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Abstract: This study investigates the effectiveness of geodetic methods in Structural Health
Monitoring (SHM), focusing on the utilization of the High-Rate Global Navigation Satellite
System (HR-GNSS) and Robotic Total Station (RTS) for monitoring structural movements.
Experiments were conducted on a horizontal single-axis shake table to simulate various
frequencies and amplitudes. Data were analyzed using time series and Fast Fourier Transform
(FFT) techniques to evaluate the performance of geodetic measurement methods in SHM
studies Two applications were conducted using a single-axis shake table. In the first, the table
oscillated at 0.25 Hz frequency and 20 mm amplitude, while data from a GNSS receiver on
the upper table underwent processing with the TRACK module of GAMIT/GLOBK software
using the kinematic post-process (KPP) GNSS technique. In the second, the reflector on the
shake table moved through eight oscillations at various amplitudes and frequencies, monitored
automatically with a LEICA TPS1200 RTS. Time series and FFT analyses were performed
on all application data to determine oscillation frequencies and amplitudes. Method accuracy
was assessed by comparing these values with data from the shake table’s high-precision
position sensor (Linear Variable Differential Transformer-LVDT). Results showed good
agreement between HR-GNSS measurements and LVDT data, with a -1.6mm amplitude
difference for KPP GNSS. Additionally, RTS measurements accurately determined frequency
values, with amplitude differences ranging from 0.2 mm to 6.5 mm. Root Mean Square
Error (RMSE) values for eight RTS tests, covering frequencies between 0.25-0.50 Hz and
amplitudes between 4.5-73.4 mm, varied from 2.1mm to 6.3mm, reflecting performance
variability across different conditions.
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1. Introduction

Measuring the movement and shape changes in engineering structures using suitable
equipment is vital. Determining deformations based on measured values and promptly
taking necessary precautions to prevent potential accidents are essential aspects of
engineering measurements (Im et al., 2013). Geodetic monitoring methods and deformation
analysis techniques are generally used to analyze the changes in engineering structures
based on periodic or continuous measurements within the scope of determined standards.

Various instruments and procedures are utilized in applications for structural health
monitoring (SHM). Geodetic measurement methods have become increasingly prevalent
for detecting dynamic deformations and determining the structural motion of structures
such as towers, tall buildings, and long bridges (Wells, 1987). In addition to using various
geodetic measurement equipment in structural observation studies, SHM applications have
gained a new perspective with the developing Global Navigation Satellite Systems (GNSS)
technology. Static, kinematic, real-time kinematic (RTK), and precise point positioning
(PPP) GNSS can be used to accurately identify the displacements in the structures (Rizos
and Han, 2003). SHM research employs a diverse range of sensors and technology. However,
theodolites and high-rate global navigation satellite systems (HR-GNSS) technology are
already routinely employed to identify dynamic deformations (Meng et al., 2007; Psimoulis
and Stiros, 2008; Picozzi et al., 2010; Stiros and Psimoulis, 2010; Xu et al. 2017).

Numerous studies have been undertaken since the early 1980s to enhance geodetic
deformation analysis and its application in civil engineering and geotechnical fields,
particularly in structural observations (Im et al., 2013). In Erkaya (1987), object points
were established on critical parts of the Bosphorus Bridge (towers, bridge piers, and
deck), and the bridge was monitored using theodolite observations. As a result of the
research and examinations, it was reported that there was no deformation in the tower
and bridge piers. Another study in which the movements of the Bosphorus Bridge were
monitored using geodetic equipment and theodolites is the study of Erdogan (2006).
In this study, the Bosphorus Bridge, a dynamic system, is defined by non-parametric
methods in the frequency and time domain depending on the effect-response variables in
the case of continuous monitoring with geodetic measurements. In studies by Kovaci¢ and
Motoh (2019), the dynamic responses of the structure were determined using RTS for the
Zglavje viaduct located on the A1 highway in Slovenia. Their results showed that geodetic
non-contact methods are highly effective in determining structural dynamics, thanks to
technological advances in speed and continuous data capturing. There are several other
studies in which deflections and oscillation frequencies of engineering structures were
measured using Robotic Theodolites (Lekidis et al., 2005; Psimoulis and Stiros, 2007;
Stiros and Psimoulis, 2012; Moschas and Stiros, 2014; Yu et al., 2017).

As HR-GNSS technology has advanced, real-time or post-processed relative GNSS
positioning approaches have been utilized since the early 1990s. These approaches require
at least two GNSS receivers to monitor the dynamic displacement of towering structures
and long or short-span bridges. In their study, Lovse et al. (1995) utilized a 15-minute
dataset gathered at a sampling rate of 10 Hz, employing two GNSS antennas positioned
atop a tower and a GNSS receiver stationed at a reference point. This investigation aimed
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to analyze the structural vibrations of the 160-meter Calgary Tower in Alberta, Canada,
particularly under wind-induced loading. Their findings revealed that the tower exhibited
oscillations with an amplitude of around 5 mm in the east-west axis and approximately
15 mm in the north-south axis, oscillating at a frequency of 0.3 Hz. Thus, they showed that
the GNSS measurement method can determine the natural frequencies of tall structures
such as the Calgary Tower. According to Celebi and Sanli’s (2002) research of a 34-story
building in San Francisco using GNSS and accelerometer, high-rise structural vibrations
can be measured using a 10 Hz GNSS receiver. They emphasized that the results of
the test measurements showed that GNSS is a more advantageous technology than the
accelerometer for determining displacements. Moschas and Stiros (2011, 2015) conducted
vibration experiments on two pedestrian bridges, utilizing GNSS and accelerometers
to quantify vertical displacements. They recorded the responses created by artificially
synchronized jumps with an accelerometer and GNSS and compared the amplitude and
frequency results. As a result, their studies reported that only a few mm standard deviations
and 3-dimensional natural frequencies up to 6-7 Hz could be determined by GNSS methods.
There are more studies on the use of HR-GNSS in the observation of dams, bridges, and
tall structures (Hartinger and Brunner, 1998; Erdogan, 2006; Li et al., 2006; Meng et al.,
2007; Picozzi et al., 2010; Ferreira and Branco, 2015; Gorski, 2017; Konakoglu, 2021).

Additionally, some research has been carried out to predict engineering structures’
inherent frequencies and motions, simulate the high oscillations expected during probable
disasters, and capture these displacements utilizing GNSS technology. Wang et al.
(2012)’s study includes the experiments they carried out using a three-axis shake table
and the 1 Hz interval GNSS results of the Chile earthquake in 2010. Their research
compared results from accelerometers installed on a 3-axis shake table and GNSS
receivers for various harmonic table motions. Their findings suggest that the accuracy
of high-rate kinematic GNSS depends on antenna movement rather than the receiver
sampling rate. They observed that errors in GNSS measurements were significantly
larger during periods of intense shaking, coinciding with the significant accelerations
and shaking experienced by GNSS receivers and antennas. In the study of Akpinar et
al. (2017), in which they compared the Network RTK methods using a single-axis shake
table, a series of applications were conducted to detect structural movements. In this
context, sub-cm accuracies were obtained by comparing the displacements obtained due
to the tests they performed by connecting to the Istanbul Su ve Kanalizasyon Idaresi
(ISK1), Continuously Operating Reference Station (CORS) and Yildiz (YLDZ) networks
with the position sensor of the shake table (LVDT). There are several other studies in
this area (Onen et al., 2014; Nie et al., 2016; Dindar et al., 2018; Oku Topal et al., 2023).

Another application of HR-GNSS is GNSS seismology, which is progressing in parallel with
structural health studies. HR-GNSS systems precisely measure ground displacements induced
by seismic activities, including earthquakes, tectonic movements, and volcanic eruptions. By
continuously monitoring the positions of GNSS receivers installed across seismically active
regions, researchers can capture subtle changes in ground motion with unprecedented accuracy
and temporal resolution. Numerous researchers have explored the potential for HR-GNSS in
seismology (Ge, 1999; Bilich et al., 2008; Li et al., 2013; Liu et al., 2014).
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Analyzing the time and frequency domain is essential for evaluating structural
observations. With the time series analysis, the response of engineering structures
depending on the acting loads is predicted and can be described with models. With time
series analysis and modeling, it is possible to understand the dynamic or time-dependent
nature of the observations of a single series. However, it may be insufficient to express the
responses of engineering structures as a function of time only in the time domain. This
inadequacy arises from the necessity to extract crucial frequency information embedded
within the signals to comprehend structural responses comprehensively.

For this reason, after examining the signals in the time domain, the signals in the fre-
quency domain must be examined to identify the motion’s frequency and amplitude values.
The frequency spectrum represents the signal’s frequency components and is calculated
in the frequency domain. The Fast Fourier Transform (FFT) is commonly used to examine
frequency-domain signals (Loewke et al., 2005; Schaal and Larocca, 2009; Erdogan and
Giilal, 2013; Yigit et al., 2020a). FFT is an efficient tool for digital signal processing tasks
such as spectrum analysis, signal frequency, and amplitude determination (Yu et al., 1993).

This paper evaluates the potential of using two different geodetic measurement
methods (KPP HR-GNSS and RTS) for SHM based on two different shake table tests,
including a series of experiments according to amplitude and frequency characteristics.
The first test examined the HR-GNSS measurement method, widely employed in structural
health monitoring studies and extensively discussed in the literature in recent years. GNSS
data was collected at a frequency of 1 Hz in static mode for 45 minutes. During this period,
the first 30 and the last 5 minutes remained stationary, with 10 minutes of movement
in between, intended for processing using the KPP method. Collecting 30 minutes of
fixed data before starting kinematic measurements is to resolve the ambiguity in GNSS
measurements. During this period, the GNSS receiver remains stationary, allowing for
a stable reference point to be established. This static data helps correct atmospheric and
other errors introduced during motion and reduces the effects of changes in receiver
position during motion (Tiryakioglu, 2012). Then, the performance of KPP GNSS methods
based on the harmonic oscillation test was evaluated by comparing LVDT displacements
in frequency and time domains.

The second application tested whether the RTS could determine the oscillation by
moving the shake table at different frequencies and amplitudes. For this purpose, RTS
measurements were carried out with eight different frequencies and amplitudes between
0.25 Hz and 0.50 Hz. Measurement data were collected with the 1 Hz sampling frequency.
The data obtained with both applications were analyzed in the time and frequency
domains. First, time-dependent graphs of the displacements were created and converted
into a detrended series before FFT analysis. Then, the data was subjected to FFT analysis
in the frequency domain, and the peak frequencies and corresponding amplitude values
were determined. These values were compared with the LVDT data of the shake table,
and the accuracy of the results was determined. Two geodetic measurement methods were
compared, the advantages and disadvantages of the methods were determined, and their
performance in structural health monitoring studies was evaluated. The novelty of this
study lies in its comprehensive evaluation of how geodetic methods, such as HR-GNSS and
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RTS, can be effectively employed in SHM studies. While previous literature predominantly
focused on specific structural measurement techniques targeting particular amplitude and
frequency values, this study stands out by conducting eight different vibration tests covering
frequencies between 0.25-0.50 Hz and amplitudes between 4.5-73.4 mm that could be
encountered in various structures. By testing the capabilities of GNSS and RTS in detecting
structural movements across different frequency and amplitude ranges, this research
expands the understanding of their potential applications in SHM. The findings underscore
the versatility of geodetic measurement methods in enhancing the monitoring of dynamic
behaviors in diverse structures, thereby contributing to the advancement of SHM practices.

2. Material and methods

To determine the performance of geodetic methods (KPP and RTS) in Structural Health
Monitoring, some open-field experiments were carried out with the shake table. The
QUANSER Shake Table II (SHII) used in this study and the Spectra Precision SP80
GNSS Receiver (technical parameters can be found at https://spectrageospatial.com/wp-
content/uploads/File-1490351515.pdf) mounted on it are shown in Figure 1a. The SP80
has been preferred in our research endeavors due to its capability as a multi-GNSS
receiver, capable of collecting data at dual frequencies in high frequency. The shake
table used in the experiments is an earthquake simulator with a uniaxial displacement of
95 mm, used to investigate structural dynamics. The table’s maximum speed is limited to
400 mm/s, and its total stroke is 190 mm. Table displacements are determined with LVDT
sensors, which provide precise position feedback integrated into the hardware (Fig. 1a).
LVDTs are sensors for linear position measurement, composed of a rod-like structure with
primary and secondary windings around a metal core. Movement induces voltage changes
between these windings based on the core’s interaction with an external magnetic field.
As the core moves within this field, it induces an electromotive force (EMF) between
windings, allowing direct measurement of the core’s position through voltage changes.
LVDT sensors can measure linear position with high precision. This makes them ideal
for accurately measuring the amount and speed of vibrations or movements in vibration
table tests. Therefore, they are often preferred as a reference in structural monitoring
studies to determine displacement movements (Amies et al., 2018; Yigit et al., 2020(b);
Bezcioglu et al., 2023). The LVDT measures the movement of the table with a precision
below +0.01 mm at 50 samples per second (50 Hz) (Bezcioglu et al., 2022). The table is
moved by an electric motor with a low vibration output capability. The shake table has an
upper central part powered by a strong motor that, when loaded with a mass of 7.5 kg,
can produce 2.5 g of acceleration. On two metal shafts, the upper main section moves
smoothly and with low path deflection thanks to linear bearings.

The measurement results reflect horizontal displacements since the table used for
measurements is a horizontal single-axis shake table. Before the measurements, the shake
table was oriented towards the north so that the displacements were in a single direction.
Thus, the HR-GNSS results in the first application aligned with the shake table’s movement
axis. Since the horizontal accuracy of GNSS is known to be approximately two and a half
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times higher than its vertical accuracy (Rydlund and Densmore, 2012; ICSM, 2014; Erol
and Sanli, 2023), the expected horizontal displacement accuracy in this study is also
high. This is particularly important for structures such as tall buildings, where lateral
forces such as wind are more significant. For structures like bridges, however, vertical
displacements are known to be more influential. This aspect will be further explored in
subsequent studies focusing on vertical displacement.

The Leica TPS1200 total station (technical parameters can be found at
https://secure.fitgeosystems.com/uploads/tips/documents/39.pdf) utilized in the experi-
ments features automatic target recognition (ATR) technology, which is locked onto the
prism for more precise and rapid measurements (Figure 1b). ATR technology enhances
accuracy by eliminating errors associated with human factors. The measurement accuracy
is 3 mm + 1.5 ppm when operating in tracking mode. The Leica GPR121 professional
prism has been affixed to the shake table for the RTS tests. Positioned approximately
7 meters ahead of the shake table, the RTS has continuously monitored the prism in
ATR mode throughout the oscillations. This distance was chosen based on the minimum
distance measurable in ATR mode with the Leica TPS1200 total station to avoid any
problems when locking it to the reflector. Data was collected with RTS at a sampling rate
of 1 Hz during the measurements. In the measurements, coordinate changes in a single
axis were observed on the shake table by working in a local coordinate system. The
horizontal displacements of the reflector during oscillation were determined using the
table’s midpoint as a reference point.

(a) (b)

Fig. 1. GNSS receiver and the shake table used in experiments (a) and the Leica TPS1200 total station and
Leica GPR121 professional prism (b)


https://secure.fltgeosystems.com/uploads/tips/documents/39.pdf
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The study, conducted under open weather conditions in the garden of Yildiz Technical
University Faculty of Civil Engineering, involved tests lasting approximately 2 hours.
This duration included the setup phase, 45 minutes of HR-GNSS measurements, and
approximately 20 minutes of RTS measurements. In KPP GNSS measurements, static
data was collected for 30 minutes before starting to oscillate. Following the completion of
10-minute motion tests on the shake table, an additional 5-minute static data collection
was conducted to achieve sub-centimeter accuracy in KPP measurements. GNSS data
was collected using the Spectra Precision SP80 GNSS Receiver in kinematic mode and
recorded at a sampling rate of 1 Hz. During the experiment, an average of 12 GPS satellites
were visible, and the satellite elevation cutoff angle was set to 10°. The data acquisition
interval for all methods was determined as 1 Hz. Table 1 shows the measurement period
and oscillation frequencies of the GNSS and RTS tests.

Table 1. Measurement period of all events and oscillation frequencies of the shake table

Events Observation Period of Shake Table
. Motion .
GNSS (1 Hz) Stationary Tests Stationary
KPP 30 min 10 min 5 min
(0.25 Hz)
RTS (1 Hz) Stationar Motion Stationar
y Tests y
. 1 min
Event 1 1 min (0.26 Hz) -
. 1 min
Event 2 1 min (0.25 Hz) -
. 1 min
Event 3 1 min (0.25 Hz) -
. 1 min
Event 4 1 min (0.26 Hz) -
. 1 min
Event 5 1 min (0.25 Hz) —
. 1 min
Event 6 1 min (0.25 Hz) -
. 1 min
Event 7 1 min (0.50 Hz) -
. 1 min .
Event 8 1 min (0.50 Hz) 1 min

2.1. Analysis in time and frequency domain

Time and frequency analyses are critical for understanding dynamic behavior and spotting
potential difficulties. This process should be studied in both the time and frequency
domains, and the analyses made in both domains complement each other (Erdogan and
Giilal, 2013). Time series analysis discovers structural changes over changing loads and
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periods, whereas frequency analysis uncovers natural frequencies and resonance locations.
For this reason, all test results on the shake table were first analyzed using time series
analysis and then Fast Fourier Transform (FFT) analysis.

Time Series Analysis

Time series analysis dissects a system’s time series into trends and periodic movements,
aiding in defining and controlling the system. A time series collects data regularly by
observing a specific outcome variable. This series emerges as successive values of a variable
are recorded over time intervals (Sincich, 1996). When analyzing time series data, the
initial step involves creating the series graphically in the time domain. Subsequently, the
presence of a trend component within the series is assessed. A trend signifies a gradual
increase or decrease in the data over successive observations, influenced by natural or
human factors. A polynomial function is what is used to define a detected trend component
in a series, which represents the long-term changes in the series:

m
Y (¢;) Trend = Z cktf‘l, (1)
k=1
where the parameters that rely on the function’s degree are cx (k = 1,2,...,m). In Eq.1,

Y (¢;) Trend represents the trend component at a specific time point #; while ¢ denotes
coefficients determining the shape and magnitude of the trend. The parameter m signifies
the degree of the polynomial function, influencing the complexity of the trend model. By
adjusting the coefficients ¢; through regression analysis, the function captures the overall
trend, aiding in the subsequent detrending process of the time series data (Erdogan and
Giilal, 2013). After the coefficients of the obtained equation are calculated by regression
analysis, the detrended time series is obtained by subtracting this trend from the time
series. After that, the frequency and amplitude of the series should be determined using
spectral analysis. Fast Fourier Transform (FFT) converts series from the time domain to
the frequency domain (Erdogan, 2006).

Fast Fourier Transform Analysis

Spectral analysis examines the frequency domain of a time series, focusing on
identifying periodic movements and relationships between observations. FFT analysis
performs the time series analysis in the frequency domain. By examining the time series,
the general properties of the series can be determined, but the amplitude and frequency
values cannot be obtained. Therefore, the FFT transforms the time domain into the
frequency domain.

The Fourier Technique’s fundamental concept is the division of the signals that
comprise a time series. The series should be detrended in the FFT, as in other time series.
The sum of the sine and cosine functions can represent a function with period 7' in FFT
(Sincich, 1996).

= 2 = o [(2r
g(t) :a0+2;ak cos (?kt) +2;bk sin (7kt). (2)

In Eq.2, the variables represent the general form of a Fourier series: g(¢) denotes the
value of the function concerning the independent variable ¢, ag signifies the constant term
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representing the mean value of the series, ax, and by are the coefficients of the cosine
and sine terms respectively, where k represents the number of terms in the series, and T
represents the period of the series. Insignificant frequencies are removed from the function
and repeated until only significant frequencies remain. Therefore, the periodic motion’s
peak frequency and corresponding amplitude value are determined. The study calculated
all motions’ amplitude and frequency values by applying FFT.

2.2. Kinematic Post-Processing (KPP)

The relative positioning (RP) technique involves determining the coordinates of points
relative to a known point. The accuracy achievable through simultaneous phase or code
observations on identical satellites with two receivers at different points ranges from 0.001
to 100 ppm (Kahveci and Yildiz, 2001; Eckl et al., 2001; Wang, 2015). In this method,
synchronized measurements are processed together. While one receiver continuously
observes at a reference station, the other makes instant or multiple epoch observations as
a mobile receiver. Processing all data together allows the determination of base vectors
from the reference station to new points (Kahveci and Yildiz, 2001).

For kinematic post-process (KPP) tests, 1 Hz static data was collected for 45 minutes
with an HR-GNSS receiver mounted on the shake table, with the first 30 and last 5 minutes
being stationary and 10 minutes in motion. Known-coordinate reference stations are
essential for the KPP method, so the YLDZ continuous GNSS station installed on the
Faculty of Civil Engineering roof was chosen as a reference station. The baseline length
of the YLDZ reference station is approximately 40-50 meters. The Spectra Precision
Ashtech Proflex 800 GNSS Receiver installed on the YLDZ pillar collects 1 Hz GNSS
data, offering sub-cm accuracy (Giilal et al., 2015). The shake table oscillated at 0.25 Hz
for HR-GNSS measurements and an amplitude of 20 mm. Since these initial values may
vary depending on the shake table’s oscillation capacity, precise results from the LVDT
will be examined in the results section.

In the KPP application, the 1 Hz kinematic data on the shake table and the 1 Hz
static data of the YLDZ reference station were processed with the TRACK module of the
GAMIT/GLOBK software. The main reason to use Gamit Track for kinematic evaluation
in this study is its well-established reputation for accuracy and reliability in kinematic
processing (Yavagoglu et al., 2011; Tiryakioglu, 2012; Yigit et al., 2016). Previous studies
by the authors (Oku Topal and Akpinar, 2022) and others in the field have demonstrated
the effectiveness of high-rate GNSS measurements in detecting movements across various
frequencies and amplitudes. For instance, Oku Topal and Akpinar (2022) achieved
successful results using CSRS-PPP online software to analyze the dynamic behavior of the
shake table. Similarly, Yigit et al. (2016) compared Gamit’s relative solution results with
CSRS-PPP results in displacement tests conducted over varying measurement periods.
They found that Gamit processing yielded approximately twice the accuracy of CSRS-PPP,
which resulted in displacement differences and RMSE errors. While the PPP method
is advantageous in SHM studies due to its independence from reference stations, even
a slight increase in accuracy, such as a few millimeters, can be crucial in determining
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structural displacements. The superiority of the KPP method over the PPP method becomes
increasingly apparent as the observation period decreases. This is because the PPP method
necessitates a more extended observation period to achieve coordinate accuracy and
precision comparable to the relative method. Therefore, this study aimed to enhance the
analysis results by leveraging the proven high location accuracy of Gamit/Track software.

GAMIT/GLOBK is a comprehensive software package developed by the Massachusetts
Institute of Technology (MIT) and offers two separate academic software, GAMIT and
GLOBK (King and Bock, 2003; Herring et al., 2009). GAMIT software can estimate
three-dimensional coordinates, atmospheric delays, satellite orbits, and Earth rotation
parameters using pseudo-range values and carrier wave phase measurements (Tiryakioglu,
2012). It is the kinematic GNSS processing module of TRACK GAMIT software. Unlike
many such programs, the system reads all data before starting the process. The distance
between fixed stations and the mobile receiver must be less than 10 km to ensure precise
solutions. This module employs the Melbourne-Wiibbena Wide Lane observation equations
to solve L1-L2 and subsequently utilizes various technical combinations to determine
the L1 and L2 loops separately (Bezmenov et al., 2019; Tiryakioglu, 2012). Station
coordinates, zenith delay parameters, double-difference measurements, and satellite orbits
were determined using loose prior constraints on values (Yavasoglu et al., 2011). The
analysis utilized IGS final orbits, antenna models specified by IGS, and earth rotation
parameters from IERS (International Earth Rotation and Reference Systems Service) to
mitigate error sources. Table 2 outlines the processing settings of the TRACK module of
the GAMIT/GLOBK utilized in this study.

Table 2. Processing strategy of the TRACK module of GAMIT/GLOBK

Processing Summary of the TRACK module of GAMIT/GLOBK

GNSS System GPS

Observation Processed CodeandPhase
Elevation Cutoff 10.000 degrees
Antenna Model SPP91564_1
Frequency L1and L2
Ephemerides IGS Final
Troposphere Saastamoinen Model

Troposphere gradients

Computed

Ionospheric effect

L1, L2 linear combination

Epoch interval

1 sec

Phase initial ambiguity

Combination of wide and narrow lane

Solid Earth Tides

Applied
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3. Results and discussion

In this section, the results will be presented from different events belonging to 2 different
geodetic measurement equipment (GNSS and RTS). Applying the same time series
and Fourier analysis techniques to all of the data related to all events and approaches
allowed us to determine the frequency and amplitude values of the movements. These
studies were carried out on the LVDT data, and the results of the frequency and amplitude
calculations were compared. The measurement precision of LVDT displacements was
chosen as the reference value in this study since it is substantially greater than the
measurement precision of all GNSS methods. According to the manufacturer’s factsheet,
the repeatability of LVDT measurements is stated to be below +£0.01 mm (Bezcioglu
et al., 2022; Soway Tech Limited, 2024).

Additionally, Root Mean Square Errors (RMSE) of the differences in GNSS and
LVDT displacements were computed to evaluate the performance of the HR-GNSS and
RTS methods. Data were sampled at 50 Hz for LVDT measurements and at 1 Hz for
GNSS and RTS measurements. Since LVDT results are used as a reference for frequency
and amplitude values, it is crucial to include data at a higher sampling frequency in the
FFT analysis. So, LVDT data were not resampled at 1 Hz to maintain accuracy in the FFT
analysis. During the FFT analysis, amplitude and frequency values were calculated by
specifying the sampling frequencies used for the sensors. This does not affect the results
because amplitude and frequency values of the motions are utilized to compare LVDT
and GNSS. On the other hand, the LVDT data have been resampled to a 1Hz sampling
frequency to calculate the RMSE values of the LVDT and GNSS displacement differences.

3.1. GNSS measurements

Table 3 presents the amplitude and frequency values obtained from GNSS processing,
as described in Section 2.2. Both GNSS and LVDT datasets underwent identical time
series and FFT analyses to ensure comparable results. This approach aimed to ensure that
any reduction in amplitude values from the analysis would equally affect both sensors.
Consequently, the amplitude and frequency values of LVDT and GNSS results were
computed using the exact same time series and FFT analysis procedure. Then, differences
between the amplitude and frequency values derived from GNSS measurements and
those from LVDT were calculated. Additionally, root mean square errors (RMSE) of
the differences in GNSS and LVDT displacements were also computed to evaluate the
performance of the GNSS method.

Table 3 indicates that the frequency values obtained through the GNSS approach
closely align with the LVDT results, while slight discrepancies are observed in the
amplitude values. Specifically, a minor difference of -1.6 mm was identified between
the amplitude value derived from the KPP GNSS and that from the LVDT. In their
study published in 2020a, Yigit et al. employed HR-GNSS measurements during 12
different shake table tests. These tests covered frequencies ranging from 0.2 to 2.5 Hz
and amplitudes ranging from 5 to 10 mm. By processing the GNSS data using relative
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Table 3. Oscillation frequency and amplitude of GNSS processing and RMSE values of displacement

differences
LVDT Results GNSS Results Difference
Amplitude | Frequency | Amplitude | Frequency | Amplitude | Frequency RMSE
(mm) (Hz) (mm) (Hz) (mm) (Hz) (mm)
18.5 0.25 20.1 0.25 -1.6 0.0 3.1

processing with Leica Geo Office (LGO) software, they obtained difference values between
LVDT and GNSS amplitudes in the 0.2 to 3.0 mm. In our study, the difference value of
-1.6 mm obtained with an oscillation of approximately 20 mm at a frequency of 0.25 Hz
is compatible with this study. Computing the mean square error values is essential to gain
deeper insights and facilitate comparison with similar studies. Therefore, the disparities
between displacements obtained from the KPP methods and LVDT data were computed,
and subsequently, the root-mean-square error (RMSE) value of the event was calculated.
The formula for RMSE is represented in Eq. 3.

_ AN
RMSE—\/; ;(yl 52 3)

Eq.3 calculates the square of the differences between the actual LVDT displacement
and the calculated GNSS displacement values, averages these squared differences, and
then computes the square root of this average. The variable n represents the number
of observations, y; represents the LVDT displacement and y; represents the GNSS
displacement. Consequently, a lower RMSE suggests that the GNSS displacement is
closer to the actual values. When the RMSE values of the displacement differences are
examined, it is seen that the difference between the displacements obtained from the
KPP GNSS method and the LVDT displacements has a low RMSE value of 3.1 mm.
In their 2020b study, Yigit et al. utilized HR-GNSS measurements for shake table tests,
encompassing frequencies ranging from 0.10 to 3 Hz and amplitudes ranging from 5 to
10 mm. Upon processing the GNSS results using kinematic PPP and PPP-AR methods,
they attained maximum RMSE values of 2.9 mm when comparing the GNSS results
with LVDT measurements. In their 2022 study, Oku Topal and Akpinar conducted shake
table tests using HR-GNSS measurements at frequencies ranging from 0.20- 5 Hz and
amplitudes ranging from 20 to 35 mm. They processed GNSS results using kinematic
PPP and found maximum differences of up to 3.9 mm between GNSS results and LVDT
measurements. Bezcioglu et al. (2023) performed various harmonic oscillation tests with
a geodetic GNSS receiver mounted on a single-axis shake table. They compared the
displacement values calculated from the GNSS with the LVDT results. They obtained
a maximum of 4.4 mm RMSE for PPP processing and a maximum RMSE of 3.3 mm for
relative processing. These results are also consistent with the geodetic GNSS results in
our study. It can be noted that the relative improvements in the difference values are due
to the high accuracy of the position provided by the Gamit software.
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Results of the LVDT and KPP GNSS are shown in Figure 2 as detrended displacement
time series and FFT spectra. Figure 2 shows that the KPP GNSS—derived displacements
agree well with the LVDT-derived displacements. However, the KPP-GNSS displacements
have some low-frequency components other than the given frequency during the show
period. While the LVDT graph shows a smooth and stable displacement, the GNSS displace-
ments fluctuate more. This discrepancy can be attributed to several factors, including envi-
ronmental conditions affecting the GNSS signals, differences in sensor sensitivity between
LVDT and GNSS, and the distinct measurement methods employed by each sensor. LVDT
directly measures structural changes with high precision, whereas GNSS relies on satellite
signals for position estimation, making it susceptible to environmental influences. A more
comprehensive analysis of these differences can be conducted by examining the amplitude
and frequency values derived from the FFT analysis of both LVDT and GNSS displace-
ments. Upon examining the event’s FFT spectra, it becomes apparent that the oscillation
frequencies determined by LVDT and KPP-GNSS results are in perfect agreement. How-
ever, there are slight discrepancies in their respective amplitudes. The observed difference
and a low-frequency component in the KPP results can be attributed to multipath effects,
random noise from the carrier phase, and higher-order ionospheric errors (Shu et al., 2017).
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Fig. 2. Time series of displacements (a) and FFT spectra for GNSS event (LVDT and TRACK module of the
Gamit/Glock Processing) (b)
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3.2. Robotic Total Station measurements

To determine the performance of robotic total station measurement in structural health
monitoring studies, eight harmonic oscillation tests lasting 14 minutes were performed
with The Leica TPS1200 RTS. The events in the selected experimental procedure
were determined based on studies highlighting critical amplitude and frequencies, and
also displacement values in observing engineering structures (Erdogan, 2006; Yigit,
2010; Panos and Stathis, 2011; Ferreira and Branco, 2015; Stiros et al., 2019). The
characteristics of each oscillation experiment were predetermined, with the frequency
ranging between 0.25 and 0.50 Hz (limits imposed by the specifications of the RTS used)
and amplitude between 4.5 and 73 mm. Due to the Nyquist criterion, which dictates that
the maximum frequency that can be determined within a 1 Hz measurement interval
is 0.5 Hz, the frequencies in the experiments were capped at a maximum of 0.5 Hz.
Each oscillation lasted approximately 60 seconds, corresponding to typical dynamic
motions experienced by engineering structures, such as vehicles passing over a bridge or
seismic events (Brownjohn, 1997; Brownjohn et al., 1997; Roberts et al., 2004). When
a 60-second waiting period is included before the measurements start, it can be said that
each measurement takes approximately 120 seconds.

Figure 3 shows the horizontal displacement time series derived from all events. The
figure on the left shows the time series obtained from the LVDT measurements, and the right
shows the time series obtained from the RTS measurements. The graph includes detrended
time series graphs of both LVDT and RTS. The displacements derived from the RTS
measurement appear consistent and in good agreement with those derived from the LVDT.
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Fig. 3. Time series of displacements of LVDT and RTS for eight events

To further assess the performance of the RTS measurement, the peak frequency
and amplitude values of each event were examined using the FFT technique. This
analysis provided the amplitude and frequency values for eight different harmonic motions
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observed by RTS. Time series and frequency analysis were also conducted on the LVDT
measurement results. Table 4 presents the reference amplitude and frequency values
derived from the LVDT measurements of all events. Subsequently, the amplitude and
frequency values obtained from the RTS measurements were compared with the reference
LVDT results, and the differences in amplitude and frequency were calculated. Additionally,
the RMSE values for each event were determined by computing the mean square error
between the LVDT and RTS displacements.

When Table 4 is inspected, it is seen that the frequency values of each application
are obtained with high accuracy with RTS. When obtaining the amplitude values, minor
deviations vary between 0.2 mm and 6.5 mm. Again, when the RMSE values are examined
at the point of obtaining the displacement values with RTS, it is seen that it varies between
2.1 mm and 6.3 mm. When the table is examined, it is seen that RMSE values increase
in high-frequency events with high amplitude values. Thus, increasing frequency and am-
plitude values have a negative impact on RTS positioning accuracy. At higher frequencies,
there is an increase in measurement noise, leading to a tendency for the recorded peaks
to deviate from the actual oscillation amplitude (Kijewski-Correa, 2006; Psimoulis and
Stiros, 2008). Specifically, the GNSS-derived peaks tend to overestimate the amplitude
of the oscillation (Fig. 2). Conversely, in the case of RTS, several cycles of oscillation are
lost due to the clipping effect (Wilson, 2006; Psimoulis and Stiros, 2007; Psimoulis and
Stiros, 2008; Herring et al., 2018). Consequently, only a few peaks close or bigger from
the real oscillation amplitude +a are recorded, while most recorded peaks are significantly
smaller in absolute value than a (Table 4). As a result, the amplitude of recorded peaks
tends to underestimate the actual amplitude of the oscillation (Panos and Stathis, 2011).

Table 4. Oscillation frequency and amplitude of each LVDT and RTS processing and RMSE values of
displacement differences

LVDT Results RTS Results Difference RMSE of
Amplitude | Frequency | Amplitude | Frequency | Amplitude | Frequency disi%zizgézm
(mm) (Hz) (mm) (Hz) (mm) (Hz) (mm)
Event 1 15.9 0.26 17.8 0.27 -1.9 -0.01 4.1
Event 2 36.1 0.25 39.1 0.26 -3.0 -0.01 5.0
Event 3 71.6 0.25 65.1 0.26 6.5 -0.01 6.1
Event 4 73.4 0.26 67.6 0.25 5.8 0.01 6.3
Event 5 8.7 0.25 7.7 0.26 1.0 -0.01 35
Event 6 4.5 0.50 3.8 0.48 0.7 0.02 2.1
Event 7 6.0 0.50 5.8 0.48 0.2 0.02 2.8
Event 8 72.0 0.50 65.9 0.50 6.1 0.00 5.9

Some studies for SHM used RMSE obtained from LVDT and GNSS displacement
differences to compare HR-GNSS measurement accuracy. On the other hand, in many
studies, the differences in the amplitude values obtained by subjecting the LVDT and
GNSS displacements to FFT analysis are used as a comparison criterion. This study



www.czasopisma.pan.pl P N www.journals.pan.pl
T

16 Guldane Oku Topal, Burak Akpinar

facilitated comparisons with different studies by employing two comparison criteria.
Figure 4 shows the distribution of amplitude differences and RMSE values for all events.
The scatterplot reveals that tests with high RMSE values also exhibit high amplitude
differences. From this, it can be inferred that low RMSE in displacement values leads
to consistency between the amplitude values obtained from LVDT and GNSS. When
combined with the results in Table 4, it is observed that increasing amplitude and frequency
values lead to higher displacement differences and, consequently, higher RMSE values
determined. As a result, it can be stated that large displacements at high frequencies have
a negative effect on RTS positioning accuracy.

(mm)g Amplitude Difference B RMSE

o B N W b~ U1 O N

Fig. 4. RMSE and amplitude difference (between GNSS and LVDT) distribution for eight events

When the performance of RTS in detecting structural movements is studied, it is seen
that frequencies up to 0.5 Hz are determined with very high accuracy. The measurements
showed a maximum RMSE value of 6.3 mm, obtained in the 4th event with a maximum
amplitude of 73 mm. This value falls within the Leica TPS1200 RTS’s position accuracy
in auto-tracking mode. Figure 5 displays all events’ fast Fourier transform (FFT) spectra
and the LVDT and RTS displacement time series. The determined displacements with
RTS observation agree with the LVDT displacements, as shown in Figure 5.

In determining the natural frequencies of engineering structures, the sampling interval
is determined according to the Nyquist criterion. According to the Nyquist criterion,
sampling should be chosen as twice the maximum frequency of motion (Erdogan, 2006).
Since the robotic total station’s sampling frequency is 1 Hz, it will not be possible
to determine frequency values or movements greater than 0.5 Hz. The most frequently
monitored structures within the scope of structural health are flexible structures where high
displacements are expected, such as high-rise buildings and suspension bridges (Lovse et
al., 1995; Erdogan, 2006; Picozzi et al., 2010; Ferreira and Branco, 2015). In their study,
Kwok et al. (1990) found the fundamental natural frequencies of 13 high-rise buildings in
the Sydney Central Business District between 0.25 and 0.5 Hz. Celebi (2000) monitored
the dynamic behavior of a 44-store building under wind load with a GNSS receiver
and determined the fundamental frequency as 0.23 Hz. The fundamental frequency of
a 30-40-store high building varies between 0.25-050 Hz (Yigit, 2016). In flexible structures
such as suspension bridges, frequencies in the first mode contain about 90% of the total
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Fig. 5. Time series of displacements (left column) and FFT spectra for all events (RTS positioning) (right
column)

response. The natural frequencies of wide-span suspension bridges such as the 15 March
Martyrs Bridge in the first five modes vary between (0.1-0.4 Hz) (Dumanoglu and Severn,
1985). Considering that the frequencies in the first five modes in structural observations
largely reflect the structure’s behavior, the RTS method may be sufficient to determine
the movements of engineering structures without significant information loss.
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4. Conclusion

To determine whether geodetic measurement methods can be used effectively in monitoring
the behavior of engineering structures, a series of shake table tests were carried out using
GNSS and RTS. With this application, an evaluation of the advantages and disadvantages,
contributions, and deficiencies of geodetic measurement methods in terms of their ability
to determine the dynamic parameters of the structure has been made. By applying time
series analysis to all measurements, RMSE values were obtained by comparing the LVDT
displacements with those obtained from the geodetic equipment. Then, the amplitude and
frequency values of the movements were calculated by analyzing the series with FFT in
the time domain.

The HR-GNSS measurement results show that the frequency values in the KPP method
are in good agreement with the LVDT results, and the amplitude differences are -1.6 mm
between KPP GNSS and LVDT results. The RMSE values have also been determined to
be 3.1 mm for KPP. In addition, the oscillation frequency obtained from the FFT analysis
of KPP GNSS displacements has been determined to be 100% compatible with the LVDT
frequency. These results showed the usability of KPP GNSS methods in detecting natural
structural behavior and monitoring the movements of structures under various factors.

When the performance of RTS measurements in monitoring structural behaviors
was examined, it was determined that the frequency values were determined with high
accuracy, and the amplitude differences varied between 0.2 mm and 6.5 mm. The RMSE
values of eight RTS tests with frequencies between 0.25-0.50 Hz and amplitudes between
4.5-73.4 mm are examined. It could be seen that the results vary between 2.1 mm and
6.3 mm. According to the RTS results, the natural behaviors of large engineering structures
can be precisely and thoroughly characterized by applying proper geodetic instrumentation.
Meaningful information about the structures’ natural behaviors could be determined by
examining the measured observation data in the time and frequency domain. Although the
ease of measurement of the GNSS method is known, using it in closed areas is impossible
since it requires open-sky satellite vision. RTS observations can be an alternative for
engineering structures where GNSS cannot be used in closed areas. Furthermore, the
integration of both geodetic sensors allows for independent estimations and serves as
a backup in case of signal outages or low-quality output, enhancing overall reliability.

In conclusion, this study contributes significantly to the field of SHM by comprehen-
sively evaluating the effectiveness of geodetic methods, specifically GNSS and RTS. By
conducting eight different vibration tests encompassing different frequencies and ampli-
tudes, the study underscores the versatility of RTS in detecting structural movements across
various types of structures. The comparison of GNSS and RTS measurements with high-
precision sensors reveals their capability to capture dynamic behaviors accurately, thus high-
lighting their potential for widespread application in SHM practices. The findings empha-
size the importance of incorporating geodetic measurement methods into SHM strategies,
offering valuable insights into monitoring and assessing structural integrity. This research
contributes to advancing the understanding and implementation of geodetic techniques in
SHM, paving the way for future more efficient and reliable structural monitoring systems.
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