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SUMMARY

This study evaluates the usability of the GNSS-PPP method for structural health monitoring
and seismogeodesy applications. Two test scenarios were considered. The first test scenario
included monitoring hormonic oscillations in amplitude of 5 mm to 20 mm with the frequency
range of 0.2 Hz to 2.5 Hz that were generated using a shaking table, which has the ability to
move in one direction in a horizontal plane. The second test scenario was carried out by
simulating the EI-Centro Earthquake as a seismogeodesy application. The used GNSS data
comprised dual-frequency observations with a 10 Hz sampling rate. GNSS-derived positioning
time series were obtained by processing the data using a post-mission kinematic PPP method
and results were compared, in both the frequency domain and time domain, with LVVDT (Linear
Variable Differential Transformer) data, taking as a reference. Results show that the high-rate
GNSS PPP method can capture the frequencies of harmonic movements comparable to the
LVDT. The observed amplitudes of the harmonic oscillations are slightly different from the
LVDT data at the order of mm level. These results demonstrate the ability of the high-rate
GNSS PPP method to reliably monitor structural and earthquake-induced vibration frequencies
and amplitudes for both the structural health and seismogeodesy applications.
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1. INTRODUCTION

High-rate GNSS positioning has been recognized as a powerful tool in measuring dynamic
displacements of engineering structures and surface wave motion caused by large earthquakes.
Real-time or post-processed relative kinematic positioning methods that require a minimum of
two GNSS receivers are widely used to measure relative displacements. Numerous studies have
been conducted using such relative positioning methods to measure dynamic displacements of
high-rise buildings and tall slender structures (Celebi 2000; Li et al.2006; Park et al.2008; Yigit
et al.2010; Yi et al.2013), long and short-span bridges (Nakamura 2000; Roberts et al.2004; Yi
et al.2013; Moschas & Stiros 2014). In addition to the full-scale monitoring studies, there is a
number of experimental studies for assessing the accuracy and dynamic performance of relative
positioning methods (Chan et al. 2006, Psimoulis and Stiros, 2008, Wang et al., 2011). Some
shake table tests to assess the abilities of GNSS as seismometers have been performed in the
past decade (Ge et al. 2000, Larson et al., 2003; Bock et al., 2004; Bilich et al., 2008; Bock et
al. 2011, Shi et al., 2010; Yin et al., 2013; Hung and Rau, 2013; Guo et al., 2013;).

In recent years, high-rate PPP methods were developed (Zumberge et al.1997; Kouba & Heroux
2001), which can provide centimeter- to decimeter-level accuracy based on the processing of
un-differenced observations from a single GNSS receiver employing the measurement
corrections (EI-Mowafy et al. 2017). PPP has been demonstrated to be a powerful and efficient
method for crustal deformation monitoring (Savage et al.2004; Calais et al. 2006; Ohta et
al.2008), GPS seismology (Kouba 2003; Avallone et al. 2011, Xu et al. 2013, Nie et al. 2016;
Michel et al. 2017 ), earthquake early warning system (Li et al. 2013) and structural health
monitoring (Moschas et al. 2014, Yigit 2016, Yigit and Gurlek 2017, Kaloop et al. 2018).

The purpose of this research is to investigate how precisely high-rate PPP can measure the
dynamic oscillation of engineering structures and strong ground motion caused by a large
earthquake. The evaluation of performance of high-rate PPP method was performed on twenty
four different oscillation events and a simulation for EIl-Centro earthquake generated by a
single-axis shake table with a mounted GNSS atenna and LVDT sensor. The PPP results
obtained from each event were compared to the corresponding LVDT data in the time and
frequency domain.

The rest of the paper is organized as follows: experimental setup is introduced in Section 2. In
section 3, GNSS data processing is briefly presented. The experimental results are presented
and discussed in Section 4. Finally, the conclusions are drawn in Section 5.
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2. EXPERIMENTAL SETUP
2.1 Shake table

Dynamic motion at an arbitrary location is simulated by using the shake table instrument, which
has been widely used in earthquake engineering studies. The shake table used in the
experiments can move the table, shown in Figure 1 as the black flat plate where the receiver is
attached, a uniaxial movement within + 95mm. The total stroke of the table is 190 mm. The
table follows either displacement or acceleration pattern, harmonic motion or single steps. The
maximum velocity is limited up to 400 mm/s. The motion of the table is provided by an electric
engine that can also create low vibration. The stability of the table on a metal chassis under high
frequency motions are maintained by counter-weights placed on the either sides of the platform.
The position of the table on the rails is controlled by a software running on a Windows computer
where the controller verifies the position using an embedded LVDT under the moving table
(not visible in Figure 1). The LVDT measures the position of the table at mm level accuracy
with 50 sampling per second (50 Hz). The efficiency of the LVDT and the position of the
moving table is regularly controlled by external measurement instruments.

Figure 1. Shake table and GNSS receiver

The motion patterns of the shake table can be arranged as harmonic and random values. The
harmonic motions are function of sinusoidal wave that is described by the amplitude, frequency
and number of cycles. On the other hand, the random values are described as acceleration or
displacement functions. The acceleration functions are initially converted to the displacement
time-history in order to see whether the peak values exceed the stroke limits. In case of
exceedance, the time-history values are scaled by an optimal factor for the sake of consistency
between the peak to peak scaled values and the stroke limits.

2.2 GNSS data collection
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In this study, we employed two Topcon™ HiPer-Pro GNSS receivers. One GNSS
antenna/receiver was mounted on the shake table (cf. Figure 1). Another GNSS
antenna/receiver was installed 20 m away from the shake table at a known station and served
as a reference station. The shake table experiment was conducted at the Kultir University
campus in Istanbul in August 2016 and lasted approximately 136 minutes. The shake table was
kept motionless for approximately 25 minutes before starting the oscillation test in order to
accelerate the process of achieving an integer ambiguity-fixed and a stable float-ambiguity
solution for relative positioning and PPP, respectively. The GNSS data were recorded at a 10
Hz (0.1 s) sampling rate. Both GPS and GLONASS satellite data were collected. The
experiment was conducted under open-sky conditions. The selected satellite elevation cut-off
angle was 10°. The weather was calm when carrying out the experiment. The number of
observed GPS+GLONASS satellites varied between 12 and 16 per epoch during the
experiment.

2.2.1 Harmonic Oscillation Tests

Twenty four harmonic oscillation experiments using a shake table have been conducted to
evaluate the performance of the high-rate relative positioning and PPP methods and to compare
their results with a reference LVDT data. Table 1 summarizes these harmonic oscillation events
giving their frequency and amplitude values.

Table 1. Oscillation frequency and amplitude of each event selected for this study

Oscillation Amplitude

5mm 10 mm 15 mm 20 mm

0.2 Hz Event 1 Event 2 Event 3 Event 4

0.5 Hz Event 5 Event 6 Event 7 Event 8
Oscillation | 1.0 Hz Event 9 Event 10 Event 11 Event 12
Frequency | 1.5 Hz Event 13 Event 14 Event 15 Event 16
2.0 Hz Event 17 Event 18 Event 19 Event 20
2.5 Hz Event 21 Event 22 Event 23 Event 24

2.2.2 Earthquake Simulation Test

The EI-Centro earthquake occurred on on May 19, 1940 at 05:35 UTC in Southern California.
The earthquake had a magnitude Mw of 6.9 and was the first major earthquake to be recorded
by a strong-motion seismograph located next to a fault rupture. It was the strongest recorded
earthquake to hit the Imperial Valley, and caused a widespread damage to the irrigation systems
in the area. The earthquake was the result of a rupture along the Imperial Fault, with its epicenter
5 miles (8.0 km) north of Calexico, California. A surface rupture was formed during the
earthquake of 40-60 km with a maximum recorded displacement of 4.5 m close to the border.
The sense of movement along the rupture was almost pure strike-slip, with no vertical
displacement seen.
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The random values used in the experiments are selected; excerpted from a natural strong ground
motion record during El Centro, California earthquake in 1940 (Figure 2). The displacement
computed from the acceleration file, depicted as solid line in the figure, was scaled down in
order to move the table within the stroke limits.
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Figure 2. Time-history series of EI-Centro earthquake reéord used in the experiment

A popular record in the earthquake studies is EI-Centro North-South component (1940). This
record is used in this study. The frequency content of the record is narrow-banded as illustrated
in Figure 3. The motion is smooth in the transitions and the reverse cyclic motions are not so
severe, such that the general waveform of the displacement is not complex.
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3. DATA PROCESSING
3.1 Kinematic Relative Positioning

The analysis of GNSS data was performed using the Leica Geo Office (LGO) 3.0 software. In
processing, a standard L1+L2 solution was employed to eliminate the ionosphere effect.
Furthermore, a Hopfield tropospheric model was utilized to correct the tropospheric dry delay.
GNSS integer ambiguity-fixed solution was computed. Navigation ephemeris data was used for
the post-processed kinematic solution.

3.2 Kinematic PPP

The GNSS data from the rover receiver on the shake table in the PPP mode were processed in
the post-mission kinematic mode using the CSRS-PPP software developed by the Geodetic
Survey Division of the NRCan (NRCan-GSD). It is able to compute stand-alone positions from
both single- and dual-frequency GPS+GLONASS satellite data. The CSRS-PPP is suitable for
processing data sampled at 10 Hz. The accuracy of the position obtained from PPP highly
depends on the accuracy of the products used. CSRS-PPP software uses different GNSS orbit
and clock products (ultra-rapid, rapid and IGS-Final) depending on the time of a user’s data
submission and the epoch of the last observation in users’ dataset (Mireault et al.2008). The
reader is referred to Tetreault et al. (2005) for further details about the CSRS-PPP software.
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Table 2. Processing parameters used by CSRS-PPP

Mode Kinematic
GNSS Type GPS+GLONASS
Observation processed Code&Phase
Frequency observed L1, L2
Satellite orbits Precise (EMU-Ultra rapid)
Satellite product input CLK-RINEX
lonospheric model L1&L2
-Davis(GPT) for Hydrostatic delay
Tropospheric models -Hopf (GPT) for wet delay

-GMF for mapping functions
Troposphere zenith delay (TZD)  Estimated

Clock interpolation Yes
Parameter smoothing Yes
Reference frame ITRF

The IGS-Final products are available 13 days after the last observation while EMU (ultra-rapid)
products are generated hourly and are available 90 minutes for GPS and 120 minutes for
GPS+GLONASS after the last observation. In this study, the ultra-rapid precise orbit and clock
products were used where the GNSS data used in this study was processed two hours after
completing the experiments. Alternatively, one can use real-time products from the IGS or
commercial providers (EI-Mowafy et al., 2017, EI-Mowafy 2018). The processing parameters
used in this study are given in Table 2.

The CSRS-PPP provides geocentric Cartesian coordinates in the ITRF (International Terrestrial
Reference Frame) and ellipsoidal coordinates. These coordinates cannot be directly used in
structural health monitoring (SHM) or seismogeodesy applications (Yigit 2016), and therefore
need to be transformed to a local topocentric Cartesian coordinate system, which is physically
feasible in terms of the separation of position and height. Therefore, the point coordinates
estimated from both the CSRS-PPP and LGO 3.0 software were converted from geocentric
Cartesian to the local topocentric Cartesian system (Yigit 2016). Afterwards, topocentric
coordinates were projected onto the movement direction of the shake table as described in Yigit
(2016).

4. RESULTS AND DISCUSSIONS

In this study, LVDT data is considered as a reference to evaluate the performance of high-rate
GNSS PPP method in terms of capturing dynamic motion. A number of experiments were
carried out to obtain various combinations of the oscillation characteristics. LVDT, relative
positioning and PPP-derived displacement time series are shown in figure 4, consisting of
harmonic oscillation events and the EI-Centro earthquake simulation. It can be clearly seen that
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LVDT and relative positioning-derived displacement are very much consistent, whereas the
PPP-derived displacement exhibit low frequency (long period) fluctuation other than the given
harmonic oscillation (see events 5 to 8 in figure 4).
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Figure 4. Overall LVDT (top panel), Relative GNSS positioning (middle panel) and PPP
(bottom panel)-derived displacement (left) and zoom in for event 5 to event 8 (right). Note
that relative and PPP-derived displacement is shown for the east component.

The larger variation in PPP-derived displacement time series is due to the use of float-
ambiguities, where a long time is needed for reaching a converged solution. The convergence
time, which represents the time to reach a stable accuracy level, is quite dependent on many
factors such as the number and geometry of visible satellites, user environment and dynamics,
observation quality, sampling rate and algorithm (Bisnath and Gao 2008). However, long-term
fluctuation is not an issue in this study, since it is focused on the dynamic displacement over a
short period of time, e.g., within 20 s to 250 s. The long-term fluctuation in PPP-derived
displacement time series can be eliminated by implementing high-pass filter (Yigit 2016).

4.1 Results of Harmonic Oscillation Tests

In this study, the low-frequency components in PPP-derived time series was filtered out by
applying fifth-order Butterworth high-pass filter with cut off frequency of 0.15 Hz. Figure 5
shows the LVDT, relative GNSS positioning and PPP-derived displacement time series of the
events 5, 6, 7 and 8. It can be seen that in this case, PPP-derived displacements show good
agreement with that of the LVDT and relative-GNSS positioning displacement. Figure 6
illustrates the FFT spectrums of the events 5 to 8. The oscillation frequencies obtained from
all methods for these events are the same whereas there are slight differences in the
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corresponding amplitudes. These differences can be attributed to the random noise of GNSS
measurements.
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Figure 5. Time series of Event 5 to Event 8. Note that LVDT data are down-sampled to 10
Hz and PPP-derived time series is filtered.

To further examine the ability and performance of high-rate PPP method, the peak frequency
and corresponding amplitude of each event obtained from FFT are summarized in Table 3. As
can be seen from the table, the oscillation frequencies obtained from the three methods for each
event have a good agreement. However, there are slight differences in the corresponding
amplitudes. The differences in the amplitude of the oscillation frequency between the LVDT
and PPP vary between 0.2 and 3.7 mm, whilst the differences between the LVDT and relative
GNSS positioning are from 0.2 to 6.5 mm, as shown in Figure 7.
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Figure 6. FFT results of filtered time series for Event 5 to Event 8 for LVDT (left), Relative
GNSS positioning (middle), and PPP (right).

Table 3. Peak Frequency and amplitude for all events.

Given Given LVDT R(gg:i\t/i%riwss PPP (filtered)
Event | Oscillation | Oscillation — — —— 9__ — ——
No Frequency | Amplitude Oscillation OscHI_atlon Oscillation OscHI_atlon Oscillation Osmllghon
(H2) (mm) Frequency | Amplitude | Frequency | Amplitude | Frequency | Amplitude
(Hz) (mm) (H2) (mm) (Hz) (mm)
1 0.20 5 0.20 4.9 0.20 4.7 0.20 4.3
2 0.20 10 0.20 9.7 0.20 9.5 0.20 9.9
3 0.20 15 0.20 14.8 0.20 15.0 0.20 15.1
4 0.20 20 0.20 19.8 0.20 19.0 0.20 19.0
5 0.50 5 0.50 4.6 0.50 4.8 0.50 4.8
6 0.50 10 0.50 9.3 0.50 9.7 0.50 9.7
7 0.50 15 0.50 13.9 0.50 14.6 0.50 14.6
8 0.50 20 0.50 18.6 0.50 19.3 0.50 19.6
9 1.00 5 1.00 45 1.00 6.2 1.00 5.6
10 1.00 10 1.00 9.0 1.00 12.0 1.00 10.8
11 1.00 15 1.00 13.4 1.00 16.7 1.00 15.0
12 1.00 20 1.00 18.0 1.00 24.2 1.00 21.2
13 1.50 5 1.51 4.4 1.51 6.2 1.51 5.8
14 1.50 10 1.51 8.7 1.51 115 1.51 10.6
15 1.50 15 1.51 13.1 1.51 17.3 1.51 14.3
16 1.50 20 1.51 175 1.51 24.0 1.51 19.6
17 2.00 5 2.01 4.0 2.01 4.3 2.01 3.6
18 2.00 10 2.01 8.0 2.01 9.2 2.01 7.5
19 2.00 15 2.01 12.1 2.00 13.3 2.00 11.8
20 2.00 20 2.01 16.1 2.01 18.3 2.01 15.5
21 2.50 5 2.52 4.0 2.52 4.1 2.52 3.4
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Figure 7. Amplitude of peak frequency for all events for LVDT (left), Relative GNSS
positioning (middle), and PPP (right).

To compare the three methods in the time domain, the displacements obtained from each
method for event 7 are depicted in figure 8, as a representative example. Figure 8 also shows
the histogram of the differences in displacements between relative-GNSS positioning and
LVDT, as well as between PPP and LVDT for this event. These differences ranged between -4
mm and 4 mm, and approximately follow a normal distribution. These differences are mainly
due to inherent GNSS noise.
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Figure 8. Comparison of PPP, relative GNSS positioning and LVVDT-derived displacement at
Event 7 (left). LVDT data are down-sampled to 10 Hz. Histograms of the differences between
relative-GNSS and LVDT (top right) and between PPP and LVDT (bottom-right).

Harmonic oscillation tests demonstrated that the PPP method are potentially an ideal method in
determining the natural frequencies of engineering structures in case where the reference GNSS
station data is unavailable or unreliable for relative GNSS positioning.

4.2 Results of the EI-Centro Earthquake Simulation test

Figure 9 presents the time series of displacement caused by simulating the selected record of
the El-Centro earthquake. The figure shows comparisons between three methods. It can be seen
that the displacement waveforms estimated from PPP, relative GNSS positioning and LVDT
are largely consistent in terms of capturing the dynamic ground motion. The differences in the
displacement waveform between PPP and LVDT are slightly larger than those of relative GNSS
positioning and LVDT.
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Figure 9. Comparison of PPP, relative GNSS positioning and LVVDT-derived displacement at
El-Centro Earthquake simulation. LVDT data are down-sampled to 10 Hz.
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Figure 10. Histograms of the differences between relative GNSS positioning and LVDT
displacement, and between PPP and LVDT-derived displacement for the EI-Centro
earthquake simulation
To further investigate the dynamic performance of GNSS methods, the histogram of the
differences in displacements between relative GNSS positioning and LVDT, as well as PPP and
LVDT are shown in figure 10. It can be seen that the displacement waveforms from PPP differ
those from LVDT within -8 to 8 mm, while the displacement waveforms from relative GNSS
positioning differ from those of LVDT to within -4 to +4 mm. The error distribution of relative
positioning and LVDT appear to be normal, resembling a bell curve with a large concentration
of samples around the mean value. The differences between PPP and LVDT are slightly larger
than those of relative positioning and LVDT, which may indicate that the noise level of relative

positioning is smaller than PPP.
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5. ONCLUSION

In this study, large number of harmonic oscillation experiments and the EI-Centro earthquake
simulation experiment using shake table were performed. The performance of the relative post-
mission kinematic GNSS positioning and kinematic PPP method based on twenty four
harmonic oscillation events and one earthquake simulation event has been assessed through a
comparison with that of LVDT data in the time and frequency domain. The shake table
experiment demonstrated good agreement between LVDT, the relative GNSS positioning and
PPP-derived spectrum. In general, the displacement waveforms estimated from PPP and LVDT
are largely consistent in the dynamic component within a few millimeters. The results of the
experiments show that the PPP method is very efficient and can satisfy structural health
monitoring (SHM) and seismogeodesy applications as well as relative positioning method in
terms of extracting dynamic oscillation frequencies after removing lower frequency component
from PPP-derived time series. In conclusion, the PPP method are potentially an ideal method
in determining the natural frequencies of engineering structures, if the reference GNSS station
data is unavailable or unreliable, and earth surface wave motion caused by large earthquake.
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