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Abstract 
GNSS has started to be used around 1991 for position surveying and mapping purposes. Its 
accuracy has been, however, limited and insufficient for monitoring displacements in Civil 
Engineering structures by itself. However, the combination of multiple sensors, GNSS and 
regular sensors, became a promising technique due to its potential to monitor structural 
displacements with improved performance and with a suitable process of application on site. 
This paper presents an experimental campaign carried out to assess the performance of a 
multi-sensor fusion technique based on GNSS and accelerometers data. It covers: i) the design 
of an experimental model; ii) the selection and installation of a wide type of sensors for 
measuring relevant and different structural parameters; iii) the results of laboratory tests in 
different conditions; iv) the application of data treatments techniques; and v) the appraisal of 
the performance of a multi-sensor fusion technique. The results obtained for the multi-sensor 
fusion technique exhibited a residual error smaller than 1 mm, validating its potential for 
structural health monitoring applications. 
 
 

1 INTRODUCTION 

Nowadays, instrumentation and monitoring are assuming a very important role in civil 
engineering. They can be used to experimentally assess the behaviour of a structure. For that 
purpose, there are many parameters of interest, but the structural displacements are one of the 
most important and desired. However, these displacements, in civil engineering structures, can 
be in the order of the millimeters with complex measurement conditions. 

In order to measure structural displacements, the conventional methods have been based on 
survey precision equipment or on relative displacement transducers such as dial gauges and 
LVDT’s. In most cases, these techniques require an operator on site and/or direct reference to 
a fixed reference point, being limitative in terms of field implementation. Other non-contact 
measurement technique supported by the liquid leveling principle, and most recently, the laser 
scanning and the imaging processing have also been integrated with limited application [1]. 
The Global Navigation Satellite Systems (GNSS) can become an alternative. 

The GNSS, by the means of GPS, GLONASS, Galileo or Beidou systems, allows to 
determine absolute positions based on a constellation of satellites and their encoded signal. 
Their use for measuring displacements presents some advantages, when compared to other 
sensors. Among these advantages, it can be named the provision of real-time 3D absolute 
displacement measurement, the operation of the system is not affected by the weather 
conditions, it does not require a physical connection to any reference, and the equipment is 
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robust. However, GNSS has some inherent errors related to the number of visible satellites, the 
constellation geometry, the observation time, the ephemeris accuracy, the ionospheric 
disturbance, the multipath and the ambiguity resolution [2].  

Examples of the application of GNSS on structural monitoring can be named, such as, the 
use of GNSS receivers to monitor the dynamic displacements of the Calgary Tower; the 
experiments made in the Humber Bridge, in the UK, where they demonstrated that GNSS 
systems can be used for real-time monitoring of displacements on bridges; the monitoring of 
one of the columns of the Corgo Viaduct, in Portugal [3, 4]. 

Although the GNSS allows directly the observation of displacement, its actual accuracy is 
still a serious limitation. Its precision, characteristically in the order of centimeters, is below 
structural applications requirements. However, the combination of GNSS with conventional 
sensors can be a promising tool. By means of multi-sensor fusion, the best features for each 
sensor can be used, and combined with each other to obtain the most accurate results possible. 

 
 

2 MULTI-SENSOR FUSION 

GNSS systems, when processed using differential techniques (DGNSS) and real time 
kinematics (RTK) algorithms have proven capable to measure static and quasi-static 
displacements with improved accuracy. In ideal conditions, measurement errors are around 
millimeter. However, GNSS-RTK has not been able to measure dynamic displacements with 
comparable performance. Several studies have shown constraints to evaluate movements with 
frequencies above 2 Hz since the loss of accuracy is significant [5]. For its part, the double 
integration of accelerations measured by high precision accelerometers has proved to be 
suitable to determine the dynamic component of the displacements with high precision. 

In this study, the data of both accelerometers and GNSS are combined in a multi-sensor 
fusion algorithm. In order to get the best out of the two systems, the displacements of 
low-frequency are extracted from GNSS and the displacements of high-frequency are 
computed from measured accelerations. Then, the two components of displacement are 
integrated to achieve the overall displacement. 

The dynamic component of displacements is computed from acceleration. Equation (1) 
expresses the double integration of accelerations in time domain: 嫌岫建岻 = 嫌0 + �� ⋅ 建 + ∬ �岫建岻 �建2�

0  (1) 
 

where 嫌岫建岻 and �岫建岻 are the displacement and acceleration at time 建, respectively; and 嫌0 and �� are initial position and velocity, respectively. Both 嫌0 and �� cannot be characterized with 
accelerometers and have to be eliminated from equation limiting the result to dynamic effects 
only. The noise resulting from the measurement, is also a factor that should be removed to 
minimize its influence on the results, since it might become an additional error source. To 
overcome these errors and ambiguities, a band-pass filter can be applied. 

Non-phase delay digital filters allow to obtain the different components of the displacement 
from the two sensors. A low-pass filter is used to isolate the frequency components that 
correspond to the noise signal and to the static component of the displacement (i.e. to the signal 
that was coming from the GNSS system), and the high-pass filtering allow to isolate the 
dynamic component of the displacement (i.e. to the signal that was coming from the 
accelerometers). The order of the filter and the cut-off frequency were parameters that were 
studied in order to obtain the optimum results. 
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3 EXPERIMENTAL MODEL 

3.1 Structure 

The experimental model, as depicted on Figure 1, is a steel assemblage composed by two 
sub-structures: the main structure (interior) and the reference structure (exterior). 

The main sub-structure, the one that was instrumented and tested, is a vertical cantilever 
beam composed by two different rectangular hollow sections. The lower part of the structure 
was a RHS 80x40x1.5mm section, with a length of 1 m. The upper part of the structure was a 
RHS 50x20x1.5 mm section with a length of 0.80 m. On top of each section, a set of 6 weights 
of 1.1kg each was placed symmetrically. 

The reference sub-structure, with a shape of a spatial truss, was designed to have very small 
displacements in order for them to be neglected. Thus, this structure was used to hold the 
sensors as reference and to fix cables and other equipment during tests. This also serves as 
reaction during the load tests. 

To perform the structural design, a numerical model was carried out. The dimensions of the 
steel bars were defined so that a horizontal load of approximately 20 kgf on the top should give 
rise to a displacement of around 3 cm and the steel stresses would not surpass the elastic regime. 
The first frequency is around 4 Hz. This way, the deformation parameters are representative 
values of real structures of civil engineering. 

 

                
Figure 1: Experimental model. 
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3.2 Instrumentation 

The sensing system that was installed on the structure allowed to measure the horizontal 
relative displacements, accelerations, strains, rotations and temperatures. Conventional 
LVDTs, accelerometers, inclinometers, strains gauges, and thermometers were installed (see 
Table 1). Their location was selected taking into account the effective characterization of the 
structural behaviour, being concentrated on three levels as shown on Figure 2. 

The acquisition system was a NI cDAQ-9188XT that was connected to a computer that had 
installed a LabView routine allowing the signal acquisition and a real-time signal processing. 
The sampling rate for the conventional sensors was 3200 Hz.  

  

Sensor type 
Nr of 

sensors 
General Features 

Strain Gauge  4 
Brand: VISHAY, Model: STRAIN GAGES,GAGE FACTOR: 2.085±0.3% 
Electrical Resistance: 120.0±0.3% 

LVDT 2 
Brand: RDPGROUP, Model: LDC 500C, Sensitivity:177,78mV/mm,179,03mV/mm, 
Range: ± 12,50 mm, Frequency range: 0 to 200Hz 

Accelerometers  4 
Brand: PCB PIEZOTRONICS, Model:393B12, Sensitivity: 9.92 V/g, 9.56 V/g, 9.65 V/g, 
9.66 V/g, Range: ± 0,5 g, Frequency range: (±5%) 0,15Hz to 1kHz 

Inclinometers  4 
Brand: leveldevelopments, Model: LSOC-1-C, Sensitivity: 0.1242º/mA, 0.1246º/mA, 
0.1258º/mA, 0.1204º/mA, Range: -1º to 1º 

Thermometer  1 Model:PT100, Range: -40ºC to 150ºC 

GNSS Antenna  1 
Brand: Leica, Model: GNSS Antenna Model AS10, Model Receptor, GMX902  
Acquisition Frequency:1 to 20 Hz 

Table 1: List of used sensors and their features. 

 

 

 
Figure 2: The instrumentation system and respective installation details. 
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A GNSS system, composed by an active antenna and a reference one in a static position, 
was mounted with the location presented on Figure 3. The active antenna was installed in Level 
2 of the model (Figure 2). The distance between the two antennas was around 21 m. 

 

 
Figure 3: Set up of GNSS antennas on the roof of FEUP H building. 

 

The two antennas allowed to perform the measurements based on differential GNSS 
applying a real time kinematic (RTK) algorithm. This way, possible errors affecting the two 
antennas are consequently canceled out with improved performance. The position 
measurements were processed by Leica Spider software. The sampling rate was 20Hz. 

Since the GNSS coordinate displacement system was not aligned with the displacement of 
the structure, and to be able to compare the displacements obtained by the two systems, a 
coordinate transformation had to be performed (see referential on Figure 3). 

3.3 Experimentation Setups 

The carried out loading tests, whose objective was different among each other, consisted on 
three different types: 

- Static tests – consisted on the gradual application of a certain number of loads to the 
structure, and then on their unloading process. This was obtained by suspending steel 
plates each 120s. A pulley was used to deflect the gravity force allowing to load the 
model in the horizontal direction at its top (Figure 4). 
 

- Dynamic tests – consisted on the application of dynamic impulses each 30 seconds, for 
different mass combinations, allowing to evaluate the dynamic structural response of 
the structure for different configurations, its vibration frequencies and mode shapes. 

 

- Static-dynamic tests – allowed to combine in the same experiment a strong static 
component, given by the application of steel plates, and, at the same time, an significant 
dynamic effect obtained by means of a sinusoidal load imposed by a DC motor that was 
attached to a cable with a certain eccentricity that would cause the horizontal loading       
(Figure 4). The frequency of the rotation was controlled by a single-board micro-
controller. 
 

Figure 5 shows the observed lateral displacements of the top of the model (LVDT-L2) 
throughout the three different loading tests. All tests were performed outdoor, on the roof of 
FEUP building, in Porto, Portugal, during July 2015. 
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Figure 4 : The structure with the static and static-dynamic loads applied. 

 

a)  

b)  

c)  

Figure 5 : Displacements on the top of the model (LVDT-L2) during loading tests: a) static test; b) dynamic test; 
c) static-dynamic test. 
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4 RESULTS 

Although the structure was sensed with other sensors, the presented results concern the 
LVDT’s, as the reference one; the accelerometers, that are going to be used for the fusion 
process; and the GNSS, also used for the fusion process. 

4.1 Double integration 

For the fusion of the data from the two sensors, the accelerometer’s data was double 
integrated to obtain the dynamic component of the displacement. The numeric integration of 
measured accelerations was performed by means of the trapezium method. In order to avoid 
errors and ambiguities due to measurement noise and taking into account the impossibility to 
predict the initial position and initial velocity, a band-pass filter (zero-phase digital filter) was 
applied. 

Figure 6 presents the results of double integration of the accelerations measured by the top 
accelerometer (A-L2-1) during an impulse of the dynamic test. The double integration of the 
measured acceleration is compared with the LVDT (LVDT-L2) adopted as reference accurate 
measurement. The maximum observed deviation was 1.4 mm, at the time that the dynamic 
impulse was applied, and the standard deviation was 0.186 mm. 

 

 

Figure 6: Comparison of the obtained results with the LVDT and with the double integration of the 
accelerations technique.  

 

For all the results, a relevant deviation of double integration occurs when transient and/or 
very slow (quasi-static) displacements were observed. This is explained due to limitations of 
accelerometers in measuring these accelerations. However, in dynamic range of displacements, 
the agreement between LVDT (reference) and double integration is notable.  

 

4.2 Synchronization 

The signal obtained from the GNSS system and the clock of data logger of regular sensors, 
controlled by computer, are independent entailing inherent synchronization difficulties. In 
order to avoid errors due to data desynchronization in multi-sensor fusion, all signal have to be 
correctly aligned before being processed. 

The synchronization was performed by means of cross-correlation between the different 
signals. The locations of the maximum values of the cross-correlations indicate time lags. 
Figure 7.a) presents the cross-correlation between GNSS and LVDT data. The peak value 
shows that there was a lag of 150 samples (around 0.047s) between the two signals that have 
to be compensated. Figure 7.b) compares the signals before and after lag compensation with 
convincing results. 
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a)  

b)  

Figure 7: Synchronization: a) cross-correlation between GNSS and LVDT; b) signal comparison before and 
after synchronization. 

4.3 Multi-sensor fusion 

For the fusion process, the dynamic and static component of the signal were isolated using 
frequency domain filters. The accelerometers data are treated to achieve the very small 
displacements, with very high frequencies. Taking into account the results of static-dynamic 
test, the signal obtained by the LVDT (reference) and the double integration results are 
compared in Figure 8. As expected, only the dynamic component of displacement is 
characterized with the accelerometers. 

 

 

Figure 8: LVDT and accelerometer signal after double integration. 
 

On its turn, a low-pass filter (zero-phase digital filter) was applied to GNSS signal, in order 
to extract the static component of the signal. Figure 9 presents the signal of GNSS compared 
to the reference displacement measured by the LVDT. As depicted, the static component of the 
signal is well obtained using this technique. 
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Figure 9: Filtered GNSS signal compared with LVDT. 

 
 

The dynamic component of displacements, which resulted from double integration of the 
acceleration data, and the static component, separated from GNSS data by means of a low-pass 
filter, are then fused. Figure 10 shows the obtained results for the fusion process. The results 
are very close regarding both the static and the dynamic components. 

 
 

 

Figure 10: Multi-sensor fusion comparing with LVDT. 

 
 

Over the static-dynamic test, the maximum obtained error was 3.2 mm and the standard 
deviation was 0.5791 mm. However, the 95% quantile is less than 1 mm as depicted on the 
error histogram on Figure 11.  

 

 

 
Figure 11: Histogram of the fusion method erros. 
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5 CONCLUSIONS 

In order to fulfill the requirements of elaborating a proposal to a procedure on how to 
develop the fusion between the GNSS and the accelerometers, some issues had to be overcome, 
such as the synchronization between the different signals, the frequency domain filters, and the 
double integration of the accelerations. 

The synchronization process between the GNSS and the different type of sensors that are 
connected to the acquisition system can be efficiently obtained, optimizing the 
cross-correlation between signals. 

Several filters in the frequency domain were analyzed and tested, where the Chebyshev and 
Butterworth filters can be highlighted. However, to the use of these filters is associated a phase 
delay resulting from their application. To overcome such errors, there was a necessity to use 
zero-phase digital filters that revealed to be crucial to the fusion process.  

The double integration of the accelerations proved to be adequate to determine the dynamic 
component of the displacements. In the process of the double integration, there is a loss in the 
signal that corresponds to the static component of the displacement. Such limitation could be 
seen in the in the obtained results from the quasi-static dynamic test. 

The multi-sensor fusion, between the GNSS and the accelerometers, allowed to get the best 
features from each sensor. The GNSS revealed to be efficient to obtain the static displacements, 
and the accelerometers revealed to be able to obtain the dynamic displacements.  

Over controlled experimental tests, the obtained results showed errors smaller than 1 mm 
within a confidence interval of 95%. These are promising results concerning the effective 
application of GNSS and multi-sensor fusion on structural monitoring applications. 
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