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Abstract. In the last few years, many structural monitoring studies have been performed using different
techniques to measure structures of different scales such as buildings, dams or bridges. One of the mostly
used tools are GPS instruments, which have been utilized in various combinations with accelerometers and
some other conventional sensors. In the current study, observation series were recorded for 8 hours with
GPS receivers (NovAtel) and Inclination Measurement Sensors mounted on a television tower in Istanbul,
Turkey. Each series of observations collected from two different sensors were transformed into a single
coordinate system (Local Topocentric Coordinates System). The positional changes of the tower were
calculated from the GPS and the inclination data. These changes were plotted in two dimensions (2D) on the
same graphic. Thus, the possibility of comparison and analysis were found using the data from both the GPS
and the Inclinometer complement each other, in the real test area. The positional changes of the tower were
modeled for further examination. As a result, the movement of the tower within an area of 1x1 cm? was
observed. Based on the results, it can be concluded that inclinometers can be used for monitoring the
structural behavior of the tower.
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1. Introduction

All structures are affected by natural events which can create oscillation. Therefore, continuous
and accurate monitoring of the amplitude of this oscillation has a significant importance in terms
of structural health and human safety. GPS Global Positioning System) technology is commonly
used in the continuous monitoring of dynamic and static displacements of large engineering
structures for two main reasons. First, this technology can measure such displacements at mm
level and with high sensitivity. Second, GPS allows the measurement of relative displacements of
structures with a data sampling rate up to 100 kHz. Therefore, the GPS technology is appropriate
for monitoring structures with high-frequency vibration (short-period) since it utilizes using a real-
time or post-measurement kinematic positioning method (Yi et al. 2010, 2012, 2013).

Over the past decade, the number of studies using GPS-based structural monitoring has
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considerably increased due to the accuracy and reliability of this technology in measuring
structural displacement. Some GPS-integrated studies have also used auxiliary measurement
instruments. For example, Kijewski et al. (2003) employed a combination of a GPS receiver and
an accelerometer and applied a low-pass filter to eliminate noise in their analysis. Similarly,
Yoshida et al. (2003) evaluated the combined use of a GPS receiver and accelerometer in a steel
tower.

Cazzaniga et al. (2005) used GPS and accelerometer in an industrial chimney, collected data
simultaneously and performed a frequency analysis using DFT (Discrete Fourier Transform).
Using the same technology, Hristopulos et al. (2006) conducted a spectral analysis on
displacements in a high building. Li et al. (2006) used FFT (Fast Fourier Transform) to analyze the
data obtained using GPS and an accelerometer in as steel tower and compared it with the finite
element modeling. Casciati and Fuggini (2009) examined the measurement accuracy and
reliability of dual-frequency GPS receivers.

With the improvement in the recording speed of GPS receivers, they have become more widely
applicable in different types of structures. Monitoring studies have been performed to determine
the vibration values of suspension bridges (Xu et al. 2002, Lekidis et al. 2005, Figurski et al.
2009, Yi et al. 2010, 2013, 2013) or the displacement values of industrial chimneys and television
towers (Breuer et al. 2002, Yoshida et al. 2003, Breuer et al. 2008, Pehlivan et al. 2013).

The main problem in GPS applications is the monitoring and the elimination of measurements
that are outside the range in the GPS data. In continuous structural monitoring, the measurement
accuracy of GPS is based on many factors such as satellite coverage, atmospheric effects,
multipath and the data-processing method (Chan et al. 2006). Therefore, many studies have
suggested the employment of auxiliary measurement instruments in structural monitoring
requiring high sensitivity. To increase the level of accuracy and eliminate some of the
shortcomings of GPS, additional measurement instruments such as inclinometers, accelerometers
and laser scanners are used without computer assistance (Erol 2010).

In previous work, a biaxial comparison of an inclinometer and GPS measurements were made
and their performance was tested. In these studies, the measurements were performed
instantaneously and simultaneously on the same object using two GPS receivers and two
inclinometer sensors (Pehlivan et al. 2009, Pehlivan 2013, Pehlivan et al. 2013, Pehlivan et al.
2014). In the current study, the data obtained from the combined use of a GPS receiver and a
Inclinometer were evaluated to determine the capacity and usability of these instruments in
structural monitoring.

2. Test area and measurements

Test data were obtained from the Endem television tower in Istanbul, Turkey. The tower was
built in 2008. It was built on a 190 m hill is made of concrete and steel and has a total height of
234 m from the foundation level of -14 m to 220 m peak. The cylindrical mass of the concrete
thickness of the tower varies between 35 and 40 cm. This thickness decreases with the height of
the tower. The steel framework extends to a height of 163 m, at which the diameter is 9.35 m.

In the current study, GPS receivers and Inclinometers were used to determine the displacement
movement of the tower. The relative displacement was measured using three 24-channel, dual-
frequency GPS receivers with the Real Time Kinematic GPS (RTK-GPS) method. Of these
receivers, one was a fixed station and two were mobile antennas. The fixed GPS station was
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Fig. 1 The locations of GPS antennas and the Inclinometer sensors on the Endem television tower
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Fig. 2 The locations of GPS antennas and the Inclinometer sensors on the Endem television tower

erected near the tower about 100 m from the ground. The mobile (Rover) GPS antennas (R1 and
R2) were positioned at the height of 165 m of the tower to obtain a clear view of the sky. The two
Inclinometer sensors were vertically positioned at the heights of 162 m and 148 m. Fig. 1

schematically presents the installation locations of all GPS receivers and the Inclinometer sensor
in relation to the tower.

2.1 GPS observations

GPS measurements was were carried out under normal weather conditions at an air temperature
between 10 and 14°C to monitor the displacements of the tower due to the changing temperature.
Fig. 2 shows temperature changes during measurement for the internal and external environment.
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Table 1 RTK GPS measurement parameters

Parameters Value
Active number of satellites Minimum: 6
Satellite height Minimum: 10 degrees
Recording range 20 Hz

November 25, 2007

Recording date/time 8 hours 10:00 to 18.00

Vertical Dilution of Precision 0.9
Cut-off angle 20
lonospheric models 0.5-2 ppm free model

GPS measurements of the parameters listed in Table 1 are from November 25, 2007.

Data recording was carried out on the GPSolution software (v 4.3.2.3) under relatively low
influence of ionosphere and clear and windless weather conditions. Possible GPS errors related to
atmosphere and satellite coverage were prevented using a double-differencing data-processing
technique. However, other problems specific to the use of the RTK-GPS technique were
experienced. Due to the fixed and mobile GPS antennas being close to the main body of the tower,
reflected signals (multipath) caused errors in the results of the analysis. Furthermore, the number
of satellites captured by the receivers was not sufficient. Therefore, prior to the evaluation process,
there was a need to filter the results of analysis and records from observations (raw GPS data).

The data were filtered using Matlab (2013). Firstly, a series of observations were eliminated
based on their overall errors being over the 5 cm threshold. GPS sets were obtained by recording
20 data per second (sec). These datasets were then re-sampled at 1 sec intervals and their —10 and
+10 point averages were calculated (Pehlivan et al. 2013).

The data obtained from both GPS receivers were obtained in the Earth-Centered, Earth-Fixed
(ECEF) coordinate system and then manually converted to the local topocentric coordinates
system for a more convenient evaluation.

2.2 Inclinometer observations

Inclination changes were recorded at 1 sec intervals using a Leica Nivel 20 electronic
Inclinometer. The sensors were positioned at an elevation of 148 m and 162 m. The resolution of
this inclinometer is 0.001 mrad (0.001 mm/m) and the accuracy of measurement is +0.005x mrad.
Since Inclinometer sensors are extremely sensitive to changes in temperature, the measurements
were performed by placing the sensors in a storage box.

Inclinometer changes were obtained in the mrad unit. As shown in previous research, after the
fixed level at 108 m, the tower makes rotary movements (Pehlivan et al. 2013). Taking into
account this nodal point, the arc unit (mrad) was converted into the length unit (mm). Since both
Inclinometer sensors performed the measurement in mrad along two circles with the same center
and radii of 40 m and 54 m, the conversion into length unit (mm) was carried out using the
following equation

Horizontal Distance (mm) = %. Radius(mm) 1)
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Fig. 3 The initial time series of GPS and Inclinometer sampled by 1 second, between 10:00 - 18:00; GPS
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2.3 Analysis of the series

The series of observations were carried out simultaneously with GPS and Inclinometer
receivers for 8 hours (between 10:00 - 18:00 on November 25, 2007) (Fig. 3).

A sequential processing technique was adopted to compare the original GPS and Inclinometer
time series presented in Fig. 1. Firstly, GPS and Inclinometer time series were filtered and
resampled at 1-second intervals. In addition, the time series of the Inclinometer were converted
from the units of radians to into the units of length. The coordinates in all datasets were then
transformed to the local topocentric system. The arranged time series from both receivers were
analyzed in terms of the frequency, and the frequency spectrums were calculated.

Frequencies were computed using the Fast Fourier Transformation algorithm after applying
low-pass filtering to the whole series of observations. All signals were remodelled in the time
domain using the dominant frequency values with the Fourier equality. These new signals were
considered to be model signals of our sensor observations. GPS and Inclinometer measurements
and the calculated model functions are presented in Fig. 4. As shown in the figure, random
oscillations of high frequency components were at £ 20 mm levels in the GPS time series and at +
10 mm levels in the Inclinometer time series.



1082 Hiseyin Pehlivan and Halim Ferit Bayata

—
o
"
~a
[}

1
ra
[

¥ direction
(mm)
()

—
(=2
o

o]
[

M i b bl ol "‘L "
Wi ‘inll ql;fvl\v{‘lr‘hww ”H.i Ef' Iy

gtk e —— -GPSY1 ———-GPSY2

Y direction
{mm)
—_

Maodel Y2 1

|
[
[

Mudel A

ﬁ
) 2
=

# direction
{mm
()
T
i
I
|
it
I
i
1
1
|

=== C TR - — T2

N
o

(d)10 ) ! i g ! T !

MWodel v Mndel Y2

Y direction
{mm)
()
T
I

L : ———-Tity1 ———-Tiltv2
1 | 1 1 1 1
11DD:DD 11:00 12:00 13:00 14:00 15:00 18:00 1?:DD 18:00
Time (h}
Fig. 4 Model functions of GPS and Inclinometer time series between 10:00 - 18:00; GPS X series and modal
signals in the X direction (a), GPS Y series and modal signals in the Y direction (b), Inclinometer X series
and modal signals in the X direction (c), Inclinometer Y series and modal signals in the Y direction (d)
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Fig. 5 Model series computed using GPS and Inclinometer data

3. Comparisons and evaluation

The calculated model series are based on the 8-hour movement of the tower. The X- and Y-
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Fig. 6 The ground sketch of horizontal displacements between 10:00 - 18:00

direction series computed using the GPS and Inclinometer data are presented in Fig. 5. It can be
seen that the results from the two GPS series and two Inclinometer model series match each other.

These computed model series provide precise information as to how the tower moved over the
8 hours. The model series in the X-Y plane in Fig. 5 provides a model for the positional changes of
each receiver and Fig. 6 presents a model for the positional changes of the tower. Here, we observe
that the movement of the tower (in cm) depends on the movement of the sun. The tower started to
move to the east at 11:00 subsequent to an increase in temperature. The body of the tower started
to cool after 12:00 and 13:00 when the heat of the sun was at the maximum level, and moved back
to its previous position between 14:00 and 15:00.

4. Conclusions

In this study, the data obtained simultaneously from GPS and Inclinometer receivers were used
in the structural monitoring of a television tower. GPS observations have previously been reported
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to result in errors due to multipath and satellite geometry. Therefore, Inclinometer sensors were
chosen to perform a comparative evaluation of the data. Mounting GPS receivers on the opposite
sides of the tower allowed for obtaining data from different satellite geometries and resulting in
different multipath errors. Inclinometer receivers were positioned in the same direction but at
different heights, which ensured that the data obtained from all receivers complemented each
other. The analysis of the 8-hour data demonstrated that random oscillations of high-frequency
components were at £10 mm levels in the GPS time series and at 7 mm levels in the Inclinometer
time series (Fig. 5). GPS and inclinometer series were processed and converted into the same
coordinate system and presented in an X-Y axis. Fig. 6 presents the positional changes of the tower
within an area of approximately 1 cm? as measured by the GPS and inclinometer receivers. The
comparison of the results indicate that inclinometer which is commonly used as an auxiliary
measurement tool complements the GPS and can be employed as a testing instrument.
Furthermore, the accuracy and performance of the inclinometer are sufficient in terms of
determining dynamic structural movements at mm level in continuous structural monitoring.
However, with a inclinometer, it is not possible to determine the static and semi-static components
of the movement nor the positional changes in the Z-axis. GPS can be used to determine such
static, quasi-static and dynamic structural behaviors.
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