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1 Introduction and general remarks 

This technical report is prepared on the basis of Contract No. TFP6-PLT-001653 bTetween the 

European Community represented by the Commission of the European Communities and 

Skanska Teknik AB contractor acting as coordinator of the Consortium. 

Sustainable bridges is a project which assesses the readiness of railway bridges to meet 

the demands of the 2020 scenario and provides the means for up-grading them if they fall 

short. The 2020 scenario requires increased capacities with heavier loads to be carried and 

bigger forces to be absorbed due to longer faster trains and mixed traffic. All types of bridges 

are being considered. 

The main objectives of workpackage 3 are to develop advanced and apply reliable methods 

to assess the condition of bridges and to identify and characterise common types of deterio-

ration. The possibilities of modern inspection methods, especially non-destructive testing 

methods (NDT-CE) will be effectively expanded. The focus is on concrete bridges, but steel 

bridges and masonry arch bridges will be taken into account. 

The objective of sub-package 3.8 is to develop and test usefulness and possible applica-

tions of a system for radar tomography measurements on specific areas of railway 

bridges.  

Use of tomography has been validated by questionnaire filled out during first stages of the 

Project by European railway owners within WP1.  Four European countries: Hungary, Portu-

gal, Slovakia and United Kingdom assumed that this method is useful and in Hungary tomo-

graphy has been already tested experimentally. 

The purpose of this deliverable is not to exclude of any of existing NDT methods, but to sup-

plement them. That method is fully complementary to for instance acoustic methods. Radar 

sends electromagnetic waves and use of this technique is limited by presence of steel or 

other materials which are causing high attenuation to electromagnetic waves, but these 

waves are easily penetrating for instance air voids. In case of acoustic methods impactor 

sends mechanical waves inside tested structure. Waves will not penetrate through air voids 

but will penetrate through steel. Additionally, radar transmission measurements are much 

faster than transmission measurements using any acoustic transducers, what can signifi-

cantly reduce the costs of the on-site work.  

In comparison to the radar reflection measurements, tomography can provide higher 

penetration depths with the same resolution and provide additional information about 

structural integrity (like to define type of material used and its condition) 
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That method is not entirely new. Velocity and attenuation tomography were originally devel-

oped in medicine and in several other fields (geophysics) with the aim of reproducing the 

internal structure of an object from measurements collected externally. Some of the works 

done for the geophysical applications can be found elsewhere (Becht et al., 2004; Brauchler 

et al., 2003; Tronicke et al., 2001; Tronicke et al., 2002; Tronicke et al., 2005). In geotechni-

cal applications, cross-hole tomography is commonly used to obtain cracks in rocky ground 

and to assess the condition of deep foundation piles. In the case of structural civil engineer-

ing, radar tomography is quite a recent technique and only very few works has been reported 

so far and only for the masonry applications (Binda et al., 2003). However, that method due 

to its complexity is very rarely used. Because of that, the detailed description of the most 

common testing procedures together with a data interpretation is given in that report for a 

better understanding of that technique for further use in the civil engineering applications. 

Because of all those over mentioned reasons, system for radar tomography measurements 

is proposed and detailed description of this technique is given. 
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2 Summary 

Among different ways of radar data acquisition, tomography has so far not been fully investi-

gated yet. In some cases, traditional B-Scan imaging does not give the operator a full idea of the 

integrity of civil structures, so tomographic imaging of radar data can provide more detailed in-

formation. However, it is much more time consuming than the traditional reflection mode and 

thus should be used on selected areas only. It requires skilled operators to perform data acquisi-

tion and analysis. In addition, radar equipment required to perform a measurement is more so-

phisticated and expensive. Thus, a guideline for radar operators containing detailed procedures 

for transmission measurements is presented. 

Radar transmission tomography is a technique to map the interior of objects like columns or 

slabs. An electromagnetic pulse is transmitted on one side and received on another (see 

Fig.1.1). Either traveltime (velocity tomography) or amplitude (attenuation tomography) informa-

tion from many transmitter-receiver pairs is used to reconstruct the hidden structure (see 

Fig.1.2). 
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Fig. 1.1  Illustration of 4 typical types of the data acquisition for tomography. In first example 
cross section of a pillar with material discontinuity is given. Next 3 drawings are presenting 

transmission modes with an access to 2 sides of tested structure (e.g. bridge decks) 

 

  

Figure 1.2  Flowchart showing general idea of steps for data acquisition and pre- and post-
processing 

Simulations – used for checking an optimum set up for data acquisition and inversion proce-

dures 

Data acquisition – transmission measurements used for collecting travel time or amplitude 

information necessary for tomographic software 

Time or amplitude picking – gathering information from radargrams about travel times and 

amplitudes 

Coordinate input – geometry of tested structure with all transmitter and receiver positions 

Data quality check – procedure for eliminating systematic errors and artefacts that may ap-

pear during image reconstruction process 

Inversion – use of inversion algorithms (software) for image reconstruction 

Tomogram – reconstructed image of interior of the object obtained after the inversion.  
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Tomography can be used to map: voids, moisture content, ferro-magnetic materials, timber ele-

ments (in case of masonry bridges). 

During the first phase of the project many different kinds of software (Reflex, GeoTom CG and 

WinTomo) and hardware were tested at UMinho and BAM. At BAM GSSI equipment with 1.5 

GHz antennas, at UMinho, Mala equipment with 1.6 GHz antennas were used.  

Different kinds of specimens were tested. At BAM two different concrete specimens were tested 

and at UMinho two different masonry specimens were tested. At Figure 1.3, 1.4 examples of 

velocity tomography results are shown. 

 

    

 

Figure 1.3 Illustration of results (tomograms) obtained on tested concrete specimens. 

 

Tomograms from Fig. 1.3 are images from a specimen with reinforcement grid. Tomogram 

shows a velocity distribution inside tested structure. In case of electromagnetic waves, areas 

with higher velocities (bright in Fig. 1.3) can represent materials with lower dielectric constant (e. 

g. voids) and areas with lower velocities (dark in Fig 1.3) can represent materials with higher 

dielectric constant (e. g. metallic objects, high moisture content, etc.). During inversion many 

unwanted artefacts appeared. Reduction of those artefacts is possible by changing inversion 

parameters. Detection of voids and metallic tendon ducts is possible, but can be confusing due 

to presence of the artefacts. 

In Fig. 1.4 results from the tested masonry specimens are shown. The purpose of those tests 

was to map the cross-section of two masonry specimens and to localise the shape and position 

of embedded polystyrene prism and timber beam. Interpretation of results is similar to those 

from concrete specimens. Areas with high velocity indicate presence of voids inside tested 

structure. Areas close to the edges can contain many unwanted artefacts and thus interpretation 

of tomograms should not be performed there. 

 

 

a) b) Velocity  Velocity  

Transmitter – receiver distance Transmitter – receiver distance 
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Figure 1.4 Illustration of results (tomograms) obtained on tested masonry specimens 
(0.68 m and 0.58 m thick) at University of Minho. Left image is showing an image ob-

tained from a tested specimen with a 80 mm polystyrene prism. Right image is showing 
an image obtained from a tested specimen with a 65 mm timber beam.  

 

CONCLUSIONS FROM MEASUREMENTS 

Tomography can be applied on selected areas of concrete or masonry bridges where additional 

information about structural integrity is needed, penetration is not sufficient in reflection mode or 

very dense reinforcement grid (up to 50 mm) is present inside the bridge. Only trained operators 

can perform the transmission measurements and then interpret the final results. The expected 

resolution of the final results depends mainly on the chosen grid type, antennas used (higher the 

frequency, higher the resolution but lower penetration depth). However, after the measurements 

it can be concluded that resolution of 10 mm in plane and 50-100 mm in depth can be obtained 

in concrete and in masonry. 

 

Conclusions for BAM experiments 

- Detection of small voids (diameter 80 mm) and bigger in case of concrete structures is 

possible  

- Metallic tendon ducts are visible on tomograms, but velocity will never be zero (image 

will be present as a area of much lower velocity than a surrounding areas) 

- Velocity inside voids in case of concrete specimens after tomographic inversion is lower 

than expected 

- Positions of the Transmitter and Receiver antennas directly above reinforcement grid 

should be avoided due to high reflections from rebars. That problem can be solved using 

different antenna polarisation. 

 

 

 

Velocity  
Velocity  
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Conclusions for UMinho experiments 

- Attenuation tomography was successfully used to compare results from a velocity tomo-

graphy 

- Positions of antennas close to concrete (masonry) edges should be avoided 

- In case of pillars or walls with an access to more than 2 sides it is advised to perform 

transmission measurements with full ray coverage (measurements from all sides) in or-

der to increase information needed to detect for example air layers inside concrete or 

masonry structures. 

- Areas for testing should be chosen due to antenna penetration possibilities. Each of a 

radargrams obtained during a measurements should have a strong signal at the receiver 

antenna 
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3 Principles of Tomographic Imaging of Civil Structures 

3.1 Introduction 

Radar tomography is a technique to map the interior of objects like columns or slabs (see Fig. 

1.1). An electromagnetic pulse is transmitted on one side and received on another. Either travel 

time (velocity tomography) or amplitude (attenuation tomography) information from many trans-

mitter-receiver pairs is used to reconstruct the hidden structure. During this research only 

transmission modes were applied.  

3.2 Basic terms 

For non-experienced readers of this report some terms like scan, profile, trace, radargram need 

to be explained. The most usual way of performing GPR surveys is by collecting the echoes of 

underground features in the reflection mode. In that way, a GPR system sends electromagnetic 

radiation pulses into the investigation area through a transmitting antenna. The generated elec-

tromagnetic wave is partially reflected by changes in bulk electrical properties of the features 

and objects encountered by the radiowave and the reflection is picked up by the receiving an-

tenna. The general description of this methodology is illustrated in Figure 1, where it can be ob-

served that normal 2D radargrams, or B-scans, are constituted by a significant number of indi-

vidual traces (A-scans) placed one after another. Each individual trace provides information 

about the wave‘s amplitude along the time axis (depth). 

Further description of radar reflection profiling and all detailed description of these terms can be 

found in Deliverable 3.5 or in other publications (Daniels et al., 2004; Malhorta et al., 1991). Ad-

ditional terms used in this deliverable include: 

Transmission – Passing of wave through material s from transmitter to receiver. 

Reflection – Wave is partially or totally reflected, when it encounters a boundary of two different 

media.  

Diffraction – The spreading of waves when they pass through an opening, or around an obsta-

cle into regions where we would not expect them, is called diffraction. Diffraction occurs if a 

wave encounters an object and if the wavelength is of the same size (or greater than) the object 

size.  

Refraction – If a wave crosses a boundary between two media 1 and 2 in which the wave 

speeds are v1 and v2 respectively, and then the ratio v1/v2 obeys Snell's law of refraction: 

v1/v2 = sin α1/sin α2 = λ1/λ2 

Where α1 and α2 are the angles made by the waves and the normal to the boundary in media 1 

and 2 respectively. The symbols λ1 and λ2 correspond to the wavelength in the media 1 and 2 

respectively. 
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Image reconstruction = Inversion – Use of specialised software to obtain velocity or attenua-

tion distribution inside the tested structure. 

Scatterring – Scattering occurs when wave encounters material with different electromagnetic 

properties than the surrounding medium. 

Scatterers – Objects embedded inside the tested structure which can cause scattering of the 

waves. They can be penetrable or not penetrable for different types of waves. In case of elec-

tromagnetic waves, steel is not penetrable scatterer and void is a penetrable one. 

 

 

Fig.1  General methodology for GPR field acquisition in reflection mode. 
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3.3 Tomographic algorithms applied to NDT 

Image reconstruction from transmitted data can be performed using either iterative algorithms or 

transform-based algorithms which involve entirely different approaches. Commonly used itera-

tive algorithms are the Algebraic Reconstruction Technique (ART) and Simultaneous Iterative 

Reconstructive Technique (SIRT). However, these techniques do not consider diffraction.  Dif-

fraction becomes important, when the dimensions of the inhomogeneities are comparable to the 

wavelength of the radiation which is generally the case for microwave in concrete.  

Transform based methods involves for example Fourier Domain Processing of the scattered 

data. One-dimensional spatial Fourier transform of the measured projected data is used to de-

termine two-dimensional Fourier transform coefficients of the objects. After coherently superpos-

ing multi-frequency and/or multidimensional measurement data, the object is reconstructed in 

two dimensions by a two-dimensional inverse Fourier transform. The advantage of transform-

based algorithms is that diffraction effects can be taken into consideration. Disadvantages in-

clude large computation and memory requirements, difficulty in incorporating a priori information 

into reconstruction and the requirement for liberalizing approximations. 

3.3.1 Velocity and Attenuation Tomography (iterative methods) 

These techniques are based on the inversion of a single parameter (travel time or amplitude) 

ignoring other information contained in radar signals. These inversion techniques, neglecting 

scattering phenomena and band-limited character of the signals, suffer from low resolution.  

Although velocity and amplitude tomography, which are considered as for example ART algo-

rithms sometimes does not provide enough resolution, they have some advantages. Only input 

needed for them is usually transmitters and receivers’ positions, cell size and first arrival times 

or amplitude values.  

In ART algorithms, like velocity and attenuation tomography, it is essential to know ray paths 

that connect the corresponding transmitter and receiver positions. When refraction and diffrac-

tion effects are substantial, it becomes impossible to predict these ray paths. Therefore, the al-

gebraic techniques suffer under these conditions. However if the transmission wave phenomena 

dominate, in some case it is possible to use algebraic methods. In the other words, algebraic 

techniques work well for penetrable scatterers. 

3.3.2 Diffraction Tomography (transform-based methods) 

As was mentioned, diffraction tomography algorithm is applicable for non-penetrable scatterers 

or when the object size is comparable with a wavelength. This class of algorithms, which are 

based on a Fourier Transform inversion, can provide very good image reconstruction of objects 

inside a tested structure, but they do not provide any information about velocity or attenuation 

coefficients, which values could be used to identify a material. Only position and shape is given. 

Those methods are used both for reflection and transmission modes. 
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For transmission experiments, it is quite difficult to extract the scattered fields from measure-

ment data. It leads to the problems of transmission diffraction tomography which requires scat-

tered fields as the input data.  

That’s why a reflection mode of data acquisition is the most commonly used for image recon-

struction with diffraction tomography algorithms (e.g. SAFT Algorithms). 

Further background about image reconstruction algorithms can be found in: (Berryman, 1991; 

Buyukozturk, 1998; Kak et al., 1998; Laksameethanasan, 2004; Marklein et al., 2002; Meju, 

2001; Scales et al., 2001; Valle et al., 1999) 
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4 Prototypes of Tomography Equipment 

In this chapter a short description of the two commercial radar systems available at UMinho and 

at BAM will be presented. 

4.1 GSSI (Geophysical Survey Systems, Inc.) equipment 

 

 

Fig.2 Hardware set-up during measurements at BAM. 

 

Equipment for testing consisted of following elements: 

1. GSSI Radar System (SIR 10 and/or SIR 20) 

2. Two 1.5 GHz antennas  

3. Survey wheel with marker device attached to antenna receiver 

 

 

 

 

 

 

 

Transmitter antenna 

Receiver antenna 

Radar system SIR-10 
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4.2 Mala Geoscience Equipment 

 

 

  

 

Fig.3 Hardware set-up during measurements at UMinho. 

 

Equipment for testing consisted of following elements: 

1. Mala Geoscience Central Unit CU II  

2. Two 1.6 GHz antennas  

3. Special switch to enable connection of two antennas at the same time (developed for 

UMinho by the MALA Geoscience especially for the Sustainable Bridges Project pur-

poses. The switch was applied first time by UMinho) 

4. Cart or digital hipchain to measure a distance 

Radar system 

Tomography switch for transmission 

measurements 

Transmitter antenna 
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5 Overview of Software used for Tomographic Inversion 

In this chapter an overview of two available programs (GeoTom CG and WinTomo) for travel 

time or amplitude inversion is presented. All examples presented in this guideline are based on 

this software. GeoTom CG is more universal (data can be inserted from all radar systems). In-

put can be made as text files based on picked travel times, however these input files must be 

created in other programs, for example Reflex (data processing software for analysis of seismic, 

acoustic or electromagnetic waves). WinTomo is directed mainly for Mala Geoscience Data, so 

is not so universal. But it has some advantages, for example coordinate input and travel time 

picking can be made within the program. 

5.1 GeoTom CG 

GeoTomCG performs 3-D tomographic analyses.  Transmitter-to-receiver travel times can be 

analysed to calculate velocities, or amplitudes can be analyzed to calculate attenuation coeffi-

cients.  Transmitter and receiver positions can be in any configuration within a 3-D grid.  The 

tomographic analysis calculates velocity and/or attenuation at points within the grid.  Anisotropy 

can be specified for each point of the grid.  Raypaths can be straight or curved.   

5.2 WinTomo 

Mala Geoscience developed Software for Borehole Radar measurements, which has imple-

mented all the procedures required to obtain an image from Tomographic reconstruction (e.g. 

Input of measurement coordinates, Band-pass filter, Travel Time picking). All radargrams 

needed as an input to the program must be created as a continuous profile.  

5.3 Reflex 

Among program modules included in this software like module 2D data-analysis, module Com-

mon Mid Point (CMP) velocity analysis and module 3D data-interpretation following modules 

concerning simulations and real inversions are included: 

1. module modelling and raytracing for the 2D-simulation of the seismic or electromagnetic 

wavepropagation based on a Finite Difference approximation. In addition a tomographic algo-

rithm for travel time data is included. 

2. module travel time analysis 2D which allows to analyse and interpret picked first arrivals. 

 

This software is very helpful during performing simulations of electromagnetic wavepropagation 

and as well for the inversions of the simulated or recorded data. 
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6 Steps for data acquisition and data processing 

 

 

Fig.4 Flowchart showing general idea of steps for data acquisition and data processing. 

 

6.1 Introduction 

In this chapter detailed procedures for a typical transmission measurement and data analysis 

will be presented. It seems to be very easy, but in details all the procedures are quite compli-

cated and different from typical reflection measurements, thus much attention is focused on this 

chapter. Some general approaches to the tomographic procedures are shown. However, some 

chapters are divided to show a procedures and differences in two programs for tomographic 

inversion; GeoTom CG and WinTomo. Reflex software was used for time picking and as well as 

for numerical simulations. 

6.2 Planning an NDT investigation 

6.2.1 Limitations and practical requirements 

Before applying radar technique in reflection or transmission mode, one should be aware of the 

specific requirements of these techniques and should analyze the parameters involved in the 

investigations which might affect the data acquisition and processing. Non-Destructive Tech-
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niques can be expensive, despite their advantages. In the case of GPR, the following items 

must be considered in the process of selecting the technique: 

- Type and nature of the materials to be investigated, as electromagnetic waves propagate 

at different speeds in different kinds of natural and man made materials. 

- Nature of the targets of the investigation (reinforcement, moisture, voids, etc.). Generally, 

a very dense grid of reinforcement produces poor or no results at all. 

- Preliminary assessment of the presence of moisture (e.g. due to rain or rising damp), as 

it affects severally the GPR performance and can prevent the acquisition of suitable 

data. 

- Careful choice of antennas needed to perform the task. It must be based on operator’s 

individual expertise taking into account above mentioned remarks. In general terms, 

choice of antennas depends on requested depth resolution and required penetration 

depth. It must be remembered that high frequency antennas have very low penetration 

depth but have quite high depth resolution  

- Careful assessment of the time needed to acquire sufficient data to obtain the requested 

results. Too much data can increase processing time and costs unnecessarily. 

- Careful assessment of time needed to perform the testing. Irregularities of the concrete 

or masonry surfaces can make the data acquisition very difficult due to possible malfunc-

tioning of survey wheel of the antennas. Also time needed to access the test sites can be 

much longer that time for testing itself. Good scaffolding systems or movable platforms 

must be chosen very carefully and correspond to each particular test site. 

- As it was mentioned above, tomography is really complex and expensive technique and 

its use should be well-planned in all aspects. Limitations and practical requirements ap-

ply also to the transmission measurements. In case of tomography measurements, addi-

tional requirements need to be addressed, namely: 

- The necessity of access from two or more sides. The reconstruction algorithms used for 

data processing are most suitable in cases where two or more sides of the structure are 

accessible and covered by electromagnetic rays. 

- The higher qualifications and experience of the radar operator, especially for data proc-

essing. 

6.2.2 Possible areas of applicability for tomography 

Tomography can be used in numerous applications (see Fig. 5). Mainly it can be applied to 

evaluate general structural integrity or geometry of civil structures providing information about 

material properties inside. As it can be seen from the flowchart, a transmission measurement is 

not a separate technique itself, but it can be applied, when the reflection methods fail due to 

various reasons.  
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Fig.5  Flowchart showing possible areas of applicability for tomography 

1. General problem 

- 2D or 3D images from reflection mode does not provide enough information 

about the geometry or integrity 

- Penetration is not sufficient in reflection mode 

- Reinforcement grid is very dense 

2. Tools to solve a problem 

Tomography measurements and data analysis – imaging of general structural 

geometry and integrity inside tested structure. 

3. Possible areas of applicability for tomography measurements 

Concrete structures 

1. Precast structures 

- To detect areas of voiding in the connection of 2 or more precast elements 

2. Monolithic structures (bridge abutments, pillars, beams) 

- To detect areas with different concrete compaction quality 

- To detect areas with high porosity, and thus high possibility of presence of 

water inside the structure 

- To detect areas with high chloride content (in amplitude tomography) 

- To localize plastic or metallic tendon ducts located behind very dense rein-

forcement grid 

Masonry structures 

- To estimate material properties inside old masonry arch bridges 

- To detect possible losses of mortar by water and to monitor fluid injections 

- To detect areas with high water or chloride ingress 
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6.3 Data acquisition in transmission mode 

6.3.1 Grids 

 

Fig.6  An example of a grid on BAM concrete specimen. 

Good grid or good positioning system for transmission measurements is one of the most impor-

tant things to be done before performing an experiment (see Fig.6). Coordinates of each point or 

trace must be very precisely specified (position of a transmitter and receiver at each time must 

be known). Accuracy of less than 10 mm should be used. Even small deviations from a specified 

coordinate system may cause serious disturbances during tomographic inversion (see Chapter 

6.4.4). 

Depending on the size of tested structure and antennas used size of grid may vary. The choice 

of grid size and depends on the expertise of the operator. In general terms, size of the grid 

strongly depends on the required resolution needed for solving particular problems – denser the 

grid, higher the resolution. Also time needed for the acquisition is an important factor – denser 

grid means more time spent onsite and more processing time what increase the testing costs. 

For the concrete or masonry structures with thickness up to 0.2 – 0.8 m preliminary tests can be 

done with 1.5GHz antennas and 0.1 m grid. If necessary, the grid can be denser. However, 

grids less than 50 mm are not advised. If the thickness exceeds 0.8 m or the penetration is lim-

ited due to very dense reinforcement (50 – 80 mm between rebars) lower frequency antennas 

must be used (e.g. 900 MHz). 
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6.3.2 Types of transmission modes applied to GPR 

  

 

Fig.7 Illustration of 3 types of the tomography method [After Forde, 2004]. 

As shown in Figures 7 and 8, tomography data collection involves scanning the region of inter-

est with many combinations of transmitter and receiver positions. Typical field operation consists 

of holding the transmitter tool at the bottom of one surface and moving the receiver tool system-

atically in the opposite hole/surface from bottom to the top. The transmitter is then moved to the 

next location and the test procedure is repeated until all possible transmitter-receiver combina-

tions are incorporated. There exist also 2 more types of this acquisition method. The first re-

quires moving the transmitter and a receiver parallel at the both sides of the tested structure. 

The last method is the opposite of the first method, the receiver remains stationary and the 

transmitter is moved. In case of pillars or walls with an access to more than 2 opposite sides it is 

advised to perform transmission measurements with full ray coverage to increase information 

needed to detect for example air layers inside concrete or masonry structures. In Fig. 8 an ex-

ample is given. 

 

 

Fig.8  Tomography applied to a square column showing the distribution of transmitters and re-

ceivers. 
U 
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6.3.3 Different approach for data acquisition for different software  

GeoTom CG 

Measurements are made as single profiles. One operator is holding a transmitter (Tx) antenna 

and another an receiver (Rx) antenna. The Tx is fixed and the Rx is moved along the tested 

profile (see Figures 7 and 8). 

WinTomo 

Measurements are made as a continuous profile. One operator is holding a Tx antenna and an-

other an Rx antenna. Tx remains stationary and Rx is moved along tested profile. The Profile is 

not finished until all positions of Tx are accomplished. This kind of data acquisition is mainly for 

specific kind of Travel Times picking in WinTomo. 

 

6.3.4 Air measurements 

 

Fig.9 Illustration of time axis calibration with two 1.5 GHz antennas. 

Travel times obtained from time picking need to be calibrated. For that purpose every 10 meas-

urements or 15-20 minutes it is strongly advised to perform air measurements (Fig. 9). Results 

from these measurements will be briefly described in Chapter 6.4.3. 

6.4 Data Analysis 

6.4.1 Preliminary planning  

Before starting a measurement on for example a concrete specimen it is advisable to perform 

some simulations in available commercial software (e.g. Reflex) to have an idealised image of a 

tested structure. For known geometry (including the anomalies) there is the possibility of solving 

the questions by creating synthetic data set. For the real situations model used for those simula-

tions must be based on the parameters obtained in-situ by other methods (like radar in the re-
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flection mode or for example visual inspection). Those simulations are used only as a comple-

mentary tool, and can be also applied during the data processing and interpretation (after the 

experiments) for better understanding of the results. 

- Preliminary planning/Analysis of a synthetic data set  
1. The maximum expected travel time / velocity difference for a given investigation problem 

2. Choice of an optimal measurement configuration (distance of transmitter / receiver) 

3. Expected resolution of the tomographic reconstruction for an ideal case 

The resolution of the tomographic reconstruction for a specific measuring set-up and specific 

mesh size can be done by so called “chequerboard” check. 

 

 

 

Fig.10 a,b An example of synthetic data set created in Reflex commercial software and a result 

of a simulation (a) raytracing, b) tomographic inversion of first arrival times).  

In Fig. 10 it is visible that most of the rays were passing through an air void. It happens when 

wave encounters material with very low dielectric constant and most of the energy is accumu-

steel Air void 
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lated by this material. In case of steel, waves are passing around the object. Areas with low ray 

coverage had edge effects after the inversion. Thus only area inside dashed line was taken into 

consideration. 

6.4.2 Coordinate input 

GeoTom CG 

The first step to prepare the data to most programs that are making an inversion is to give them 

3-dimensional coordinates of each transmitter (Tx) and receiver (Rx) positions. An example of 

data for GeoTom CG commercial software is shown in Fig.11 There should be in general col-

umns with: 

transmitter and receiver numbers; numbers of each ray; 3D coordinates of Tx and Rx; estimated 

travel times and travel times after calibration (see chapter 6.4.3); and other additional columns 

which could be useful for further data quality checking (T-R distance, difference between meas-

ured travel times, Tx-Rx angle, straight ray velocity, etc.). 

 

 

Fig.11 An example of a coordinate input in Excel done for GeoTom CG files. 

WinTomo 

Input of coordinates consists of the following steps: 

- definition of 3-dimensional coordinates of transmitter and receiver positions. 

- creating a scan list (the scan list describes the positions of the antennas and provides a 

link between the ray, defined by the geometry and the trace, being the actual data re-

corded). 

This input can be done manually or automatically. Input is very fast and allows user full visual 

control (see Fig.12). 

 

Fig. 12 An example of coordinates input done at WinTomo. 
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6.4.3 Travel times or amplitudes picking and time axis calibration  

Travel times picking  

The most critical moment during all tomographic data analysis is accuracy of picking the right 

travel times. Travel time inversion software, which is making an inversion bases on an input of 

transmitter and receiver positions and picked travel times.  The higher error will be done during 

time picking the worst will be the results of tomographic inversion. 

Depending on which signal position was chosen to pick (at the first arrivals or first maximum or 

minimum), the proper way of picking must be defined. During experiments at BAM we always 

picked the first maximum or first minimum (see Figure 14). Physically the best would be to pick 

the first arrival, but usually because of presence of high noise first maximum or minimum is 

picked.  

 

Fig. 13 An example of Time Picking done at Reflex commercial software 

 

Every operator has to remember that when a signal is very weak an accurate time picking is 

almost impossible. Then those doubtful picks should be removed (see Fig.13). 

Sometimes, however it is quite difficult to know which travel times we have to pick. In the follow-

ing examples possible difficulties will be explained (see Fig.14, 15). 

 

 

 

Because of very weak signal picks in this area has 

been removed 
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Fig. 14 An example of corrected Time Picking done at Reflex commercial software. a) before 

picking b) after picking 
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Fig. 15 An example of corrected time picking done at WinTomo commercial software: 

a) before picking b) after picking 

On these radargrams (see Fig. 14, 15) a second maximum would be chosen for picking. Usually 

in such case, void would be not detected. However, it has to be always remembered to pick the 

first maximum (minimum) or the best would be first arrival. Following that suggestion it is possi-

ble to enhance the reliability of the results. 

However, sometimes results from measurements can be even more confusing. When investiga-

tion is performed very close to edge of the structure and antennas are situated parallel to an air 

interface, interferences of waves can occur, what can lead to misinterpretation of radargrams. 

Because of that it can be advised that during data acquisition operators should avoid areas very 

close to interface with air. Experiments on concrete columns with air joints and also results from 

simulations suggest that acquisition should be made 150 mm from edges of the structure to 

avoid possible high influence of air in the recorded data. 

Time Axis Calibration 

After travel times are obtained the next step is to calibrate them into correct values. Those val-

ues can be obtained by using standard time calibration procedure. The procedure main idea is 

to make the series of time measurements between transmitter and receiver antennas. Result is 

the plot showing transmitter – receiver distance (x) versus corresponding travel time (y). After 

linear interpolation straight line is obtained: 

( ) ( )y x A x B= × + ,           

where:  

0

1
, A B t

v
= = , 

s
v

t
= , s – distance, v – velocity, t – travel time, t0 – travel time offset 

Having travel time offset, it is possible to calibrate the measured travel times into correct values. 

 

6.4.4 Procedures for check of data quality for travel time tomography data  

In general data quality check can consist of the following steps: 

1. Pre-investigation of data sets to improve a data quality 

2. First tomographic calculation with a homogenous starting model and different meshes 

3. Recognition of the artefacts in tomogram after the inversion 

4. Choice of the most capable mesh for the final inversion 

5. Check of the stability of tomographic calculation 

6. Second tomographic calculation using data subsets 

7. Final tomographic calculation 
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Data sets used in this chapter are not used for the particular case. They were taken from differ-

ent measurements. 

After coordinate input and time picking overall quality of data need to be checked before per-

forming an inversion. Also after inversion systematic errors need to be identified and preferably 

eliminated. These procedures are in most cases iterative, they need to be repeated until final 

tomogram will be ready for final interpretation. These procedures can be applied for data from 

both programs: WinTomo and GeoTom CG. However, in GeoTom CG some procedures for 

automated data quality check are already included in the software (e.g. residuals vs. Tx-Rx dis-

tance plot). 

 

1. Pre-investigation of data sets to improve a data quality  
 

Certain physical conditions have to be fulfilled e.g. the law of Fermat and Snellius. In this case 

for the repriprocal position of the transmitter and receiver the travel time for both ways has to be 

the same.  

The first step during pre-investigation of data gives an overview of the data quality (Figure 16). 

Usually on these graphs we should see a pattern and usually symmetry. If the signal is spread 

without any sense it could be advised to evaluate such data with high attention. Every disconti-

nuity is quite visible and possible areas with voids can be easily detected as well as the quality 

of our data being easily evaluated.  

The second step during pre-investigation of data specifies the error (Figure 17a and b). Attention 

should be paid firstly to time offset value (Figure 17b) and secondly to see if data are not de-

pending on a transmitter-receiver angle (Figure 17a). In an ideal case there should be no offset 

and there should be no data dependence on a T-R angle (only in case of homogenous media 

like concrete. In masonry data can have strong angle dependence. But then quality of the data 

can be good (such dependence can mean an air void). Bad data sets usually are spread ran-

domly. Very important is to plot these graphs to all data sets and see if lines have comparable 

inclination and offset (see Fig. 18). On Figure 18 are shown two completely different data sets 

with different offset and inclination of trend lines. These data sets can not be joined for inversion 
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Fig.16   3D plot of travel times respectively to belonging transmitter and receiver positions 

(with void and metallic tendon duct) 
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Fig. 17    a) 2D plot of T-R angle respectively to belonging straight ray velocity; 

b) 2D plot of the T-R distance respectively to belonging travel time 
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Fig.18 An example of an error when after offset correction we have suddenly 2 completely 

different data sets. In this case these two data sets can not be analyzed together. 

 

2. First tomographic calculation with a homogenous starting model and different meshes 
 

Resulting from the first inversion of the travel times a velocity distribution at each element is ob-

tained. With use of iterative algorithms different iteration steps are applied. The iteration cycle 

shall repeat as often as is necessary. This means the residuals (difference between the meas-

ured time and the calculated time of the algorithms) of one iteration to another should not have 

significant differences. One criteria to cancel the iteration cycle are the divergence of the residu-

als (see Fig. 20). 

The absolute value of the residuals of each T-R combination of the last iteration should be less 

or at least a similar size to the travel time difference caused by the expected anomaly. Another 

criterion is the average (RMS) of all residuals at one specific iteration step shall be in range of 

the total accuracy of the measurement and time picking and/or the standard deviation of recip-

rocal measurements. 

3. Recognition of the artefacts in tomogram after the inversion 
 

Data sets of transmission measurements can contain systematic errors. Such errors can be 

caused by unconsidered faulty positioning of the transmitter and/or receiver; unconsidered ani-

sotropy and/or a travel time delay. If they are not eliminated they can cause characteristic arte-

facts at a tomogram. This may lead to misinterpretation of the results. In Figure 19 three possi-

ble errors and their typical tomograms are displayed. 
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Fig. 19 Three possible errors in tomographic inversion and their images [After Tronicke et al., 

2002]. 

Mainly during investigation on civil structures 1st and 3P

rd
P error are quite common and can com-

pletely distort the data. Second error-velocity anisotropy is less expected. This quality check is 

made on tomograms. 

4. Choice of the most capable mesh (suitable element size) – dependence on inversion 
software 

 

The size of the elements depends on the measuring set-up (e.g. distance of transducer and ge-

ometry of the cross section). A helpful hint to receive stable information is 10 rays should pass 

one element at least in different angles. 

Other rule can be that the size of each element should be not smaller than the distance between 

transmitters (for SIRT algorithm in GeoTom and Reflex). In Conjugate Gradient (CG) algorithm 

in WinTomo grid size should be chosen as small as possible, but too small grid size can cause 

program to terminate. In practical experience half distance between transmitter and receiver 

antennas should be sufficient. 
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5. Check of the stability of the tomographic calculation (residuals/artefacts) 
 

Residual travel time is defined as the measured travel time minus estimated travel time for the 

velocity distribution in the model. The first step is to check the behaviour of the RMS residuals 

for each iteration (Figure 20). They should decrease. The next step is to visualise the residuals 

of each T-R combination of the last iteration. 
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Fig. 20 An example of sum and RMS of residuals of travel times. 

In those two examples 10 iterations were performed. However after 4th iteration process could 

be stopped. 

6. Second tomographic calculation using data subsets 
 

The operator can exclude some information from data sets, which can contain some additional 

errors, for example to exclude some travel times with strong dependence on T-R angles; or to 

exclude some travel times with differences between 2 measurements (the same travel paths) 

7. Final Tomographic calculation  
 

Inversion based on a chosen most reliable mesh size and data set. After the final inversion 

process tomograms should be ready for the interpretation. 

6.4.5 Data interpretation 

In general terms, typical applications for velocity and attenuation tomography can consist of: 

voids location, material determination, moisture content and quality assessment. 

In a velocity tomography a typical tomogram shows a velocity distribution inside tested structure. 

In case of electromagnetic waves, areas with higher velocities can represent materials with 

lower dielectric constant and areas with lower velocities can represent materials with higher di-

electric constant. In general, areas with velocity above 0.2 m/ns can represent air voids and ar-

eas with a velocity around zero can represent steel or presence of high amounts of water inside 

structure.  

In attenuation (slowness) tomography operator can distinguish between materials with a high 

attenuation (e.g. water, sea water, high chloride content, or Ferro-magnetic materials), or mate-

rials with a low attenuation (air voids, dry timber). 
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- Concrete structures 

In general velocity distribution inside concrete structures can give to the operator information 

about quality or condition of tested material. 

V = 0.06 - 0. 08 m/ns – wet concrete 

V = 0.09 - 0.13 m/ns – dry concrete 

Higher velocities could also mean presence of poorly vibrated concrete with a presence of air 

voids. Lower velocities operator can interpret as areas with very well vibrated concrete. 

- Masonry structures 

In case of masonry structures a list of possible materials is much longer and thus interpretation 

is much more complex. Masonry walls or bridges can contain large number of materials with 

different properties, and thus interpretation must be preceded by an extensive desk study about 

possible materials used. Tests on a masonry bridge and thus detailed investigation about possi-

ble areas of interest with a detailed interpretation will be presented in a last stage of the project. 
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7 Tests 

To evaluate performance of GSSI and Mala systems for tomography measurements and data 

analysis number of tests were performed. In case of GSSI system tests on BAM two concrete 

specimens were performed (with and without reinforcement grid). Mala system was tested on 

two UMinho masonry specimens with different thickness and different kind of voids inside. Dur-

ing UMinho experiments also attenuation information was obtained. 

7.1 Tests on BAM concrete specimens 

- BAM.NB.FBS.1 concrete specimen 

Test specimen BAM.NB.FBS.1 was constituted of concrete class C50 and has the dimensions 

2 m x 1.5 m and 0.5 m of thickness (see Fig.21). Number of objects was placed inside the tested 

specimen, like one metallic tendon duct, and 3 types of voids constituted of polystyrene with 

different diameters (50 mm, 80 mm and 120 mm). 

 

Fig.21 Drawing of a BAM.NB.FBS.1 concrete specimen with marked 4 positions of transmission 

measurements. 

1. Tests on voids D1 and D2 and metallic tendon duct 

Objective: location of metallic tendon duct and polystyrene balls (diameter 120 mm – voids D1 

and D2) behind and without reinforcement grid. 

Description of the measurements: 

Each of the measurements was done using 50 mm offset between transmitter positions. For 

each trace 2 measurements were performed: first transmitter was on one side of tested speci-

men and after completing a scan, positions of transmitter and receiver were changed and sec-
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ond scan was performed. Each of the tomograms has 0.9 m length and 0.5 m width (see 

Fig.22). 

 

Results 
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Fig.22  Two tomograms with voids D1 –without reinforcement grid (top) and D2 –with reinforce-

ment grid (bottom). Metallic tendon duct was detected in both cases. Void D2 is not as clearly 

visible as void D1 because of reinforcement presence on boundaries of tested specimen. Area 

inside dashed line was taken into interpretation. Tomograms were processed with GeoTom CG 

software. 
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Interpretation of the results 

Investigated area is placed inside dashed boundary. Due to artefacts and different edge effects 

area behind this line was not taken into consideration. Grid size was set to 25 mm, which is half 

of the distance between transmitter antennas. Different grid sizes were considered. However, 

even with a presence of inversion artefacts images have much better quality than e.g. 50 or 100 

mm grid. In later phase of the project it is expect to improve these images by qualifying different 

data sub-sets into tomography software. Inversion artefacts were caused also by presence of 

big void, which concentrated much of electromagnetic energy and thus resulting radargrams for 

travel time picking were little bit confusing. Presence of steel close to boundaries had also sig-

nificant influence on a final result what can be clearly visible on a bottom image. Part of the elec-

tromagnetic pulse was reflected and thus in obtained travel times a lot of uncertain values can 

be found. In Fig.10a explanation for artefacts and edge effects can be found. There is visible 

how many rays are passing through void and how many areas are almost not covered by rays. 

 

2. Tests on voids M1 and M2 and metallic tendon duct 

 

Objective: location of metallic tendon duct and polystyrene balls (diameter 80 mm – voids M1 

and M2) behind and without reinforcement grid. 

 

Description of the measurements: 

Each of the measurements was done using 50 mm offset between transmitter positions. For 

each trace 2 measurements were performed: first transmitter was on one side of tested speci-

men and after completing a scan, positions of transmitter and receiver were changed and sec-

ond scan was performed. Each of the tomograms has 0.9 m length and 0.5 m width (see 

Fig.23). 
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Fig.23  Two tomograms with voids M1 – without reinforcement grid (top) and M2 –with rein-

forcement grid (bottom). Metallic tendon duct was detected in both cases. Void M1 is not as 

clearly visible as void M2. Data were processed with GeoTom CG software. 

 

Interpretation of the results: 

Investigated area is placed inside dashed boundary. During those measurements influence of 

steel was not as visible as in case of voids D1 and D2. In fact, results obtained from void M2 

(bottom image) which was placed behind reinforcement grid are much more clear and with less 

artefacts than those from void M1 (upper image). It was caused by very noisy and difficult to pick 

radargrams what resulted mainly in low quality output which is visible on a top tomogram with 

void M1. In case of void M2 quality of input data was much higher what resulted in better output 
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after the inversion. Because of the smearing effect visible on tomograms problem with right posi-

tioning of the voids can occur. Rest of the comments is matching conclusions from voids D1 and 

D2 and was presented previously.  

 

- BAM.FB.S.2 concrete specimen 

Test specimen BAM.NB.FBS.2 was constituted of concrete class C50 and has the dimensions 

2m x 1.5 m and 0.5 m of thickness (see Fig.24). Inside of specimen a number of objects were 

placed inside, like one metallic tendon duct, and 3 types of voids constituted of polystyrene with 

different diameters (50 mm, 80 mm and 120 mm). 
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Fig.24 Drawing of a BAM.NB.FBS.2 concrete specimen with marked position of transmission 

measurements. 

 

Objective: Tests on an area with an 80 mm void and a metallic tendon duct behind a very 

dense reinforcement grid (80 mm) in the horizontal and vertical antenna polarisation. 

Description of the measurements: 

Each of the measurements was done using 50 mm offset between transmitter positions. For 

each trace 2 measurements were performed: first transmitter was on one side of tested speci-

men and after completing a scan, positions of transmitter and receiver were changed and sec-

80 mm 

void 

Metallic 

duct 
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ond scan was performed. Each of the tomograms has 0.9 m length and 0.5 m width (see 

Fig.25). 

 

Results 
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Fig.25  Two tomograms with void M2 (top – horizontal antenna polarization) and (bottom – verti-

cal antenna polarization). Metallic tendon duct was detected in both cases. Void in a horizontal 

antenna polarization is not as clearly visible as in vertical antenna polarization. Data were proc-

essed with GeoTom CG software. 
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Interpretation of the results 

Investigated area is placed inside dashed boundary. Due to artefacts and different edge effects 

area behind this line was not taken into consideration. Presence of inversion artefacts is quite 

similar in both examples and thus quality of data input was also similar. A lot of uncertainties 

during interpretation were caused mainly by presence of very dense of reinforcement grid and 

thus large amounts of lost signals. Despite presence of more dense reinforcement grid that dur-

ing previous examples it was possible to identify voids more easily. It was caused mainly by 

better quality of input data (better final model for inversion, better time picking, and better selec-

tion of data sets for inversion). 

Remarks about the results from GSSI system 

Voids and a metallic tendon duct inside both tested specimens were detected using GSSI sys-

tem with two 1.5 GHz antennas and a GeoTomCG software. Antennas proved their usefulness 

and very good penetration. GeoTomCG Software for a tomographic inversion is very accurate in 

case of applied algorithms but input of a coordinates is quite time consuming. User has a full 

control under data input and output as well can organize in Excel quick data quality check. 

7.2 Tests on masonry specimens at University of Minho 

 

Two walls were built with three different masonry typologies using granite stone and lime mortar 

in order to simulate typical historic masonry typologies (Figure 26). The walls have three-leaves, 

being the external leaves built with rubble, irregular or regular stone units and the infill built with 

two different materials (loose gravel or stone and brick mortared rubble). A void was simulated 

with a high density polystyrene prism in the first wall, while a wood beam was placed in the sec-

ond wall to simulate composite construction or a wooden tie beam. Both inclusions were placed 

vertically within the two walls. 

 

 

Fig.26 General view on a two masonry specimens (left – specimen with 0.68 m thickness and a 

polystyrene prism, right – specimen with 0.58 m thickness and a timber beam). 
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1. Transmission measurements on a First Masonry wall (0.68 m thick) 

Objective: location of a polystyrene prism in a transmission mode; velocity distribution inside 

tested specimen. 

Descritiption of the measurements 

One continuous profile was done (consisting of 11 single profiles 1.0 m each). Transmitter step 

was 0.1 m. 

Results 

 

Fig.27  Tomography in Wall 1. Fixed stations for the transmitter antenna and relative position of 

the polystyrene prism in the grid of measurements and, below, the velocity tomogram. Polysty-

rene prism was located what is indicated by high velocity area Data were processed with Win-

Tomo software. 

Interpretation of the results 

The final velocity tomogram obtained from the investigation in Wall 1 is illustrated in Figure 27. It 

shows that the major part of the tomogram exhibits an average velocity lower than 120 mm/ns. 
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The borders of the tomogram are characterized by a substantial number of typical artefacts and 

other side effects, which should not be taken into consideration. A small area exhibiting a very 

high velocity, around 180 mm/ns, is located in the centre of the tomogram, which corresponds to 

the position of the polystyrene prism. From the tomogram, it can be perceived that the speed of 

propagation of radiowaves within polystyrene is close to the velocity in air (which is why this 

material is often used for air substitution when simulating air voids inside structures). The area 

with high velocity radiowaves corresponds to an area about 19 % smaller than the area of the 

polystyrene prism. Data had satisfactory quality and no many artefacts were present.  

2. Transmission measurements on a second masonry wall (0.58 m thick) 
 
Objective: location of 65 mm thick wooden beam situated inside the masonry specimen. Other 
purpose was to obtain velocity tomogram and to complement it with attenuation tomogram. 

 
Description of the measurements 
One continuous profile was done (consisting of 9 single profiles 0.8 m each), Transmitter step 
was 0.1 m. 
 
Results 

 
 

Fig.28 Tomography in Wall 2. Fixed stations for the transmitter antenna and relative position of 

the wooden beam in the grid of measurements and, below, the velocity tomogram. Area of high 
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velocity indicates a presence of a dry timber element. Data were processed with WinTomo soft-

ware. 

 

 

 

             

Fig.29  Tomography in Wall 2. Fixed stations for the transmitter antenna and relative position of 

the wooden beam in the grid of measurements and, below, the attenuation tomogram. Area of 

low atenuation indicates a presence of a dry timber element. Data were processed with Win-

Tomo software. 

Interpretation of the results 

The final velocity tomogram obtained from the investigation in Wall 2 is illustrated in Figure 28. 

The major part of the tomogram exhibits an average velocity around 140 mm/ns. The area that 

was interpreted as being from the wooden beam correspond well to its geometrical location and 

exhibits a very high velocity, around 190 mm/ns, close to the velocity found in polystyrene. 

However, the borders and interior of the tomogram are characterized by a substantial number of 

artefacts and other side effects that affect severely the quality of the data. 

To complement the above result, a second tomogram is showed in Figure 29, which represents 

the distribution of signal amplitudes across the cross-section of the wall. This allowed to find 

areas where low attenuation of the signal occurred. In this case, dark areas correspond to areas 

0
.5

8
m
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where the signal’s amplitude suffered low attenuation. A dark spot corresponds to the position of 

the wooden beam, which means that the signal experiences low attenuation when propagating 

through wood. The area of the wooden beam cross-section was estimated from both tomograms 

but results were rather distinct. While in the first case (Figure 28) the area in the tomogram was 

about 17 % larger than the real area of the wooden beam, in the second case (Figure 29), the 

area was estimated as about 19 % smaller than the real area of the wooden beam. Obviously 

that these errors depend on the size of the inclusion and must be related to the antenna resolu-

tion.  

 

Remarks about the results from MALA system 

Void and a timber beam inside both tested specimens were detected using new Mala system 

with two 1.6 GHz antennas and WinTomo software. Antennas proved their usefulness and very 

good penetration. WinTomo Software for a tomographic inversion is very user-friendly and al-

lows fast coordinate input and very accurate time picking. Disadvantages include mainly lack of 

automatic time and amplitude picking routines but this problem will be resolved soon. 
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8 Conclusions and final remarks 

Different kinds of software and hardware were tested during this investigation at BAM and at 

University of Minho and advantages and disadvantages were shown. 

Both systems proved to be efficient and reliable in detecting structural integrity of different mate-

rials (like reinforced concrete and masonry). 

Possible applications on concrete bridges were shown. 

Tomography can be applied on selected areas of concrete or masonry bridges where additional 

information about structural integrity is needed, penetration is not sufficient in reflection mode or 

very dense reinforcement grid (up to 50 mm) is present inside the bridge. 

Only trained operators can perform the transmission measurements and then interpret the final 

results.  

Depending on the size of tested structure and antennas used size of grid may vary. The choice 

of grid size and depends on the expertise of the operator. In general terms, size of the grid 

strongly depends on the required resolution needed for solving particular problems – denser the 

grid, higher the resolution. Also time needed for the acquisition is an important factor – denser 

grid means more time spent onsite and more processing time what increase the testing costs. 

For the concrete or masonry structures with thickness up to 0.2 – 0.8 m preliminary tests can be 

done with 1.5 GHz antennas and 0.1 m grid. If necessary, the grid can be denser. However, 

grids less than 50 mm are not advised. If the thickness exceeds 0.8 m or the penetration is lim-

ited due to very dense reinforcement (50 – 80 mm between rebars) lower frequency antennas 

must be used (e.g. 900 MHz). In practical terms, the resolution of 10 mm in plane and 50-100 

mm in depth can be obtained. 

Conclusions from BAM experiments 

1. Detection of small voids (diameter 80 mm and smaller) in case of concrete structures is 

very difficult and requires very precise time picking and less noise and errors (artefacts) 

in the analyzed data. 

2. Metallic tendon ducts can be detected on tomograms, but velocity will never be zero (im-

age will be present as a area of much lower velocity than the surrounding areas). 

3. Velocity inside voids in case of concrete specimens after tomographic inversion is lower 

than expected. 

4. Positions of the Tx and Rx antennas directly above reinforcement grid should be avoided 

due to high reflections from rebars. 

Conclusions from UMinho experiments 

1. Air void and timber beam inside were detected using Conjugated Gradient Tomography 

Algorithm. 
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2. Attenuation tomography was used to complement results from the velocity tomography. 

3. Positions of antennas close to concrete (masonry) interfaces should be avoided. 

4. In case of pillars or walls with an access to more than 2 sides it is advised to perform 

transmission measurements with full ray coverage in order to increase information 

needed to detect for example air layers inside concrete or masonry structures. 

5. Areas for testing should be chosen due to antenna penetration possibilities. Each of a 

radargrams obtained during measurements should have a strong signal at the receiver 

antenna. 

 

Validation tests were performed together with BAM on one of the Portuguese concrete bridges 

and results are presented in Cruz et al. and also on the webpage of the WP3. 
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