spectra.2 This method of estimating modal frequencies is known as peak picking (PP). There are more
accurate and advanced methods (e.g., regression analysis and principal components56,57), but under conditions of low-
damping and well-separated modal frequencies, the PP method is suffice. The case study of Severn Suspension Bridge
can be considered as suitable for the PP method, since the bridge modal frequencies are considered as well-separated.56

Furthermore, the assessment of the beneficial contribution of multi-GNSS was based on modal frequencies, which were
confirmed by previous studies46,48 and time intervals of known conditions of excitation/loading.

Due to the long records, the spectral analysis was applied at 10-min time periods, an approach which is broadly
applied in bridge data analysis for the determination of the modal frequencies.1 Firstly, the zero-baseline measurements
were analysed, which are contaminated by errors due to the satellite constellation and the receiver noise, and the
corresponding spectra should be characterised by white and potentially coloured noise.3 This was confirmed by the

FIGURE 15 The GPS-only and multi-GNSS displacement of the lateral and vertical component for A with the differences of their

corresponding low- and high-frequency components. The time series of the number of satellites for the GPS and multi-GNSS constellation

and the corresponding VDOP values are presented, showing the significant drop of the number of GPS satellites to five and then four

satellites between 08:40 and 08:52. The skyplots of the GPS and the multi-GNSS constellation show the location of the satellites during the

period with four visible GPS satellites. The weak GPS constellation has a significant impact on the availability of the GPS-only solution and

the deviation from the multi-GNSS solution which reaches totally (in low- and high-frequency component) even up to 30–40 mm
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spectral analysis of the zero-baseline GPS-only and multi-GNSS coordinate time series, as there were no dominant fre-
quencies detected, with the spectra expressing basically the noise level of the time series. Figure 18 shows the spectra of
coordinate time series derived by the GPS-only and multi-GNSS solutions. It is evident that for the Easting component,
where the GPS-only and multi-GNSS are of the same noise level, the corresponding spectra are identical. On the other
hand for the Northing component, where the GPS-only solution has larger range of amplitude, the corresponding spec-
trum is characterised by higher noise but without any dominant peak.

The spectral analysis of the time series of the points T1, T2, B and F for the time interval 19:00–20:00 is used to iden-
tify the main modal frequencies of the midspan and the tower, as during that period, the GPS-only and multi-GNSS
solutions are characterised by the lowest noise level during the 24-h interval, as it was also revealed from the zero-
baseline measurements and the low GDOP values of GPS and multi-GNSS constellation for that interval. Figures 19
and 20 present the spectra of points B and T2. The peaks of those spectra, which exceed the 95% confidence level (which
varies between 11.4 and 12.6 Hz depending on the displacement component), correspond to the frequencies of (i) 0.147
and 0.095 Hz in the vertical and lateral components at the midspan (point B), (ii) 0.158 Hz at the lateral and vertical
components and (iii) 0.147 Hz in the longitudinal component at the tower (point T2). Those frequencies are also con-
firmed from the frequencies confirmed in previous studies.46,48 The frequency of 0.147 Hz corresponds to the first verti-
cal mode of the bridge and matches with the first modal frequency of the tower in the longitudinal axis. The frequency
of 0.095 Hz corresponds to the first lateral mode of the bridge, which is typical for long-span bridges to be lower than
the first vertical modal frequency (i.e., 0.147 Hz), and the frequency of 0.226 Hz which seems to correspond to the sec-
ond vertical mode of the midspan.

To confirm the validity of these modal frequencies, we analysed periods where large traffic or wind load was
applied. Figure 21 presents the multi-GNSS time series of point B at the midspan and point T2 at the tower. At the

FIGURE 16 The GPS-only and multi-GNSS displacement of the lateral and vertical component for G with the differences of their

corresponding low- and high-frequency components. The time series of the number of satellites for the GPS and multi-GNSS constellation

and the corresponding VDOP values are characterised by low number of GPS satellites and high GDOP value for the time interval between

11:18 and 11:30. The skyplots of the GPS and the multi-GNSS constellation show the location of the satellites for the period of the highest

GDOP value. The weak GPS constellation has a great impact on the availability of the GPS-only solution and the deviation from the multi-

GNSS solution which reaches totally up to 30 mm for the low- and high-frequency components

18 of 29 MSAEWE ET AL.



displacement time series of the vertical component of point B, it is evident for the time interval between 19:02 and
19:04, a large vertical response reaching up to 150 mm, due probably to heavy vehicle(s) (i.e., lorries) crossing the
bridge. This heavy load produces vibration at the midspan for the time interval between 19:04 and 19:05:30. This vibra-
tion is more evident after producing two high-pass filtered time series, with 0.1- and 0.2- cut-off frequencies, where a
vibration-pattern response of increased amplitude is revealed for the time interval between 19:04 and 19:05:30.

FIGURE 17 The GPS-only and multi-GNSS displacement of the lateral and vertical component for point C with the differences of their

corresponding low- and high-frequency components. The time series of the number of satellites for the GPS and multi-GNSS constellation

and the corresponding VDOP values are presented, showing the period where the number of GPS satellites drops down to five and the

GDOP varying between 6 and 9.5. The skyplots of the GPS and the multi-GNSS constellation show the location of the satellites for the period

of the highest GDOP value. The weak GPS constellation has a significant impact on the availability of the GPS-only solution and the

deviation from the multi-GNSS solution which reaches even up to 40 mm in total for the low- and high-frequency components

TABLE 3 Modal frequencies of points B and F, which are used for the assessment of the beneficial contribution of multi-GNSS,

indicating those who have been detected in previous studies of Severn Suspension Bridge

Mode
Estimated modal frequencies
(in Hz)

Loading
conditions

Modal frequencies from previous
studies (in Hz)

1st lateral mode–midspan
(Point B)

0.095 Wind load Confirmed in Roberts et al.48

1st vertical mode–midspan
(Point B)

0.147 Traffic load Confirmed in Roberts et al.46,48

1st longitudinal mode–tower
(Point T2)

0.147 Traffic load Confirmed in Roberts et al.46

1st lateral mode–tower
(Point T2)

0.158 Not confirmed

2nd vertical mode–midspan
(Point B)

0.226 Traffic load Confirmed in Roberts et al.46
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Evidence of significant vibration is also observed in other periods of the filtered time series, which reflects the signifi-
cance of modal frequencies of those frequency bands in the bridge response. Likewise, it was analysed the same time
interval for the longitudinal multi-GNSS time series of the tower (point T2); a high-pass filter (0.1-Hz cut-off frequency)
was applied, and the derived filtered time series is characterised by a vibration-pattern response which is dominant and
with larger amplitude for the time interval between 19:04 and 19:05:30. The spectral analysis of the high-pass filtered
(with 0.1-Hz cut-off frequency) time series led to spectra where the dominant frequencies are 0.147 and 0.226 Hz, for
the midspan, and 0.147 Hz for the tower. The latter confirms that the modal frequency of 0.147 Hz is the first modal

FIGURE 18 (Top) The coordinate time series of E, N, U components of GPS-only and multi-GNSS solutions of the zero-baseline

measurements. (Bottom) The spectra of the coordinate time series, where they all express noise, with no dominant frequency. It is evident

the slightly higher noise level of GPS-only solution in the spectra mainly for the Northing component

FIGURE 19 (Top) Displacement time series of the lateral, longitudinal and vertical component of the GPS-only (blue) and multi-GNSS

(green) solutions of point B for the time interval 19:00–19:10 of 22/07 and (bottom) the corresponding spectra, with the red line indicating

the 95% confidence level. The main modal frequencies which are revealed from the spectral analysis are of 0.147 Hz in the vertical

component and 0.095 Hz in the lateral component. The agreement between the GPS and multi-GNSS solution is also reflected in the spectra
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frequency of the midspan, producing the main vibration at the midspan, which also produces the longitudinal response
of the tower. The frequency of 0.226 Hz corresponds to vibration of smaller amplitude, and it is the second in order
modal frequency of to the vertical component.

Regarding the modal frequency of 0.095 Hz, which corresponds to the lateral component of the midspan, we
analysed the time interval between 12:00 and 12:10, where it was observed the strongest wind load, with the maximum
wind speed occurring at 12:07 (wind speed �40 m/s; Figure 22). After applying a high-pass filter with 0.07-Hz cut-off
frequency, the derived filtered time series is characterised by vibration-pattern response, with the larger amplitude
occurring after 12:07, when the maximum wind lateral speed was observed. The spectral analysis of the high-pass
filtered time series led to a spectra where the only dominant and statistically significant frequency is 0.095 Hz,
indicating the first modal frequency corresponding to the lateral component.

To evaluate the beneficial impact of multi-GNSS time series, we focused in the time interval between 08:00
and 09:00, for which the GPS solution showed problems in availability due to the low number of satellites at
point B, and there is significant difference between the spectra and the detected peaks of the GPS-only and multi-
GNSS solutions. For instance, for the time interval of 08:10–08:20 and 08:30–08:40, where significant gaps are
observed in the GPS solution, the spectra of the GPS solution are characterised by higher noise and the main
modal frequencies of 0.147 (in the vertical component) and 0.095 Hz (in the lateral component) are not
determined as clearly and precisely as in the multi-GNSS spectra (Figures 23 and 24). Furthermore, the frequency
of 0.225 Hz in the vertical component, which can be detected in multi-GNSS spectrum, cannot be detected in the
GPS spectrum due to the high noise level. It should be noted that for the time interval between 08:40 and 08:50,
the modal frequencies could not be detected by the GPS spectrum due to the significant gaps in the corresponding
time series (availability of GPS solution <30%).

Likewise, for the point T2, the time interval between 22:30 and 22:40 is one with relatively poor GPS solution, as it
is indicated by the GPS GDOP value which reaches even up to 5 and the difference between the GPS and multi-GNSS
displacement time series (Figure 6). The spectral analysis of both GPS and multi-GNSS solutions reveals the main
modal frequency of 0.147 Hz in the spectra of the longitudinal component, with that of multi-GNSS though being more

FIGURE 20 (Top) Displacement time series of the lateral, longitudinal and vertical component of the GPS-only (blue) and the multi-

GNSS (green) solutions of point T2 for the time interval 19:00–19:10 of 22 July and (bottom) the corresponding spectra, with the red line

indicating the 95% confidence level. In the spectra are identified the modal frequencies of 0.147 Hz in the longitudinal component and

0.158 Hz in the vertical component, which exceed marginally the statistical significant level of 95%. The agreement between the GPS and

multi-GNSS solution is also reflected in the spectra
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dominant as it corresponds to higher value in the periodogram (Figure 25). Furthermore, the frequency of 0.159 Hz is
detected, as marginally statistically significant, in the spectra of the lateral and the vertical component, while they are
not detected in the corresponding spectra of the GPS solution.

Hence, the main implication of a potential low precision or availability of GPS solution in the spectral analysis is
the increased noise level in the corresponding spectrum, which may result to less clear identification of the frequencies
peaks or even some frequencies may even be masked by the noise. In case of very low availability of GPS solution, it
may even result to no detection of modal frequencies. In those cases, the multi-GNSS solution may lead to a more
precise and clear spectrum leading to a more reliable detection of frequency peaks.

7 | DISCUSSION

The analysis of the GPS-only and multi-GNSS solutions for the response of Severn Bridge illustrates that their precision
and accuracy depend strongly on the satellite system constellation which will be applied, especially for locations of
unfavourable conditions (i.e., obstructions and strong multipath) which are met in bridge monitoring. It was shown
that for time periods of weak GPS satellite constellation, as indicated by the corresponding GDOP value, to add an
additional satellite system (e.g., GLONASS) will lead potentially to a more accurate GNSS solution, which can result to
reliable estimation of the bridge response.

The main cases where the multi-GNSS solution led to a more reliable and precise estimation, with respect the
GPS-only solution, were when:

FIGURE 21 Displacement multi-GNSS time-series of the (a) vertical component of the midspan-point B and (b) the longitudinal

component of the tower-point T2 and the corresponding derived spectra (c,d). The dotted lines indicate the time-series interval (19:04–
19:05:30) which follows the large midspan deflection of 150 mm. The high-pass filtered time series, which has an offset to be clearly

separated in the plot from the initial time-series, has a larger vibration-type response for the time interval 19:04–19:05:30. In the spectra, the

frequencies of 0.147 and 0.226 Hz are dominant in the vertical component of point B, and the frequency of 0.147 Hz is dominant in the

longitudinal component of point T2
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i. the number of the GPS satellites was low (in most of the cases ≤5 satellites) or the geometry of the GPS satellite
constellation was weak (GDOP > 3), which was also reflected on the zero-baseline measurements, and affected all
the monitoring locations on the bridge (tower, midspan, etc.). In that case, the GPS-only solution had many data
gaps which were resolved in the multi-GNSS solution.

ii. site-specific effects due to the structure environment lead to obstruction and strong multipath, which again led to
high noise level or even gaps in the solution. The site-specific effects were not detected in the zero-baseline mea-
surements but were detected by the analysis of the satellites parameters (SNR, MP, etc.) for the each location.
Again, the multi-GNSS solution led to much more precise solution, without the need even to exclude a satellite.

Furthermore, for both cases, there was impact in the estimation of the modal frequencies of the bridge, as the spectral
analysis of the GPS-only solution led to more noisy spectra, where the noise level could mask the modal frequencies, or
to less accurate spectra due to the gaps in the GPS-only solution.

However, the automatic application of multi-GNSS solution would not always lead to the most reliable solution, as
satellite(s) from the other satellite constellation (for instance GLONASS) could malfunction result in higher noise level
of the multi-GNSS solution.35 Also, for solutions of GPS-only and multi-GNSS of the same accuracy and precision, the
GPS-only should be preferred due to the shorter required computation time for the solution.

In the current study, the GNSS monitoring of the Severn Bridge was primarily designed in order to evaluate the
impact of the different combinations of satellite constellation on the quality of the GNSS solutions and define the
solution (GPS-only or multi-GNSS), which resulted in the most accurate estimation of the response and the modal
frequencies of the bridge.

FIGURE 22 (Top) Displacement multi-GNSS time series of the lateral component of the midspan point B and (bottom) the

corresponding spectra. The high-pass filtered time series (red line) has the large vibration-type amplitude after 12:07 (indicated by the

vertical dotted line), when the maximum lateral wind speed occurred. In the spectrum of the high-pass filtered, the frequency of 0.095 Hz is

dominant corresponding to the main modal frequency in the lateral component of the midspan
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FIGURE 23 (Top) Displacement time series of the lateral and vertical component of the GPS and multi-GNSS solution for the time

interval between 08:10 and 08:20 of 22 July at point B. It is evident the 3-min data gap in the GPS solution. (Bottom) The spectra of the GPS

and multi-GNSS time series, with the red line indicating the 95% confidence level. The GPS spectra are more noisy, which makes less clearly

detected the main modal frequency of 0.095 Hz in the lateral component and the 0.225 Hz in the vertical component

FIGURE 24 (Top) Displacement time series of the lateral and vertical component of the GPS and multi-GNSS solution at the midspan

point B, for the time interval between 08:30 and 08:40 of 22 July. It is evident the 3-min data gap in the GPS solution. (Bottom) The spectra

of the GPS and multi-GNSS time series, with the red line indicating the 95% confidence level. Similar to Figure 18, the GPS spectra are more

noisy, which makes less clear the detection of the main modal frequencies
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The methodology, which was applied for the analysis of the GPS-only and multi-GNSS solutions for the monitoring
of Severn Bridge, can be applied for any health monitoring project of civil engineering structure. A main requirement is
the zero-baseline measurements, which will be carried out at the reference station and used to evaluate the
performance for each solution in every time period and indicate the optimum solution for the bridge response.
However, further analysis of each station on the bridge needs to be made, as there are site-specific effects which may
have impact on the individual station. More specifically, the steps of the developed methodology are the following
(Figure 26):

Step-1: Collection and cleansing of the GPS/GNSS records. The data of the bridge GNSS stations and the base stations
(including the zero-baseline measurements) are collected and then cleaned. More specifically, based on the
information deriving from the corresponding SNR, MP1 and MP2 parameters, the measurements
corresponding to a specific satellite of low quality signal are identified and removed. If the signal of several
satellites is of low quality for the specific epoch, then this epoch is removed from the processing.

Step-2: Analyse the GDOP values of the available GNSS records. The GDOP values are estimated for all the available
measurements and for every possible combination of satellite systems (GPS-only, GLONASS-only, multi-GNSS,
etc.). Due to the short distances between the GNSS stations, their GDOP values should not deviate significantly.
However, potential site-specific obstructions could produce deviations for specific GNSS stations, and the
GDOP values are analysed for each GNSS station separately.

Step-3: Processing of the GPS-only and multi-GNSS records. The GNSS base station and the GNSS bridge stations
records are processed using DD mode. The main requirements of the configuration parameters are (i) to have
15� cut-off elevation angle for the satellites and (ii) to accept only the solution with fixed-ambiguity resolution.
Solutions with no fixed ambiguities (i.e., float solution) are not further analysed. The same processing approach
is used also for the zero-baseline measurements. This step results to the E,N,U time series for each GNSS
combination for all the stations.

Step-4: Conversion of E,N,U time series to bridge displacement time series. The NEU coordinate time series of each
station are converted to the bridge coordinate system, by using the relative bridge position with respect the

FIGURE 25 (Top) Displacement time series of the lateral and vertical component of the GPS and multi-GNSS solution at the tower

point T2, for the time interval between 22:30 and 22:40 of 22 July. The main modal frequency of 0.147 Hz is clearly detected in both GPS and

multi-GNSS spectra, but for the multi-GNSS is statistically more significant. The modal frequency of 0.158 Hz is detected marginally in the

lateral and vertical component spectra of the multi-GNSS solution
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GNSS coordinate and the transformation matrix. For the zero-baseline measurements, the NEU time series
express the precision of the zero-baseline measurements.

Step-5: Based on the parameters of the geometry of the satellites (GDOP) and the indicators of satellite signal quality
(SNR, MP), the quality of the GPS-only measurements and the multi-GNSS measurements is assessed for the
bridge station and the zero-baseline station. The analysis of the zero-baseline NEU time series, considering
the achieved precision and availability of the GPS-only and multi-GNSS solutions, should lead to the optimum
GNSS solution. The former will be evaluated for every GNSS station on the bridge and can be altered for
specific bridge GNSS station if there is an indication from the site-specific parameters of the GNSS
measurements (GDOP,SNR, MP) for site-specific effects on GNSS measurements.

Step-6: The GNSS solution which is chosen from Step-5 is used to determine the displacement time series of the bridge
and the estimation of the modal frequencies.

8 | CONCLUSIONS

The beneficial contribution of additional GNSS systems in enhancing the accuracy of GPS-only solution, thanks to the
improved geometry of the multi-GNSS satellite constellation, is well-proved. However, the conditions under which
the multi-GNSS solution is beneficial in bridge monitoring application, by improving the accuracy or the availability of

FIGURE 26 Flowchart representing the proposed monitoring methodology for Severn Suspension Bridge using multi-GNSS
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the bridge response estimation, was not further investigated. In this study, a new approach of multi-GNSS monitoring
of the Severn Bridge was applied to investigate the impact of the multi-GNSS solution on the estimation of the response
characteristics (amplitude and frequencies) of the bridge. The main hypothesis was that a multi-GNSS solution can
overcome problems of the GPS-only solution, with respect the precision and the availability, due to satellite
constellation weaknesses.

The GNSS monitoring of Severn Bridge showed that there are periods of weak geometry GPS constellation or poor
quality (i.e., low SNR) of GPS satellite(s) signal, which could lead to noisy or even no solution and consequently the
inaccurate estimation of the bridge response. For these periods, it was proved that an additional satellite system
(GLONASS in this study) can lead to a significantly enhanced solution, more precise estimation of the displacement
time series and clear detection of the main modal frequencies. Based on this study, a novel methodology is developed
where the quality of the satellite system constellaiton (GPS-only and multi-GNSS) can be evaluated with zero-baseline
measurements at the reference station and the measurements at each monitoring location. The analysis of these
measurements determines which solution should be applied (GPS-only, multi-GNSS) to estimate the bridge response.

The outcome of this study is strongly affected by the location of the Severn Bridge and the corresponding quality of
the GPS satellite constellation. For other geographical locations, the different geometry of the GPS satellite constellation
will lead to different quality of GPS solutions. Furthermore, in this study, only the addition of GLONASS was examined
due to the limited availability of Galileo and BeiDou at the time or the location of the recording, respectively. However,
this methodology can be applied for the monitoring of any civil engineering structure, and it is expected that the
addition of the satellite systems apart GPS will broaden the options of the multi-GNSS solutions, especially with the
development of the low-cost multi-GNSS receivers,58 and enhance the estimation of the structure response even further,
especially for unfavourable monitoring locations and time periods of poor GPS solution.
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