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Abstract: This article focuses on a specially designed steel beam testing apparatus to determine the dynamics of the structure using data 
obtained from different sensor systems. The analysis of these different sensor systems is performed by processing data recorded by the 
Global Navigation Satellite System (GNSS), vision based measurement (video camera), and accelerometer surveys. To perform this analysis, 
the accelerometer and GNSS receiver are installed at the steel beam’s mid-span position. The high-contrast artificial target attached to the 
accelerometer is recorded by a video camera to monitor the structural dynamics. Steel beam experiments show that it is compatible with the 
accelerometer, which is predicted as a reference sensor in detecting motion with an amplitude of 10 mm and above in the vertical direction 
with GNSS and determining the structural frequency by spectral analysis. On the other hand, we concluded that the video camera can be 
used to determine the structural dynamics in SHM because its results were compatible with the reference data even if the amplitude was too 
small. 
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1. INTRODUCTION 

Wind, traffic load, temperature, and water loads are 
examples of forces that can impact any structure. These forces 
induce deflection, elevation, and torsion, determining the 
movements, which are the ultimate focus of Structural Health 
Monitoring (SHM). SHM technology is needed due to the 
high cost of such engineering structures and, more 
importantly, public safety management. Structural health 
monitoring is a series of processes that have four steps: 
determining the appropriate detection system, collecting data, 
interpreting the information obtained, and determining the 
damage and taking the necessary precautions (evacuating the 
structure or repairing the damage). Many measuring 
instruments are used for SHM (extensometer, tiltmeter, 
micrometer, accelerometer [1], GNSS (Static, Kinematics, 
Real Time Kinematics (RTK), and Precision Point 
Positioning (PPP)) [2], robotic total station (RTS) [3], vision-
based measurement [4], laser vibrometer [5]). To estimate the 
structure’s performance under various loads and structural 
conditions, the relevant structure is simulated on a computer 
and displacements are monitored using the finite element 
method (FEM) [6], [7]. The displacement movements take 
the form of sine waves (the number of waves per unit time 
equals the frequency value provided for the structure’s 

displacement). Since the acting loads and the size of the 
changes observed on the structure are the parameters for 
structural damage, calculating the frequency value is of 
particular importance. Therefore, it was investigated in [8] 
whether the natural frequencies and rigidity of the stiffening 
girder are preserved during a typhoon. A measurement device 
with appropriate sampling frequencies must be used to 
conduct measurements. The maximum frequency value that 
any measuring instrument can establish is half of the 
sampling frequency (Nyquist frequency). 

Although GNSS was initially developed for military and 
navigation applications, it is now one of the essential SHM 
technologies. There are several studies on this topic in the 
literature, and the use of GNSS in SHM was accomplished 
for the first time with the work performed by [9]. The relative 
position changes were observed by establishing a GPS station 
on the top of the 160 m high Calgary Tower. It is supported 
by many GNSS-based SHM solution techniques, including 
Precise Positioning Kinematic (PPK), Real Time Kinematics 
(RTK), Network RTK (NRTK), and Precise Point Positioning 
(PPP) solutions. PPP GNSS is a technique in which the point 
position is accurately determined using precise satellite orbit, 
clock, and bias corrections anywhere in the world with the 
help of a single satellite receiver. Most research papers in the 
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literature use relative GNSS positioning solutions, and since 
2010, numerous commercial PPP calculation tools have been 
implemented to support the results in monitoring SHM and 
communicating precise corrections in real time. According to 
[10], it was found that the kinematic PPP solution can detect 
horizontal vibrations with amplitudes of less than 1 cm and 
vertical vibrations with amplitudes of about 1-1.5 cm with 
high reliability. PPP can perform centimeter-level high-
precision locations using accurate satellite orbit and clock 
data [11], [12]. 

In the conventional satellite-based approach, the 
displacements of a structure induced by dynamic processes 
are monitored using a GNSS receiver embedded in the 
structure. Assuming that the point coordinates of the 
structures are monitored by static GNSS measurements, the 
calculations are often based on the average of the structure 
observed in an interval of 30 second or more [13]. Because of 
the disadvantages of accelerometers [14] in measuring low-
frequency structural displacements and GNSS in low-
amplitude displacements, both accelerometers and GNSS 
[15], [16] should be integrated into SHM. As a result, GNSS 
and accelerometer measurements are often analyzed 
separately in the form of a post-process for the integration of 
displacement data collected by both methods. 

Using innovative approaches, GNSS directly retrieves the 
coordinates of any monitored moving object, despite the 
constraints imposed by satellite geometry that can impact 
measurement accuracy. The significant contribution of such 
innovative methods enables the instantaneous coordinates of 
stations and sinusoidal waveforms to be determined by 
analyzing high frequency data (data rated at 1 Hz or more). 
The high rate GNSS method is widely used for SHM. It 
demonstrated the ability of a high-speed Global Positioning 
System (GPS) to detect and monitor the dynamic deformation 
of structures such as towers, tall buildings, bridges, and 
structural health [17], [18]. For example, the technical 
feasibility [15] of using GPS to monitor deformations in 
dynamic structures due to winds, traffic, earthquakes, and 
similar loading has been proven in the United Kingdom [19] 
and Japan [20]. During the 2009 earthquake that struck 
L’Aquila, Italy (Mw 6.3), a single 10 Hz receiver 
reconstructed for the first time the waveforms of the 
displacements at a frequency of 10 Hz [21]. The sample study 
was conducted at a frequency of 50 Hz. [22]. The structural 
analyses in [23] were performed using a GNSS receiver with 
a sampling rate of 100 Hz and accelerometers (100-200 Hz). 
Data loss is avoided if structural displacements are accurately 
perceived and data is collected at a high frequency [24]. 

In acquiring data with the help of image-based sensors 
(camera), there is no need for physical contact with the 
structure to be measured as in the traditional method. With 
lower cost and less labor than other methods, hundreds of 
meters away from the building, the information about the 
building is obtained with high accuracy from multiple points 
entering the image, not from a single point as in traditional 
methods [25]. In SHM applications, the displacement 
magnitude and natural structure frequencies can be 

determined using displacement data obtained from single or 
more camera measurements. In this process, the camera is 
mounted on a tripod away from the structure and directed to 
the target, and data collection begins. These obtained data are 
evaluated in real time if data processing software is available. 
Otherwise, these recorded data are considered as post-
process. Since the camera is installed away from the structure 
to be monitored, a camera with the appropriate magnification 
should be used. The reason for this is that the pixel density 
(number of pixels per mm) must be high in order to detect the 
structure's motion with high accuracy. This accuracy depends 
on the camera type and the camera's distance from the target 
[26].  

Displacement operation methods such as Feature Point 
Matching, Optical Flow Estimation, Template Matching, and 
Background Subtraction are used. They save time by limiting 
the natural (screw, beam, etc.) and artificial targets on the 
object to be measured to a predefined region of interest (ROI) 
instead of searching the entire video frame. Consideration 
should be given to the ROI being large enough to cover its 
potential position in the next frame. In this study, a Template 
Matching algorithm based on the principle of tracking a target 
across the entire video recording was used to determine 
displacements and frequencies. Template Matching is a very 
intensive computational procedure aimed to find a pattern 
within an image [25]. In obtaining vision-based data, 
structural dynamics are determined by using artificial or 
natural targets [27] on the structure. Busca et al. (2013) stated 
that artificial targets help one to obtain more precise results 
than the natural targets [28]. Therefore, we preferred to use 
the artificial targets.  

Accelerometers, which measure the acceleration of a 
moving object, have a wide range of uses, including 
navigation and guiding systems, military applications, 
biomedical applications, and SHM. The mechanism of 
operation of accelerometers is based on Newton’s second law 
of motion. Accelerometer sensors based on Micro 
Electromechanical Systems (MEMS) can monitor 
mechanical vibrations in engineering applications. Their use 
has increased significantly due to their low cost, power 
efficiency and small size [29].  

On the Binzhou Yellow River Highway Bridge, an online 
service SHM consisting of accelerometers and a GPS receiver 
was installed to monitor acceleration and displacement in the 
time frequency and to show the observed responses of the 
bridge exposed to moving vehicle loads [30]. Moreover, to 
measure the natural frequencies of a pedestrian suspension 
bridge, a hybrid SHM system consisting of GNSS and a three-
axis accelerometer was used in [24] to eliminate deficiencies 
of both measuring technologies. A Robotic Total Station 
(RTS), a GNSS receiver, and an accelerometer were installed, 
and tests on a horizontally freely oscillating oscillator were 
performed [31]. In addition, the vertical oscillation detection 
capability of the kinematic PPP solution of engineering 
structures was tested using the GNSS receiver installed on a 
steel bar to simulate a flexible structure [32]. 
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Spectral analysis is used to analyze signal frequency 
characteristics. For this purpose, the Fast Fourier Transform 
(FFT) is used. With FFT analysis, procedures such as 
calculating the amplitude and frequency values of the signals 
are carried out effectively [33]. 

The acceleration data from the accelerometers and the 
displacement parameters generated from these data can also 
be used to monitor structural health. The relative 
displacement movements calculated by the accelerometer are 
in mm accuracy depending on the sensor's resolution, while 
GNSS is in the cm range. On the other hand, the accuracy of 
the vision-based system varies between 0.5-0.01 pixels [34]. 

In this study, the steel beam in equilibrium was pushed by 
hand from the mid-point, and a free oscillating motion was 
generated. It is aimed to monitor a structure’s dynamic 
displacement response and calculate its natural frequency 
within the framework of structural health monitoring 
procedures in engineering structures using three separate 
measuring devices. For this purpose, high-rate GNSS 
measurements, vision-based data, and MEMS accelerometer 
measurements were performed. The high-contrast artificial 
target attached to the accelerometer is recorded by a video 
camera to monitor the structural dynamics. 

2. METHODS 

A. Data 
This study collected data with three different measuring 

instruments placed on a specially designed steel beam test 
setup (Fig. 1). A data collection mechanism for the steel beam 
test was performed by placing a 7.00 m long steel beam on a 
football field (Fig. 2). The BWT901CL accelerometer and 
Topcon Hiper SR GNSS receiver were installed at the steel 
beam’s mid-span position. Data were collected from the 
target placed on MEMS with a Nikon P900 video camera at 
65, 145, and 200 m distances, respectively.  

 

Fig. 1.  Scheme of the steel beam measuring device. 

MEMS and video camera data were obtained at 50 Hz data 
frequency, while static measurements were taken at 10 Hz 
data frequency. A vertical motion with random amplitude was 
applied externally to the steel beam, and the simple harmonic 
motion in the vertical direction was maintained. Data were 
obtained concurrently from all devices, and the accelerometer 
data were used as the reference data. The technical 
information of the measuring devices used in the experiment 
is given in Table 1. 

 

Fig. 2.  A view of the steel beam measuring setup. 

 

Table 1.  Technical information of measuring instruments used in 
data collection. 

Data collection 
method 

Measurement 
sensitivity / resolution 

Topcon Hiper SR H:3 mm+1.0 ppm V:5 mm+1.0ppm 

WIT BWT901CL 0.005 g 

Nikon P900 1920x1080, 60 fps, 83X optical 
zoom 

 
SHM systems can produce automated structural health 

assessments by processing data from sensors on the structure. 
Wired systems are often employed in SHM, but they have 
disadvantages such as time-consuming wiring, high cost, 
additional labor, etc. Therefore, wireless sensor was preferred 
in this study (Fig. 3). 

 

 

Fig. 3.  Wireless accelerometer system configuration. 

B. Data analysis  
With the help of these coordinate data, the standard 

deviation values were calculated and interpreted statistically. 
After these processes, shaking table and steel beam tests were 
carried out. 

The least squares method is widely used in determining 
harmonic motions and removing outliers [35], [36]. 

When the time series of the measurement values in Fig. 4 
and Fig. 5 are examined, residuals and ±3σ values are seen. 
From horizontal components; East: max.: 5.5 mm, min.: 
-5.4 mm and standard deviation:1.5 mm, North max.: 7.8, 
min.: -7.5 and standard deviation value was calculated as 
2.3 mm. On the other hand, the vertical component is weaker 
than the horizontal component [37] and has 2-3 times lower 
measurement accuracy than the horizontal [38]. It was used 
similarly in this study (Fig. 9). 
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Fig. 4.  Residuals and ±3σ for GNSS measurement East component (A) and the Histogram of Residuals (B). 

 

Fig. 5.  Residuals and ±3σ for GNSS measurement North component (A) and the Histogram of Residuals (B). 

C. Shaking table calibration measurement 
The BWT901CL accelerometer, which produces 200 Hz 

data and can transmit via Bluetooth, and the video camera 
used in the study were subjected to calibration measurements 
to test their usability. In this context, an accelerometer was 
placed on the shaking table, a video camera was installed 
10 m away from the shaking table, and measurements were 
made. In contrast, the shaking table was set to 100 mm 
amplitude and 0.1 Hz frequency range on the computer, 
LVDT 1000 Hz, BWT901 CL 100 Hz, and camera 50 Hz 
data recording frequency, respectively. The data received by 
these two sensors are compared with the reference data 
LVDT - which is placed on the shaking table pistons at the 
production stage. While the video camera data was converted 

into displacement data with the help of image processing 
codes in Matlab 2018b software, LVDT data was directly 
received by the computer as displacement data. 

On the other hand, the accelerometer data were analyzed in 
Matlab 2018b software, and the displacement data were 
obtained from the accelerator data. The measured 
acceleration data were subjected to a series of processing. 
These transactions are: 
• The acceleration data set, whose initial and last values 

end with zero, was taken. 
• The received data set, frequencies outside the range of 

4.5 to 0.2 Hz (cutoff frequency) were filtered with high 
pass and low pass filter (6th-degree polynomial using 
butter windowing). 
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• Displacement data was obtained using numerical 
integration twice with the Midpoint Rule filtered data. 

• The data has been extracted with the Baseline Correction 
process originating from the integration constants. 

Data from three different sensors were collected and 
compared in a time series (Fig. 6). These results showed that 
the data obtained from the BWT901CL accelerometer with a 
recording capacity of 100 Hz and a video camera with a 
recording capacity of 50 fps are comparable to the data 
obtained from the 1000 Hz LVDT. 

 

Fig. 6.  The displacement graph was obtained by evaluating the data 
collected by all three methods. 

Pearson correlation coefficients, which measure the linear 
relationship between two variables, were statistically 
calculated between the LVDT data, MEMS, and the camera 
data. The correlation coefficient (r) between the measures is 
greater than 95% for all data (Table 2). Moreover, when 
Fig. 6 is examined, it is seen that the camera data are more 
compatible with the LVDT than the accelerometer data. The 
obtained displacement data reveal that both systems are 
consistent with the reference data and can be used in future 
studies. 

Table 2.  Statistical calculations on measurements. 

Data collection 
method 

Correlation 
coefficient (r) 

RMS 
(mm) 

LVDT Reference sensor 70.64 
BWT901CL 0.992 70.26 
Camera 0.997 70.24 

D. Steel beam experiment 
The vertical displacement was determined using an 

accelerometer, video camera, and GNSS data, and the 
discrepancies among the results produced by different 
methods were compared. Initially, the applicability of the 
WIT BWT901CL brand accelerometer on the experimental 
shaking table was established to determine the use of methods 
to be employed in assessing deformation/ displacement, and 
then combined measurement data were used in the 
applications and performed on the steel beam.  

GNSS measurements were used in the static mode and then 
were processed using CSRS PPP and Topcon Magnet Tools 
version 7.2.0 software for kinematic solution. To ensure 
compatibility among the data of the three methods, the height 
values collected by GNSS were converted into displacement 
data. Relative displacement values were obtained by 

subtracting that dataset's average height value from each 
height data obtained by the kinematic PPP.  

The acceleration data obtained using the BWT901CL 
accelerometer were analyzed using the codes developed in 
the Matlab 2018 b v. program, and the displacement values 
were generated. 

Camera data within the scope of the study, the Template 
Matching method was evaluated with the help of a smart 
search technique developed by [39]. The data obtained with 
the video camera were subjected to image processing in the 
Matlab 2018 b v. software (Fig. 7). 

 

 

Fig. 7.  A view of the image processing done in the Matlab software. 

The displacement values obtained from each of the three 
methods were subjected to FFT analysis in the Matlab 2018 b 
software, and it was examined whether the obtained 
variations in frequency values were statistically significant. 

3. RESULTS AND DISCUSSION  
The spectral analysis of the vertical displacement among 

all three methods was performed in the Matlab 2018 b 
software, and the Eigen(natural) frequency values of each 
method were computed from the FFT analysis results, as 
shown in Table 3.  

 

Table 3.  Frequency values using FFT analysis. 

Data collection 
method 

Frequency  
(Hz) 

Error  
(%) 

BWT901CL  2.112 Reference 
Nikon P900 2.114 0.094 
Kinematics PPP 2.115 0.142 

 

 

Fig. 9.  Data for three measuring systems were incorporated into 
local time. 
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The frequency values received from the BWT901CL 
accelerometer, and the kinematic PPP solution were found to 
be quite close when the frequency values were compared.  

The smoothness of the waveform predominates the natural 
frequency value derived from the FFT analysis in places 
where the amplitude values received from GNSS data are 
10 mm or more (between 11:50:39 and 11:51:32 hours). 
Fig. 10(A) (Frequency-Power Spectral Density (PSD)) and 
Fig. 10(A) show the ability to detect vertical motion. 

 

Fig. 10.  Frequency graph (A) and motion waveform (B) of the zone. 

In addition, when the displacement data obtained from all 
measuring instruments in the field when the size is greater 
than 10 mm are examined closely, it is seen that they are very 
compatible with each other despite the differences (Fig. 11). 

 

Fig. 11.  Graph of displacement values in the region where the 
amplitude value is greater than 10 mm. 

When the amplitude value is less than 10 mm, both 
distortions in the sinusoidal forms and a lack of dominant 
frequency are observed. However, a frequency value was 
obtained when the FFT analysis was performed (Fig. 12). The 
reason for these distortions is assumed to be the GNSS 
surveys. 

 

Fig. 12.  Frequency graph (A) and motion waveform (B). 

When the displacement/deformation amplitude value was 
analyzed, it was found that the time with the lowest value in 
the series was about 12:39 h. When the 4-second data within 
this time period is reviewed, it is noted that the accelerometer 
data has an amplitude of 2 mm, and there is no deformation 
in the waveform, implying that it can determine displacement 
values of at least 4 mm (Fig. 13). 

Even though the displacement values obtained with the 
kinematic PPP solution appear in the same graph at about  
3-5 mm, the waveform was distorted and inappropriate for 
measuring the frequency values. If the values from GNSS 
displacement amplitudes are less than 10 mm, the 
displacement value computed by the receiver appears as a 
random value. 

 

Fig. 13.  Graph of displacement values in the region where the 
amplitude value is less than 10 mm. 

It was observed that the displacement data obtained with 
the video camera yielded better results than those obtained 
from the GNSS measurements. However, since vision-based 
measures are related to light, the camera causes fluctuations 
in the wave crests due to the refraction of the data. Even in 
this state, it does not have a problem determining the 
frequency. Points to be considered to minimize the errors in 
the displacement: heat, measuring distance, the height 
difference of the measuring camera and the target from the 
ground, water vapor in the environment, etc., are factors that 
affect the measurement results. 

By taking the aforementioned effects into account, 
displacement can be determined with a few mm sensitivity. 

4. CONCLUSIONS 
Concurrent data collected by three separate measurement 

tools were examined in this study, and vertical displacement 
values were computed by using the data. 

The vibration that emerges from a force applied to the 
structure or induced by the measured object's structure is a 
parameter of the damage that will develop in the structure.  

While collecting video camera data, errors occur in the 
displacement values due to light refraction. The time interval 
where these effects are the least (temperature, camera, and 
target height, measurement distance, etc.) should be selected. 
When these effects are minimized, results will be noticeably 
improved and data with mm accuracy will be obtained. 
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There are discrepancies in the amplitudes received from 
the GNSS data and the accelerometer data in the steel beam 
test. While determining the displacement with GNSS 
measurements, the amplitude of the movement of the 
structure is less than 10 mm - especially in the vertical 
direction - it cannot give reliable results. 

It is found that even with the camera data taken from a 
distance of 200 m, very compatible data are obtained, where 
the sinusoidal form is not distorted. It can determine the 
dynamics of the structure with the measurements to be made 
alone. 
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