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ABSTRACT 

Large public infrastructure facilities around the world like dams, cooling towers and 
bridges use concrete as the main building material. Although made from a durable material 
many of these large assets have begun to age and are in need of periodic inspection to ensure 
their integrity. Current inspection routine involves setting up scaffolds that have to be moved 
around for personnel to reach the whole surface. The VortexScan project has developed a 
vortex robot that is used to autonomously navigate the vertical surfaces of such structures 
while deploying a combination of non-destructive inspection techniques. Air suction through 
a nozzle of a specific geometry creates a vortex and initiates a force that attaches the robot to 
a vertical surface while its wheels move it around. Novel phased array Ground Penetrating 
Radar (GPR) technique is one of the two NDT equipment carried by the robot. Low frequency 
ultrasonic technique is also developed and an innovative fusion of data from the two 
techniques is performed. The data fusion is used to diminish the drawbacks of each technique 
and create an accurate representation of the underlying material and its defects. VortexScan 
project goal is to create a system that can rapidly and economically inspect large vertical 
concrete structures saving huge amounts currently spent during the manual periodic 
inspections. The system will be used on EUs electrical power industry structures such nuclear 
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reactor containment, dams and cooling towers as a large number of these infrastructure types 
are beginning to age; some of them having been built nearly a century ago. 

Key words: Vortex Robot, Ground Penetrating Radar (GPR), Ultrasonic Testing (UT), 
Inspection data fusion 

1 INTRODUCTION 

Structures that offer critical services require constant inspection to prevent the 
occurrences of catastrophic failure that could potentially cause a loss both in monetary as well 
as societal value. This is particularly true in the power generation industry where outage time 
during planned inspections need to be kept to a minimum. Inspection of large vertical 
concrete structures is especially time consuming and cost-intensive due to the process of 
gaining access to the outside of the building which invariably involves erecting scaffolding 
before manual inspection commences. Automation of the inspection of power plants and other 
large buildings (with robots that can climb vertical concrete structures to deploy an NDT 
payload) could completely eliminate scaffold erection costs and reduce inspection build times 
and related costs. 

NDT of large concrete structures is currently carried out utilising access techniques 
such as abseiling and scaffolding which is expensive and time consuming. For Nuclear Power 
Plants (NPPs), the average loss of generating capacity is 15 days per year leading to a €165m 
revenue loss across Europe. This has contributed to the high cost of inspecting structures – a 
cost which includes the loss of production time together with the actual inspection costs. 
These factors present an opportunity for an innovative technology to rapidly and effectively 
inspect concrete structures thereby reducing the cost of inspection and down time caused by 
shutting down operations. 

While concrete is strong in compression, it has very low tensile strength. The latter is 
improved by adding steel reinforcement bars to the concrete. The inspection of concrete 
structures is required to test for defects such as potential corrosion of the reinforcement bars, 
cracks and voids in the concrete as well as delamination of the different concrete layers. 
These flaws weaken the concrete structure causing various hazards to individuals that utilise 
such facilities. The inspection process poses a risk to the safety of the workers. Scaffolding 
and rope access techniques currently in use attract very high insurance charges and, moreover, 
EC directives on health and safety at work strengthen the need for an automatic inspection 
technology. The vortex robots that have been developed cannot be used in this application as 
they have a very limited carrying capacity, typically less than 200 g. Obviously, there is a 
need for larger robots which are capable of carrying the NDT equipment as they navigate the 
vertical walls. Furthermore, the current state-of-the-art in UT and GPR equipment is bulky 
and impossible to carry using a lightweight robot, so making these portable is necessary to 
start with automated inspection process of concrete structures. 

2 VORTEXSCAN SYSTEM CONCEPT AND OBJECTIVES 

In this paper, wall climbing vortex robotic system for the rapid scanning of large 
vertical concrete structures in combination with enhanced probes and techniques to improve 
the NDT of these structures is presented. VortexScan system is solution designed to 
significantly reduce the inspection time and cost for power plant operators. This innovation 
will result in: rapid and accurate inspection of concrete structures, lower costs of inspection, 
improved working conditions for inspecting personnel, increased access to technical data, 
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improved quality in the inspection reports, extended lifespan of structures, cost effective 
maintenance programs as repairs are only done on damaged areas. 

3 ULTRASONIC TESTING OF CONCRETE STRUCTURES 

Ultrasonic techniques involve the propagation and detection of mechanical vibrations 
that have interacted in some way with the structure under test. They have been used for 
assessing comparative strength of concrete, detecting flaws such as voids or cracks, and 
estimating member thickness. In ultrasonic testing (UT) a sound pulse is sent into a solid 
object and an echo returns from any flaws in that object or from the other side of the object. 
An echo is returned from a solid-air interface or any solid-non-solid interface in the object 
being examined. Ultrasonic pulses are sent into material by means of making a piezo-electric 
crystal vibrate in a probe. When the surface of a semi-infinite solid is excited by a time 
varying mechanical force, energy is radiated from the source as three distinct types of elastic 
wave propagation: compressional, shear and surface waves [1]. 

In order to extract the best central frequency and other parameters of the ultrasonic 
transducer for VortexScan application, numerous simulations had to be conducted. Finally, an 
array of UT shear sensors with 54 kHz central frequency has been proposed and developed. 
Shear wave sensor has been chosen as it does not need couplant to be used which makes 
operation more practical and convenient. 

A pulser-receiver unit has been specifically design for the VortexScan application. It 
can generate short pulses with very large amplitude (up to 320V peak to peak) which are 
converted to mechanical waves when applied to the transducer. The frequency of the pulses 
can be varied from few kHz to 300 kHz. Pulser-receiver frequency has to be matched with 
Transducers properties in order to get optimal energy transfer. 

Analysing the theory of ultrasonic wave propagation, it can be observed that the central 
frequency of the sensor is determined by the thickness of the sample under inspection. A 
compromise between accuracy and attenuation must be found: the higher the frequency the 
higher the accuracy, but also the higher the attenuation. 

Concrete is a porous and highly attenuative material. Therefore, if too high frequency is 
selected, the attenuation will be such that it will not allow the signal to reach the back wall 
and return to the receiver sensor. According to the project specification, the target thickness is 
50 cm. For such thickness the recommended sensors are those with 50 kHz central frequency. 
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Figure 1: 2D model of wave propagation in 50 cm sample – 50 kHz, 100 kHz and 150 kHz 

Transducer modelling using Comsol software has been carried out in order to confirm 
the pre-selected central frequency. Three different frequencies have been run in three different 
models: 50 kHz, 100 kHz and 150 kHz. The results are presented as follows. 

It can be observed from the modelling results in Figure 1 that the lowest frequency (50 
kHz) provides the highest amplitudes of the different wave mode propagations. For higher 
frequencies (100 kHz and 150 kHz) the signal reflection from the back wall is not considered 
to be strong enough to provide relevant information for a successful signal processing. 

On the other hand, it has already been exposed the fact that certain difficulties arise due 
to the inhomogeneous and porous nature of concrete when some of the well-established 
methods used in other areas of material testing are applied to concrete [2]. What makes it even 
more complicated is the fact that concrete is a highly variable product, even when the main 
production parameters, such as maximum aggregate size and cement matrix, are identified. 

Further modelling has been carried out using CIVA modelling software to obtain a 
better understanding of such variability. Three different aggregate sizes have been considered, 
being these 1mm, 20mm and 40mm diameter aggregates; with two different percentages of 
aggregates present in the mixture: 20% and 80%. Results analysis has shown, that the signal 
amplitude drops significantly when the percentage of aggregates increases for aggregate sizes 
20mm or bigger. General rule of ultrasound transmission in concrete can be formulated as: the 
smallest the aggregate sizes the better the signal transmission, i.e. the lower the attenuation. 
For a common scenario of 30 mm aggregate sizes with 65% of aggregates in the mixture, it 
can be concluded that the selected central frequency of around 50 kHz should be able to 
detect cracks of a minimum of 6cm, which is consistent with the target of at least 2 times the 
size of the aggregate. 

Developed array transducer and pulser-reciever unit have been tested and validated on 
60 cm thick concrete test block. 
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Figure 2: VortexScan UT array transducer on concrete block 

 

Figure 3: Signal measured on the concrete block 

The waveform acquired using two channels of VortexScan array transducer is shown in 
Figure 3. The time of flight marked in the plot is approximately 250 μs. The speed of the 
shear waves in this block is calculated as follows: 

 

V
0.6m

250 ∙ 10 s
2400m/s (5)

 
The test performed for transducer validation has shown that array transducer is capable 

of transmitting the signals in concrete. The propagation speed values calculated on several 
samples are within the range of typical speeds of shear waves on cement and concrete. The 
next step is to apply the required signal processing techniques to allow the system to detect 
the echoes from the back-wall and defects transmitting and receiving from one side of the 
wall. For this deconvolution and cross-correlation processing techniques may be applied to 
eliminate the surface waves which mask the echoes from the back-wall. 

4 DEVELOPMENT OF GPR SENSOR 

In this research work, numerical electromagnetic models for the propagation of radar 
waves within concrete were used to predict the fundamental properties of the radar waveform 
and the potential bases for creating images from these waveforms. The detailed objective of 
this part of the project was to theoretically assess the performance of multiple GPR antenna 
frequency in range from 1600 to 2600 MHz using electromagnetic wave simulation tools for 
the propagation of radar waves within concrete, aiming to predict the required antenna 
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frequency and characteristics that are most effective in detecting concrete defects of interest 
found in realistic structures. 

Electromagnetic wave propagation is fully described by Maxwell’s equations: 

 (1)

 
(2)

0 
(3)

 (4)

with the following parameters: 

E	-	Electric field Vm-1  
H	-	Magnetic field Am-1  
D	-	Electric flux Cm-2  
B	-	Magnetic flux Wbm-2  
Je	-	Electric current density Am-2  
Jm	-	Magnetic current density Vm-2  
qu	-	Electric charge density (Cm-3) 

Numerical solution of Maxwell's equations for electromagnetic wave propagation can 
be obtained by finite difference procedures. The Finite-Difference Time-Domain (FDTD) 
method that was firstly introduced by Kane Yee [8] in 1966 is one of the most popular EM 
prediction techniques that is used to simulate the behaviour of electromagnetic field 
interactions in space and time. The FDTD method offers a direct solution for Maxwell’s time 
dependent equations (1 and 2) in their differential forms, and has been proved an explicit, 
robust and efficient Computational Electromagnetic Modeling (CEM) technique especially 
suited for use in modelling GPR problems. Space and time are discretized in such a way to 
obtain accurate data sampling and system stability. 

The electromagnetic wave simulation software that was used in this work was the 
GprMax that is a freely available software (www.gprmax.org) developed by Giannopoulos 
originally in 1996 [3], and is particularly suited to model GPR. GprMax is based on the 
Finite-Difference Time-Domain (FDTD) method and approximates Maxwell's equations to 
simulate the propagation of electromagnetic waves in different media. The software has been 
successfully used by a number of researchers for various applications [4]. GprMax computes 
the spatial and temporal derivatives using a standard second-order scheme and contains a 
number of features that are significant for GPR numerical modelling [5]. 

The main aim of the numerical testing undertaken in this work was to define the 
parameters for the optimum features, which will lead to the selection of the GPR antenna that 
will be used in the VortexScan system. The main parameters that define the detectability of 
the inspection are the antenna’s sensitivity and resolution. The above two are strictly related 
with different characteristics. However, the most crucial are the antenna frequency as well as 
the offset between transmitter-receiver and the height of both above ground level. Based on 
the aforesaid, different sets of simulations were generated and numerically tested under 
multiple antenna frequencies ranging from 1600 MHz to 2600 MHz, and with varying 
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transmitter-receiver separations ranging from 50 – 60 mm and transmitter-receiver heights 
from the ground level ranging from 2.5 – 5.0 mm. As mentioned above, these features were 
selected based on the specifications of widely-used commercial high-frequency GPR systems. 

Some of simulation results are presented in Figure 4 and Figure 5. 

 
Figure 4: Image representation of the model geometry containing water filled delamination 1 
mm thick located at 89 mm above the reinforcement bars level (a) and respective simulated 

GPR scans obtained with 1600 MHz (b) and 2600 MHz (c) frequency antennas 

 
Figure 5: Image representation of the model geometry containing air gap 2 mm thick and 5 

cm in length located at 187 mm of depth and 3 mm above the deeper reinforcement bars layer 
(a) and respective simulated GPR scans obtained with 1600 MHz (b) and 2600 MHz (c) 

frequency antennas 

The numerical simulation results obtained from the GPR modelling showed that a 
monostatic geometry antenna with a center frequency at 2600 MHz could provide accurate 
inspection of subsurface structural elements and concrete deterioration, offering enhanced 
detectability of very small defects (in range of 1 mm in thickness) and closely-spaced targets 
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with superior resolution and with sufficient penetration for concrete to be adequately resolved 
in depths up to 50 cm. 

5 CONCLUSIONS AND FUTURE WORK 

In this paper, wall climbing vortex robotic system for the rapid scanning of large 
vertical concrete structures in combination with enhanced probes and techniques to improve 
the NDT of these structures is presented. VortexScan system is solution designed to 
significantly reduce the inspection time and cost for power plant operators. This innovation 
will result in: rapid and accurate inspection of concrete structures, lower costs of inspection, 
improved working conditions for inspecting personnel, increased access to technical data, 
improved quality in the inspection reports, extended lifespan of structures, cost effective 
maintenance programs as repairs are only done on damaged areas. 

The solution proposed for ultrasonic testing of concrete is an array of UT shear sensors 
with 54 kHz central frequency. Shear sensors do not need couplant and are equipped with a 
protective layer. The transducer array has been validated using a concrete block sample and 
proved to be capable transmit and receive the signals in this material. A UT subsystem pulser-
receiver has also been design, specifically for this particular application. It can generate short 
pulses with very large amplitude (up to 320V peak to peak) which are converted to 
mechanical waves when applied to the UT transducer. The frequency of the pulses can be 
varied from few kHz to 300 kHz.  

The test performed for transducer validation has shown that array of transducer 
designed is capable of transmitting and receive the signals in concrete. The speed calculated 
for both samples are within the range of typical speeds of shear waves on cement and 
concrete. The next step is to apply the required signal processing techniques to allow the 
system to detect the echoes from the back-wall and defects transmitting and receiving from 
one side of the wall. 

GPR sensor, as second testing technique, is also presented in this paper. According to 
preliminary results in current research phase, it could be combined with data obtained from 
UT transducer to perform structural integrity analysis of concrete structures. The GPR 
modelling results showed that a monostatic geometry antenna with a center frequency at 2600 
MHz could provide accurate inspection of subsurface structural elements and concrete 
deterioration, offering enhanced detectability of very small defects (in range of 1 mm in 
thickness) and closely-spaced targets with superior resolution and with sufficient penetration 
for concrete to be adequately resolved in depths up to 50 cm. 

Further work on this topic will include novel data processing and analysis methods, as 
well as motion control and visual localization algorithms of developed robotic system. 
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