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Abstract

We present the performance of real-time (RT)-precise point positioning (PPP) and GNSS-based variometric approach for
displacement analysis stand-alone engine (VADASE) methods in capturing dynamic motions in real time. To examine
the effectiveness of the two RT methods, different cases, including harmonic motions in various frequency and amplitude
ranges, two ground motions similar to those experienced during a real earthquake, and step motions, were generated using
a shake table. RT-PPP and VADASE results based on global positioning systems (GPS) observations at a 20 Hz sampling
rate were compared with results of the linear variable differential transformer (LVDT) sensor and relative positioning (RP)
in the frequency and time domains. Frequency-domain outcomes demonstrated that both RT-based techniques can precisely
detect dominant frequencies of the tested motions. However, the time domain results showed that the VADASE can capture
the dynamic displacements slightly better than the RT-PPP. While the RMSE values of the differences between the RT-
PPP technique and the LVDT vary between 2.3 and 11.6 mm, these values ranged from 1.4 to 6.00 mm for the VADASE
approach. Results of earthquake simulation and step motion tests indicated that the VADASE provides more accurate and
reliable results than the RT-PPP. It was concluded that the RT-PPP and VADASE approaches can significantly contribute to
real-time determination of accurate displacement and natural frequencies of engineering structures and seismic waveforms.
They have potential benefits for structural health monitoring, earthquake/tsunami early warning systems, and rapid risk
assessment applications.

Keywords Real-time variometric approach - RT-PPP - High-rate GPS - Dynamic displacement - Wave motions - Shake
table

Introduction

High-rate GPS positioning has emerged as a powerful tool
for monitoring strong ground motions during earthquakes
(Larson et al. 2003), tsunami early warning systems (Geng
et al. 2013), rapid hazard assessment (Yigit et al. 2020) and
D Cemal Ozer Yigit structural health monitoring (Shen et al. 2019). RP and PPP
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the high-rate PPP technique in structural health monitoring
(Yigit et al. 2021) and GNSS-seismology (Xu et al. 2021).
International GNSS Service (IGS) provides three types
of precise orbit and clock products; ultra-rapid, rapid, and
final, which enable PPP solutions (Kouba 2015). At present,
GNSS precise products have some latencies ranging from
17 to 41 h for rapid products to 12—18 days for the final
products, which is not suitable for real-time applications.
While ultra-rapid products with approximately 2 h of latency
are available for near-real-time applications, they are useless
for high-precision PPP applications due to their low accu-
racy (Wang et al. 2018). In addition, the IGS has provided
real-time (RT) products, only for GPS, through Networked
Transport of RTCM via Internet Protocol (NTRIP) with an
accuracy of 0.3 ns for the clock and 5 cm for orbit informa-
tion (Hadas and Bosy 2015). Moreover, some studies tested
the accuracy of RT products in both kinematic (Wang et al.
2019; Nie et al. 2020) and static modes (Elsobeiey and Al-
Harbi 2016). RT-PPP is becoming an essential technique
for earthquake and tsunami early warning systems (Melgar
et al. 2020) and structural health monitoring studies (Tu
et al. 2017). Capilla et al. (2016) investigated the usability
of the RT-PPP technique in deformation monitoring with
observations at 1 Hz sampling rate, and they concluded that
the method can detect deformations up to 5 cm with an accu-
racy of +2 cm. Tang et al. (2017) evaluated the performance
of the RT-PPP technique in bridge monitoring with GNSS
data at a 10 and 20 Hz sampling rate, and they suggested
that the RT-PPP could be an alternative to the RP approach.
Moreover, some studies evaluated the ability of the high-rate
PPP technique for detecting co-seismic deformations under
real-time conditions (Li et al. 2019; Zheng et al. 2019).
Real-Time Service (RTS) products, however, have
limitations. RT-PPP applications are severely affected
when communication with the user is poor and/or RTS
data cannot be received (Nie et al. 2018). VADASE tech-
nique proposed by Colosimo et al. (2011), on the other
hand, can determine the velocity of the GPS receiver by
using the broadcast ephemeris; hence, unlike the RT-
PPP technique, it does not require any internet connec-
tion. VADASE approach provides velocity or displacement
information in real-time for users. Some studies investi-
gated the kinematic applications of the VADASE approach
for the detection of co-seismic deformations. For example,
Benedetti et al. (2014) compared the performance of the
broadcast orbit-based VADASE approach in capturing
strong ground motions with RP and PPP techniques and
demonstrated that the VADASE approach can estimate
dynamic displacement at cm order in both horizontal and
vertical components. Geng et al. (2016) investigated the
performance of the VADASE to detect real-time seis-
mic waves using GPS and GPS + BeiDou observations at
1-5 Hz sampling rate, showing improved results by using
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the latter. Shu et al. (2018a) evaluated the ability of the
VADASE to estimate displacements employing the 50 Hz
single-frequency GPS data. They demonstrated that the
VADASE can estimate seismic waveforms at cm level
accuracy in all components, compared to post-processed
PPP. Benedetti et al. (2017) demonstrated the benefit of
integrating VADASE-based low-cost GNSS and MEMS
accelerometer technology in obtaining more accurate
displacement estimates. Shu et al. (2018b) introduced a
method, which is relied on the integration of the velocity
and displacement information derived from the accelera-
tion data at the 200 Hz sampling rate, and the velocity and
displacement values at the 1 Hz sampling rate obtained
using the VADASE. They revealed that this approach
can provide more precise velocities and displacements.
Moreover, the performance of the VADASE approach
for structural health monitoring applications has also
been investigated. Benedetti et al. (2016) examined the
performance of the VADASE to estimation of the small-
amplitude oscillation motion with uBlox GPS receiver at
5 Hz sampling rate using a single-axis shake table. They
reported that the U-Blox GPS receiver was restricted to
a low rate, which is resulted in aliasing and a consider-
able underestimate of the oscillation amplitude, although
the findings were promising for structural health moni-
toring studies. Fortunato et al. (2019) collected data at a
1 Hz sampling rate with an android-based smartphone,
and detection of dynamic movements was evaluated with
VADASE. Results showed that the VADASE method can
detect low-frequency motions. Most recently, Bezcioglu
et al. (2022) investigated the performance of single-fre-
quency VADASE technique for structural health monitor-
ing applications employing GPS and GPS + Galileo obser-
vations at 20 Hz sampling rate, and they showed that the
use of GPS + Galileo improved displacement estimation
compared to GPS-only solutions.

In the above-mentioned studies, RT-PPP and VADASE
methods were not considered in real-time, but as a possible
real-time scenario applied in a post-processing mode. In
addition, both methods were investigated independently
from each other and generally using 1 Hz GPS observa-
tions. Unlike previous studies, for the first time, we dis-
cussed the usability and effectiveness of both RT-PPP and
VADASE methods based on 20 Hz GPS observations in
terms of capturing dynamic motions and permanent dis-
placements in real time. Three different types of experi-
ments, namely harmonic motions, earthquake simulations,
and step motions, were carried out using a single-axis
shake table. In the harmonic motions test, sinusoidal
dynamic movements were generated in the range of 0.25
to 8.0 Hz frequency and 5 to 10 mm amplitude. In the
earthquake simulation testing, ground wave motions of
selected sites from 1989 Loma Prieta and 1940 El-Centro
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earthquakes were generated on the shake table to evaluate
the real-time performances of the RT-PPP and VADASE
techniques in early warning systems. In addition to these
two experiments, step motion experiments were carried
out to detect permanent displacements. To study and com-
pare the performance of the methods, their results were
compared with displacements measured by the LVDT sen-
sor, which is used as a ground truth.

Stand-alone GNSS receiver approaches
for real-time solution

Displacements of a dynamic station can be estimated directly
in real time by RT-PPP and VADASE techniques using the
observations of a single GNSS receiver. While real-time
orbit and clock corrections are required to obtain dynamic
displacements in the RT-PPP technique, the VADASE
approach relies only on GNSS broadcast ephemeris. In the
following sections, the RT-PPP and VADASE approaches
are described. Moreover, it is worth mentioning that while
the RT-PPP technique generally works with dual-frequency
GNSS observations, the VADASE approach can work with
both single and dual-frequency data.

Real-Time PPP

In RT-PPP, raw code and phase observations are used. Their
equations are expressed as:

Pi(t,) = p(®) + (8, = 62°) + T2 (1,) + L (1) + m_p}(1,) + €
ey
Gi (1) =p3(°) + AN? + (51, — 6¢°) + T} (1,) )
~ () +mgi() + e ®
where r and s denote the receiver and satellite, andP and ¢
are the GPS pseudorange (code) and carrier-phase measure-
ment in meters, respectively. ° and ¢, are the satellite and
receiver signal times. p describes the true geometric distance
in meters between the antenna phase center of the satellite
at transmission time and the antenna phase center of the
receiver at reception time. 6¢° and 6¢, specify the clock offsets
for the satellite and receiver, respectively. €p and £ » present
unmodeled errors and relevant system noise in meters for
phase and code, respectively. N and A are the integer ambi-
guity parameters in cycles and the wavelengths of the carrier
phase for the thought frequency in meters, respectively. c is
the speed of light in vacuum. 7 and 7 are ionospheric and
tropospheric components in meters.m_p; and m_g; are the
multipath components for code and phase observations (Cai
and Gao 2007).

IGS's real-time data streams present corrections of orbits
and clocks with respect to broadcast ephemeris. Orbital cor-
rections are presented in the radial (6,), along-track (8,) and
cross-track (6.) directions with their velocities (8;, §,, 6,) in
RTCM-SSR (State Space Representation) format at refer-
ence epoch (¢,), denoted here as A, and include the issue
of data (IOD) number (El-Mowafy et al. 2017), where:

Ay = (tO,IOD) = (ér, 05 Oc» Ot 53,5é,c0,cl,c2). 3)

¢y, €1, ¢, are the polynomial coefficients to calculate clock
corrections. Thus, orbit corrections at epoch ¢ can be calcu-
lated as:

R 8 5
s=|0A [=|6, |+]| 8 [(t—1) )
8C 5 8.

Since the corrections are provided in the satellite-fixed
coordinate system, orbit corrections need to be converted to
earth-centered earth-fixed (ECEF) frame using the unit vectors
(e4, €., ;) in the along-track, cross-track and radial directions.

I3 rXr

—,e. = ———,ep =€, Xe
e = T R = A X (5)

€p =
where r and i are the satellite position and velocity position
vectors obtained from the broadcast ephemeris. The precise
orbit position in real-time can be computed after transform-
ing the corrections from the satellite-fixed system to the
geocentric system.

X, X, oR
=% |+ [eR ex ec] 0A 6)
z, Z, oC

where subscripts b and p refer to broadcast and precise posi-
tion, respectively.

To compute the precise clock information at the current
epoch, polynomial coefficients ¢, ¢, ¢, are used;

cot+e(t—1y) +Cy(t - t0)2

dT, = dT, + (N

C
where 7}, and T}, denote real-time precise and broadcast clock
products, respectively.

VADASE

A variometric approach to detect dynamic motions in real time
was proposed by Colosimo et al. (2011). The functional model
of this approach is based on the epoch difference (A) of the raw
carrier phase observations collected by a single receiver. By
taking the difference of the raw code observations between two
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consecutive epochs, and assuming that dual-frequency obser-
vations are available, it gives:

[}”‘ﬁi]u + B[ A¢]] o = (€ &+ o) + ([pf']OR — ot + T}
+ oo+ )+ m g+ e

®)
where= (/2 /(f2, = 17,))and B = (=, / (2, = 17,) ) repre-
sent the standard coefficients of the ¢ 1 and ¢ 2 combination
(f is the signal frequency); A denotes the time (epoch) dif-
ference. p; is the sum of the other error sources (e.g., rela-
tivistic effects, phase center variations, phase wind-up);Ae’
and Am? and correspond to the temporal difference of noise
and multipath effects for the combined two frequencies,
respectively. ef describes the unit vector between satellite
and receiver at time t; A¢, is the displacement of the receiver
between two consecutive epochs and this value is equivalent
to the mean velocity in this time interval. [p;] OR and [p;] Ol
are the change of the geometric distance due to the Earth
rotation and the satellite orbital motion, and the change of
the geometric distance due to the ocean loading variations
and solid Earth tides, respectively. (¢} - A, + ¢é1,) contains
the 3D displacement (&) and the receiver clock offset vari-
ation (81,). (93] og — €02 + T + [p°] 0 + P°) includes the
known parameters that can be computed based on the chosen
tropospheric model, broadcast orbit and clock models, and
proper models for all of the considered effects.

With this approach, the velocities of the high-rate stand-
alone receiver can be computed with order of mm s~! accu-
racy, and then, by integrating the computed velocities, esti-
mated values are transformed to dynamic displacements (Li
etal. 2014).

Fig. 1 Shake table and three GNSS antennas mounted on the table.
The yellow antenna is Leica CGA60, which collects the observations
for VADASE solutions, while the beige antenna is Novatel GPS-702,
which collects the observations for RT-PPP solutions. The gray/white
antenna is CHC 180, employed for the RP solution. The LVDT sensor
is embedded under the black plate of the shake table

@ Springer

Experiment and data description

This section summarizes the use of real-time observations
for dynamic motion monitoring. Figure 1 shows the shake
table platform that was used in the experiment carried out
in July 2021 at the Gebze Technical University, Turkey. The
shake table has a 190-mm total stroke and motions con-
trolled by computer software. During the tests, three GNSS
antennas and an LVDT sensor were mounted on the table.
One of these antennas, a Novatel GPS-702, was connected
to Trimble MB-2 OEM receiver, which tracks only GPS
observations and was employed for a real-time PPP solu-
tion, while the other antenna, Leica CGA60, was connected
to a Leica GR30 receiver, which is capable of a real-time
VADASE solution. The third antenna was the CHC 180
antenna/receiver assigned for the double-difference (DD)
solution. Another CHC I80 antenna/receiver was installed
at a known point approximately 70 m away from the shake
table for DD processing. All GNSS receivers are set to a
20 Hz sampling rate and 10° elevation cutoff angle, and a
LVDT sensor collects the data with a 100 Hz sampling rate.
While the RTKNAVI module of RTKLIB software (Takasu
and Yasuda 2009) was used for the real-time PPP solution,
the Leica GR30 receiver recorded VADASE-derived dis-
placements in real time. RTKPOST module of RTKLIB
software was also used for the double differences (DD)
solution. As mentioned before, the real-time precise clock
and satellite corrections required in the RT-PPP solution
were obtained from the IGCO1 stream via products.igs-ip.
net:2101. Three different forms of dynamic motions were
generated in the experiments. These motions are harmonic
oscillations, seismic ground wave motions, and step func-
tions, respectively, and it took approximately half an hour to
generate all these motions using the shake table.

Geocentric coordinates of the antennas in the ITRF sys-
tem obtained from the RP and RT-PPP methods were con-
verted to topocentric coordinate systems since the former
system is not suitable for obtaining displacements along the
movement direction of the shake table. As the VADASE
method provides direct velocity and displacement in the east,
north, and up directions, the coordinate transformation was
not needed for its results. Finally, the dynamic displace-
ments in the east and north direction, obtained from relative
positioning, RT-PPP and VADASE, were projected into the
movement direction of the shake table, as described in Yigit
et al. (2021).
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Fig.2 RP (top panel), RT-PPP (middle panel), and VADASE (bot-
tom panel) derived displacements. Time series are detrended, and
they contain all dynamic displacement experiments, namely harmonic
motions, earthquake simulations, and step motions. While RT-PPP

Results and discussion

This section evaluates the performance of the RT approaches
for dynamic motion detection. For the three designed exper-
iments, LVDT data were taken as a reference to evaluate
the accuracy of the other methods. Since the LVDT has a
100 Hz sampling rate, it was down-sampled to 20 Hz to
carry out this comparison.

Figure 2 shows the displacement time series, which are
obtained from the three approaches, including all dynamic
motions generated using the shake table. From top to bottom,
the time series refers to RP, RT-PPP with float ambiguity
resolution, and VADASE. It can be seen that the RP-derived
displacements are very consistent, whereas the RT-PPP- and
VADASE-derived displacements exhibit long-term fluctua-
tions. However, RT-PPP-derived displacements have more
fluctuations than that of VADASE. Such fluctuations can
be readily filtered out by implementing a high-pass filter to
extract harmonic motions for rapid risk assessment applica-
tions in the post-mission mode (Wang et al. 2016). How-
ever, one should note that implementing high-pass filtering
is not suitable for earthquake source parameter estimation
as it would cause a loss of earthquake-induced co-seismic
displacement if exists and ground wave motion pattern.
Nevertheless, we applied a high pass filter to the harmonic
motion cases in the post-mission mode to investigate the
applicability of RT-PPP and VADASE for the rapid detec-
tion of structural damage after an earthquake. In addition to
fluctuations, the RT-PPP-derived time series includes some
sudden shifts, which are denoted by black-colored ellipses

and VADASE solutions were obtained in real-time, RP solutions were
evaluated in post-mission mode. C.# in the top panel denotes the Case
number

in Fig. 2. Such sudden jumps can be detected and eliminated
by, e.g., spatial filtering or leave-one-out cross-validation
(Benedetti et al. 2017; Hung et al. 2017). However, they
were left in the time series in the figure to show their pres-
ence. The results of different tests will be analyzed and dis-
cussed in the next section.

Harmonic motions experiments

The performance of the two RT solutions in capturing har-
monic motions is evaluated in this section. To filter out long-
term fluctuations and to evaluate the usability of the two RT
solutions for rapid risk assessment, a Sth-order high-pass
Butterworth filter with a cutoff frequency of 0.20 Hz was
used. For consistency of the comparisons, the same filter
was applied to the RP-based displacement components.
Figure 3 shows the filtered time series of all approaches.
The frequency and amplitude of different harmonic oscilla-
tion cases generated using the shake table are summarized
in Table 1. From Fig. 3, it seems that RP- and VADASE-
derived displacements are very consistent, whereas RT-PPP-
derived displacements have some spikes, which are marked
by ellipses, due to sudden shifts in time series. This is most
likely due to ambiguity re-initialization of a sudden change
in the orbital and clock corrections.

Case 15 is a superimposed motion including multiple fre-
quencies and amplitude values, which we will discuss here
as a representative example to illustrate and compare the per-
formance of all GPS-based methods in capturing dynamic

@ Springer
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Fig.3 Filtered RP (top panel), filtered RT-PPP (middle panel), and
filtered VADASE (bottom panel) derived displacements. Time series
were filtered out using the Sth-order Butterworth high-pass filter with

Table 1 Frequency and amplitude values of each case generated
using a single-axis shake in harmonic oscillation experiments. Case
15 is a superimposed motion that has multiple frequency values,
while cases 1 to 14 have a single-frequency motion

Frequency (Hz) Ampli-
tude
(mm)

Case 1 0.25 5
Case 2 0.25 10
Case 3 0.60 5
Case 4 0.60 10
Case 5 1.50 5
Case 6 1.50 10
Case 7 2.00 5
Case 8 2.00 10
Case 9 3.50 5
Case 10 3.50 10
Case 11 5.00 5
Case 12 6.00
Case 13 7.00
Case 14 8.00 5
Case 15 0.80 10

3.40 5

7.60

harmonic oscillations. Results of this case are shown in
Fig. 4, which includes the LVDT-, RP-, RT-PPP-, and
VADASE-derived displacement time series as well as their
fast Fourier transform (FFT) spectrum. The figure shows that
the displacements derived by RT-PPP and VADASE for both
unfiltered and filtered time series are in good agreement with

@ Springer

a cutoff frequency of 0.20 Hz. The filtering process was applied to
harmonic motions

those derived by LVDT and RP. Furthermore, the results of
the FFT spectrums of the reference LVDT and unfiltered
and filtered GPS-based time series indicate that the detected
peak frequency values are the same, whereas there are slight
differences in the corresponding amplitudes. While the cor-
responding amplitude values for all three dominant frequen-
cies did not change in the RP and VADASE techniques after
filtering, the amplitude for the second dominant frequency
obtained by RT-PPP changed by about 0.1 mm. Moreover,
results of Case 1 to 14 are shown in Fig. S1-S14 in supple-
mentary material.

FFT spectrum of the displacement time series for each
event indicated in Table 1 was evaluated to further inves-
tigate the performance of the RT-PPP and VADASE meth-
ods, and the results are shown in table S1 in supplementary
material. Values in brackets indicate the filtered results,
whereas the other values are the unfiltered results. Oscil-
lation frequencies obtained from the two sets of RT-based
solutions for both filtered and unfiltered show good agree-
ment with LVDT and RP, as shown in the table. However,
there are slight differences in the corresponding amplitudes.
The amplitude of oscillation frequency differences between
LVDT and RT-PPP solutions ranges from 0.0 to 4.4 mm,
whereas the amplitude of the oscillation frequency differ-
ence between RP and RT-PPP is between 0.0 and 3.3 mm.
Differences between the VADASE method and the LVDT
range between 0.1 and 5.2 mm, while the differences with
the RP vary between 0.1 and 2.5 mm. This difference is
mainly due to the use of different receiver and antenna
types. In Table S1, it can be seen that the amplitude values
obtained from VADASE are closer to the LVDT values than
those obtained from the RT-PPP and RP estimated motions
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Fig.4 Displacement time series (left) and FFT spectrum (right) for
(from top to bottom): LVDT, unfiltered and filtered RP, RT-PPP, and
the VADASE approach, respectively, for case 15. While the filtered

and unfiltered displacement time series of the GPS methods were
plotted together in different colors, their FFT spectrums were plotted
separately
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Fig.5 RMSE values of unfiltered and filtered RP, RT-PPP, and VADASE solutions for all designed harmonic motion experiments. RMSE values
were derived from the differences between GPS-based methods and LVDT sensor for each case

and range between 0.25 and 2 Hz frequency. In oscillations
with 3.5 Hz and higher frequency, RT-PPP and RP methods
gave similar values that are closer to LVDT.

In addition to the frequency domain comparisons, the root
mean square (RMSE) values of the displacement differences
between the GPS-based approaches and the reference LVDT
sensor were calculated to further investigate and compare
the performance of these methods. Computed RMSE val-
ues are presented in Fig. 5. It can be seen that there are
no significant differences between filtered and unfiltered
RP solutions. For unfiltered RT-PPP solutions, high RMSE

values stand out in low-frequency cases, especially for case
1 to case 5, which reaches up to 11.6 mm. However, as the
motions of frequency increase, the RMSE values decrease.
This can be explained by the fact that low-frequency cases
take a longer time compared to high-frequency cases and
are affected more than those cases by long-term fluctuations
caused by residual errors due to limitations of error mode-
ling capabilities, such as multipath, higher-order ionosphere
and troposphere. RMSE values of the filtered RT-PPP solu-
tions show good agreement with LVDT. After the filtering
process, the RMSE values were reduced by between 7 and
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80%. Although unfiltered VADASE shows similar behavior
as unfiltered RT-PPP for both low and high-frequency cases,
the unfiltered VADASE approach performs slightly better
than the unfiltered RT-PPP technique. Similar to filtered
RT-PPP, the RMSE values of filtered VADASE improved
between 3 and 75%.

When focusing on the filtered results, it can be seen that
the RMSE values of the RT-PPP and VADASE method are
slightly better than that of the RP method in all cases except
cases 3,4, 5 and 9. This is mainly due to the amplification of
noise by forming double-difference observations. Moreover,
the VADASE method gives lower RMSE values than the
RT-PPP method in the first 10 cases. On the contrary, RT-
PPP has slightly lower RMSE values than other methods for
cases 11 to 15. RMSE values obtained from the VADASE
method are slightly smaller than RT-PPP at frequencies
lower than 3.5 Hz, while the RMSE values obtained from
the RT-PPP technique are slightly smaller than VADASE at
frequencies higher than 5 Hz. Given that the RMSE differ-
ences between the methods are small, it does not mean that
the VADASE approach captures oscillations up to 3.5 Hz
significantly better than RT-PPP, or that RT-PPP captures
oscillations above 5 Hz significantly better than VADASE.
Therefore, further research and new experiments might be
performed to confirm and clarify these findings. Further-
more, detailed statistical values of unfiltered and filtered RP,
RT-PPP, and VADASE solutions for all harmonic motion
experiments can be found in table S1 and S2 in supplemen-
tary material.

Using RT-PPP and VADASE approaches
for earthquake monitoring

This section evaluates the performance of the RT-PPP and
VADASE approaches in detecting earthquake-induced
ground wave motions for early warning systems. To do so,
motions mimicking M, 6.9 of the Loma Prieta and M, 6.9 of
the El Centro earthquakes were generated on the shake table.
It is noteworthy that the earthquake early warning refers to
the quick detection of earthquake-induced seismic waves and
earthquake parameters such as the hypocenter location and
the magnitude size and sending warnings to blind zone areas
far from the earthquake epicenter, thus preventing second-
ary losses (Allen and Ziv 2011). GNSS-aided early warning
system is important, especially for large earthquakes (M <7)
due to the fact that strong-motion accelerometers or broad-
band seismometers may not be operational beyond their limit
values.

M,, 6.9 Loma Prieta of October 17, 1989

MW 6.9 Loma Prieta earthquake on the San Andreas fault
line occurred on October 17, 1989. The earthquake was
near to the surface, and its mechanism was a strike-slip.
Even though the epicenter of the quake was in a rural area,
the interstate highways were largely affected due to strong
ground movements. Ground motion data used to simu-
late the Loma Prieta earthquake were recorded at Gilroy
#1 station operated by the California Geological Survey
(CGS). The recording station was approximately 30 km
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ing the 1989 M,, 6.9 Loma Prieta Earthquake Simulation (top) and
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from the epicenter and was free-field, resting on hard soil
(VS30=1428 m/s). E-W component of the recorded data
was used.

Figure 6 illustrates a time series of displacement gener-
ated by simulating the Loma Prieta earthquake record, as
well as histograms of the differences between LVDT and
GPS-based solutions. Time series derived from RP and
VADASE are largely consistent with the reference LVDT
sensor during the overall earthquake, while the RT-PPP-
derived displacements are in good agreement with the LVDT
during the first 14 s. However, after the 14th second, the
waveforms were slightly separated from the LVDT sensor
and there was a spike at a sudden shift at second 18. As a
result of this sudden shift, the maximum difference between
the waveforms obtained from the RT-PPP and LVDT sen-
sors is 15.7 mm, and the RMSE is 4.6 mm. These results
demonstrated that the RT-PPP technique is highly dependent
on the real-time stream corrections. However, these sudden
shifts can be easily detected and properly eliminated, but
are shown here to demonstrate their presence when using
RT-PPP. In the Loma Prieta earthquake test, the VADASE
approach performed slightly better than the RP method.
Maximum and RMSE values of the discrepancies from
LVDT results are 9.2 and 2.4 mm for RP, 7.9 and 2.2 mm
for VADASE, respectively. Considering these outcomes, it
is clear that the VADASE approach can be a very powerful
technique for early warning systems.

M,, 6.9 El Centro of May 19, 1940

May 18, 1940, Mw6.9 El Centro, the USA, was the
first strong ground motion recorded by seismographs.

Earthquake, which is a strike-slip type, occurred on San
Andreas fault line and near the surface. Data used in the
analysis were the E-W component of the ground motion
recorded at Station 9 operated by the United States Geo-
logical Survey (USGS), which was used as a benchmark.
Hypocentral distance of the station was 16 km.

Figure 7 illustrates the time series of displacement gen-
erated by simulating the El Centro earthquake's selected
record and the histograms and RMSE values of the dif-
ferences between the LVDT and GPS-based solutions.
Displacement waveforms estimated from RP, RT-PPP,
VADASE, and LVDT are considerably comparable in detect-
ing dynamic ground motions. Displacement waveform dif-
ferences between RP and LVDT are slightly greater than
those between RT-based solutions and LVDT. The maxi-
mum value of the displacement differences between RP and
LVDT is 13.1 mm, while the differences between RT-PPP/
VADASE and LVDT range from — 10 mm to+ 10 mm. The
VADASE approach performed slightly better than the two
methods. Unlike the Loma Prieta earthquake simulation,
El-Centro earthquake simulation results show that the RT-
PPP technique can precisely capture the simulated seismic
ground waveforms.

Overall discussion of the RT-PPP
and VADASE approaches for earthquake
monitoring

Results of the above two earthquake simulations showed
that the VADASE approach is more accurate than the RT-
PPP and even slightly better than RP. Differences between
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VADASE and LVDT were less than 8 mm for Loma Prieta
earthquakes and less than 10 mm for the El Centro earth-
quake. As stated earlier, these findings clearly show that the
VADASE technique can be a very powerful tool for detect-
ing seismic waves. While the RT-PPP-derived waveform had
some spikes in the Loma Prieto earthquake simulation, its
performance was quite similar to RP and VADASE in the
El Centro earthquakes. This performance difference is most
likely due to the quality of the real-time orbit and clock cor-
rections obtained from the IGCO1 stream, which changes
over time (Hadas and Bosy 2015; ElI-Mowatfy et al. 2017).
This indicates that the performance of the RT-PPP may
experience some temporal variations, and as a result, it may
not always achieve the desired level of accuracy. Overall,
the outcomes of earthquake simulation experiments dem-
onstrated that the VADASE approach can record seismic
waveforms more precisely than the RT-PPP.

Using RT-PPP and VADASE approaches
for static or quasi-static displacement
and deformation monitoring

To investigate the ability of the RT-PPP and VADASE
method in terms of detecting quasi-static or permanent dis-
placements, we performed a step motion experiment. In the
experiment, 10 mm displacement was applied four times,
and 20-50 mm displacements were generated, only once
by the shake table, as shown in Fig. 8, which shows a com-
parison of step motions detected by the three approaches.
One can observe that RT-PPP results had some long-term

fluctuations. However, the RP result followed the displace-
ments more accurately, and the VADASE-derived displace-
ments are largely consistent with RP.

To further evaluate and compare the ability of the two
RT methods, the permanent (static deformations) displace-
ment values for each step motion were calculated and are
summarized in Table S4 in supplementary material. Per-
manent displacement values were estimated by taking the
difference of the averages of 200 consecutive epochs (10 s.)
before and after generating step motion. Error propagation
was applied to obtain the standard deviations of the esti-
mated displacement. As expected, the RP technique almost
accurately determined all displacement values. The maxi-
mum difference between the actual and RP-derived displace-
ment was 3 mm for all experiments. However, the actual and
RT-PPP-derived displacement difference ranged between 2
and 16 mm. Differences between the actual and VADASE-
derived displacements were less than 13 mm. While the
average difference for VADASE was 5.8 mm, it was 9.3 mm
for the RT-PPP method. These results imply that RT-PPP
and VADASE can be employed to detect real-time co-seis-
mic displacement and rapidly assess strong/large earthquake
mechanisms. Moreover, these results showed that the former
method is slightly better than the latter method in terms of
capturing quasi-static/permanent displacement in real time.
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Fig.8 RP-, RT-PPP- and VADASE-derived displacements during the
step motion experiments (top) and a detailed examination of the step
motions detected by all discussed GPS methods, namely RP, RT-PPP
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Conclusion

We present the performance of RT-PPP with RTS products
and VADASE approaches to detect short-term dynamic
motions, seismic waveforms, and permanent displacement.
Analysis of the harmonic oscillation experiments in the fre-
quency domain showed that frequencies up to 8.0 Hz can be
successfully detected with both the RT-PPP and VADASE
approaches. Findings in the time domain emphasized that
the VADASE approach performed slightly better than the
RT-PPP technique. In addition to the product and algorithm
differences used, different antenna and receiver types used
in the experiment may cause these small differences (Ebi-
numa and Kato 2012). Harmonic oscillation experiments
demonstrated that structural health monitoring systems can
be operated with RT-PPP or VADASE approaches. Results
of earthquake simulations demonstrated that the VADASE
method closely follows the LVDT in the two earthquake sim-
ulations and is even partially better than the RP method. This
indicates that, at least in this research, the VADASE method
is more reliable and accurate than the RT-PPP method. The
step motion experiment showed that VADASE could detect
permanent displacements slightly better than the RT-PPP
method. Although RT-PPP might be easily used for near
real-time applications, RT-PPP with RTS products could
be employed in real-time applications providing those cor-
rections are available and the delay is less than 1 s. Since
the RT-PPP technique depends on real-time precise orbit
and clock corrections streams via the internet, it might suf-
fer from latency and interruptions of this service. In con-
trast, the VADASE approach uses the broadcast ephemeris
to obtain velocity and displacement of motion. Thus, the
VADASE approach may ensure continuous solutions for
real-time applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10291-022-01381-6.
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