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ABSTRACT

Non-destructive investigation using Ground Penetrating Radar is becoming more popular during the in-
spection of civil structures. Currently, traditional 2D imaging is also used as a preliminary tool to find
possible areas of interest for more detailed inspection, which can be accomplished by 3D image recon-
struction or tomography techniques. In this paper, a general overview of the work done at University of
Minho regarding these techniques is presented. Data acquisition was performed on two masonry walls
and on one large concrete specimen. In case of masonry specimens traditional 2D imaging was supple-
mented by the use of transmission tomography. Data acquisition on the concrete specimen was done in
reflection mode and results were further processed using 3D reconstruction software.

Results from these specimens are very promising. Radar tomography and 3D image reconstruction tech-
niques provided much more detailed information about structural integrity and shapes and location of the
voids placed inside the tested specimens relatively to 2D imaging originally used for potential target iden-
tification.

INTRODUCTION

Exhaustive preliminary inspections using non-destructive inspection techniques (NDT) are becoming
rather common in restoration and retrofitting projects as well as within maintenance programs of civil
structures. A widely known NDT technique is the Ground Penetrating Radar (GPR). Such technique is
very attractive due to the possibility to reliably acquire non-visible information without causing damages
to the structure, which is becoming a key aspect for the conservation of structures.

Despite the fact that designers and architects are becoming more conscious of the potential of this non-
destructive technique, its use is still not frequent outside the academic community. In Portugal, only a few
number of investigation institutes possess such equipment.

In this paper, the authors wished to contribute to the increase of the use of GPR by showing two examples
where the detection capabilities of GPR with high frequency antennas and advanced software and acquisi-
tion techniques were successfully used to detect and diagnose common problems in concrete and masonry
structures. The main techniques used in the paper are shortly described in the following section. The ex-
perimental part consists of two examples that show the application of such techniques to solve particular
problems and its advantages over traditional 2D radargrams.

ADVANCED TECHNIQUES IN GPR FOR IMAGE PROCESSING

GPR is a non-destructive technique based on emission of electromagnetic energy in a vast range of fre-
quencies (25 MHz to 2.2 GHz). Theoretical background and operative modes of GPR have been de-
scribed in detail by some authors (Daniels, 2004). Radar is used commonly in the reflection mode to col-
lect data by dragging an antenna on the surface. This information results in 2D radargrams, which is the
most frequent way of analyzing radar data. For most common problems such as thickness measurements
(Krause et al, 1995), rebar detection (Hugenschmidt, 2002), location of large voids (Maierhofer et al,



2003), and in most building materials (masonry and reinforced concrete) this mode reveals to be the most
suitable, fastest and cheapest. However, in some particular cases it is not enough. In cases where individ-
ual radargrams provide very little information, when they are very difficult to interpret and when the ob-
jective are small objects or defective/damaged areas, more advanced techniques can be applied.

One of these techniques consists in obtaining a 3D volume of the radar data by acquiring a dense subset
of parallel 2D radar profiles (Valle et al, 2000, Groenenboom et al, 2001). This technique has been suc-
cessfully applied in numerous applications of NDT investigation of civil structures such as for better
visualization of radar data within investigated area by showing the results as depth slices (Lualdi et al,
2003) or by providing more realistic views of the objects through isosurfaces (Binda et al, 2003a). It al-
lows also non-specialized radar users to better understand radar results by providing more realistic shapes
of embedded features. In this paper, 3D reconstruction is used for the assessment of common structural
elements, faults and defects inside a simulated bridge deck.

The second technique used in this paper is called tomography. Radar tomography is a technique to map
the interior of objects like pillars, columns, walls and other elements that can be accessed from two or
more sides. An electromagnetic pulse is transmitted on one side and received on another. Either
traveltime (velocity tomography) or amplitude (attenuation tomography) information from many trans-
mitter-receiver pairs is used to reconstruct the hidden structure. The specific information about the tech-
nique and reconstruction algorithms can be found elsewhere (Valle et al, 1999). This technique can be
used generally to map: voids, moisture content and embedded timber elements (Binda et al, 2003b).
However due to the high time, hardware and software requirements necessary for acquisition, this tech-
nique is still only used to solve localized problems. In this paper, tomography is used to map a wood
beam and a polystyrene prism embedded in two stone masonry walls.

ANALYSIS OF DEFECTS IN CONCRETE WITH 3D RECONSTRUCTION

Description of the Test Specimen and Methodology

A concrete specimen has been specially designed and built for this testing campaign in April 2004 aims to
simulate a small part of a typical concrete bridge deck. It is a square with dimensions of 250 x 250 cm
and a thickness of 32 cm. The elements that were placed inside were chosen among typical elements used
in the construction of structural elements in reinforced and pre-stressed concrete bridge decks. A number
of typical defects and anomalies that may occur deriving from errors during the construction were put in
the specimen as well. A general view of the features inside the slab before being filled with concrete is
illustrated in Fig. 1a, while a general view of the final specimen is illustrated in Fig. 1b.

(b)
Fig. 1 General view of the concrete specimen. (a) Overview of the features and objects placed inside the
specimen and (b) final view of the slab

Inside the slab were placed three tendon ducts in PVC, one with 110 mm and the other two with 35 mm
of diameter. The larger tendon duct is generally used for the introduction of post-tensioning cables, while
the two smaller tendon ducts are simulating simple mono-cables, one in straight line and the other with a
curved path. The objective is to detect all tubes by radar and to verify if all tubes are correctly detected,



with special attention to the curved tube. The measurements will be performed without cables inside the
smaller tubes. However, in the largest one, half the tube is fully grouted with cement grout and the other
half only half grouted in order to check the difference between fully filled and partially filled sections in
tendon ducts. Several other deficiencies were simulated as well, such as the event of a poorly vibrated or
lower density concrete, which was simulated by: blocks of concrete with insufficient binder (poor con-
crete), different density concrete (light-weight concrete), large voids and blocks with inclined surfaces.
Furthermore, one empty bottle, one clay brick, wood and mortar prisms and two metallic bars were also
put in this specimen. Additionally, a pre-casted concrete element (class C30/35) was placed at the bottom
of the specimen (Fig. 1a) and occupies half of the total area of the slab. The thickness of this element is

7 cm, and the location inside the concrete specimen is illustrated in Fig. 2.

Fig. 2 Location of the pre-casted element inside the concrete specimen.
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The rest of the specimen is filled with pre-fabricated concrete (class C30/35). No metallic reinforcement
bars were used to build this specimen, only metallic grids were used in the bottom of the specimen and in
the upper surface of the pre-casted slab in order to prevent premature cracking and increase the speci-
men's strength. The grid is constituted by metallic wires with 2 mm of diameter and squared cells with

15 cm of edge. An additional metallic piece was also provided in contact with the pre-casted element in
order to be able to easily detect it in the radargrams.

Concerning the GPR system used for the acquisition, the authors used the RAMAC/GPR from MALA
Geoscience. The system was equipped with an antenna with a central frequency of 1.6 GHz, which was
preferred due to the high resolution it provided and due to the small dimensions of the targets of this in-
vestigation. A digital hip-chain was used as positioning system and as pulse trigger.

Moreover, in order to construct good 3D images, longitudinal 2D profiles closely spaced (5 cm apart)
were drawn over the areas of interest. Such a density of longitudinal profiles was essential in order to ob-
tain a realistic 3D image and necessary to map all possible elements. In Fig. 3a is illustrated the grid
drawn over the surface of the slab. Two areas of interest have been selected and are reported in Fig. 3b:
one is constituted by half the specimen (Area 1 in Fig. 3b), where are located most of the deficiencies
(poorly vibrated concrete, voids, etc.) and half of the pre-casted slab, and a second one (Area 2 in Fig. 3b)
that considers all the area of the specimen, specially the three tendon ducts. Radar acquisition in the area
2 was carried out in the direction perpendicular to the tendon ducts in order to maximize the return of the
signal reflected by the tendon ducts. Area 1 was acquired parallel to the tendon ducts, so, the mapping of
these elements was not considered.

Pre-cistad slab

Direction of 1he
profles

Fig. 3 3D measurements. (a) Partial view of the grid drawn over the surface of the slab and
(b) location of the areas of interest.



Results and Discussion

The analysis of the 2D profiles provided depth and location information about the elements located under
each profile. Then, all profiles were merged in a 3D volume. Afterwards, it was possible to extract slices
at different depths, which provided additional information such as shape and localization of the elements.
The first area to be discussed will be Area 1 followed by Area 2, where the results from 3D reconstruction
present indeed a clear advantage over 2D profiles in the specific case of bridge deck investigation.

Results from Area 1

The objective in this area was to determine the position and shape of all the elements, position of the op-
posite surface and the pre-casted slab. In Fig. 4 is illustrated one radargram that shows the opposite sur-
face at 7 ns of depth. The opposite side was detected by means of the hyperbolas reflected by the metallic
mesh, which was used to prevent concrete shrinkage, located at the bottom of the slab, almost in direct
contact with the surface. As these hyperbolas were considered to correspond to the bottom of the slab, the
7 ns were considered to correspond to the 32 cm of thickness of the slab. This resulted in an average ra-
diowave velocity of 9.2 cm/ns, which is rather low for concrete. Typical velocities in dry concrete are 9-
13 cm/ns. The pre-casted slab was detected in the first half of the radargram, at 5 ns from the surface, and
a thickness around 1.5-2 ns (6.8-9.1 cm).
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Fig. 4 Detection of the opposite surface of the slab as well as the pre-casted slab.
In Fig. 5 are shown additional profiles from where it is clear that poorly vibrated concrete and voided
elements were successfully detected, as well as the metallic bar. From the radargrams below, the length of
the concrete elements were acquired with rather satisfactory accuracy (the dashed boxes correspond to the
dimensions of those elements). The height computed with the velocity of 9.2 cm/ns resulted in lower val-
ues than the real ones, which seem to suggest that the velocity within these concrete elements is slightly
higher than in the rest of the whole specimen (radiowaves in porous concrete have a higher velocity than
in full concrete). The position of objects is also rather accurate according to the location of two concrete
blocks in the 22" profile, relatively to the center axis. The radargram reported 12.5 cm, while it was lo-
cated at 12 cm (relatively to design plans). However, one element in each of the profiles from lines 4 and
22 was not detected. It must be noted that these elements have a triangular shape (see Fig. 1a) and that the
incident waves in such surfaces are scattered in a direction far from the receiver position. Thus, they are
very difficult to detect.

Subsequently, the 3D image was build by performing linear interpolations between successive and closely
spaced 2D radargrams. This way, it was possible to obtain a more realistic view of the data and, eventu-
ally, to better define the shapes and relative position of the objects previously detected with 2D profiles.
The whole data is migrated in order to transform the diffraction hyperbolas in patterns closer to the shape
of the objects they represent, and slices at different depths can be extracted to compare with the original
design drawings. In Fig. 6 two examples of time slices extracted from the main 3D volume are illustrated.
Generally, a good correlation between the dimensions and relative position of single objects with the
original design plans was obtained. However, in some cases, their relative position can differ due to de-
viations caused by the filling of the formwork with concrete and due to the vibration process. On the top
radargram of Fig. 6 is illustrated a particular case where the original positions, in white, are different from



the actual position, in black, detected by the antenna. However, not all elements were detected. Relatively
to the shape of the objects, it depends exclusively in the effects caused by the migration algorithm, which
concentrates energy in the apex of the events. Additionally, the length and the starting point of the pro-
files were not rigorously the same due to the positioning system used during the acquisition.
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Fig. 5 2D profiles of the 22™ 21% and 4™ acquisition lines, respectively, from top to bottom.
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Fig. 6 Time slices from the migrated 3D volume with accurately positioned objects that are not in their
original location. Depth of the slices: 10 and 18.5 cm, respectively, from top to bottom.



Results from Area 2

The second area considered for the investigation corresponds to the totality of the slab's surface (see Fig.
3), with the objective of mapping the features located in the interior of the slab. In this case, particular
interest lied on the detection of the three tendon ducts, especially in the correct acquisition of the curved
shaped tendon duct and in the larger one, which has half and fully grouted sections.

The analysis of the normal 2D profiles showed that the three tendon ducts were detected in all cases. The
radargram in Fig. 7 illustrates the three tendon ducts, where it appears that the two smaller diameter ten-
don ducts (35 mm) are detected by their superior interface, while in the case of the larger diameter tendon
duct (110 mm), both interfaces seemed to be detected. This phenomenon is associated to the short wave-
length of the 1.6 GHz antenna, which is 18.75 cm, from where it results in an expectable resolution of

47 mm, taken as /4 (Forde, 2004). Because the diameter of the smaller tendon ducts is inferior to 47 mm,
the signal from the upper interface of the smaller tendon ducts would cover the lower interface signal,
which happens effectively. Only the signals that were reflected by the boundaries of the largest tendon
duct are both visible due to the fact that the distance between them is longer than the signal's expected
resolution. However, this depends on the contrast between the tendon duct and the infill material (air,
grout or steel bar).
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Fig. 7 First profile at 10 cm from the border.

The analysis of the time slices gives good results as it was possible to resolve all intended targets, namely
the three tendon ducts, and the position and shape of some of the other targets (not all targets were indeed
resolved). In the following radargrams illustrated in Fig. 8 are visible several concrete blocks as well as
one of the reinforcement steel bars, the one that was perpendicular to the direction of radar acquisitions.
The quadratic/rectangular shape of the objects is quite reasonably detected after the migration of the data.
However, some of the objects placed in the interior of the concrete specimen were not exhibited. Most
probably, some of them were not detected because they were oriented in parallel to the radar profiles
(plastic bottle and clay brick), and others were two small or too deep to be reached by the radiowave
(lightweight concrete cube, mortar and wood prisms) as well as lack of contrast (concrete cube with 5 cm
of edge).

The mapping of the three tendon ducts is shown in Fig. 9. All ducts were correctly detected and the curva-
ture of the curved duct is well defined. Regarding the largest tendon duct, although it has been correctly
detected, the intensity of the signal amplitude is not uniform along its entire length. As it can be seen in
the 2™ and 3" radargrams of Fig. 9, the radiowave's energy seems to be higher in the bottom part of the
section, where the tendon duct's section is half grouted. The air in that area could explain the higher en-
ergy due to the higher contrast between dielectric constants of concrete (&, concrete = 6) and air (& air = 1),
which does not exist between concrete and grout. Thus, it seems possible to detect differently filled ten-
don ducts sections by analyzing the amplitudes of the reflected signals, although it has shown to be ir-
regular as it can be seen in the first radargram of Fig. 9.
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MAPPING OF EMBEDDED ELEMENTS IN MASONRY WALLS WITH TOMOGRAPHY
Description of the Test Specimen and Methodology

The two walls were built with three different masonry typologies with very weak lime mortar in order to
simulate different but typical historic masonry typologies (Fig. 10) and two different materials for the
infill were used (gravel and stone and brick rubble). Additionally, a void was simulated with a high den-
sity polystyrene prism in the first wall and a wood beam was placed in the second wall. Both were placed
vertically within the two walls.
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Fig. 10 Horizontal cross-sections of the two masonry walls (cm).



Both walls are made with three-leaves, constructed on top of a small 5 cm thick concrete slab, cast only
with the purpose of rectifying the ground surface where the walls were erected. At the top of each wall, a
thin layer of concrete was laid in order to protect the interior of the walls from rain and dust. A small
slope was provided to facilitate rainwater drainage. The dimensions of the walls are, 122 cm in height by
260 cm in length. The thickness of the eastern wall (Wall 1) is 68 cm and 56 cm for the western wall
(Wall 2). The masonry typology adopted in the walls is constituted, in the western side, by a rubble stone
masonry with lime mortar joints, with a thickness of 20 cm. In the eastern side, two different masonry
typologies were used: a 20 cm thick panel of regular masonry with unfilled joints and a panel of irregular
stone masonry with lime mortar, with an average thickness of 20 cm.

Moreover, for Wall 1, the infill was constituted by rock and brick fragments, sand, pebbles and clay, in
order to simulate an inhomogeneous infill material of low strength. In Wall 2, the infill is made of gravel,
with 2-3 cm of diameter and almost no cohesion. The objects embedded in the walls have the following
dimensions: high density polystyrene prism: 9.5x8%40 cm (Fig. 11c), wood beam: 6.5%6.5x100 cm (Fig.
11b). The objectives of the present investigation were to distinguish the different layers and to detect the
wood and polystyrene elements placed inside the walls.
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Fig. 11 View of the embedded objects. (a) Polystyrene prism. (b) Wood beam.

Results and Discussion of 2D acquisitions (target location)

The investigation on the two masonry walls was carried out with the RAMAC/GPR system from MALA
Geoscience. A 1.6 GHz frequency antenna was used for all measurements, and a digital hip chain was
used as triggering and positioning device system. This configuration was preferred over the survey wheel
due to the irregularity of the surface. The average radiowave velocity was assessed with the antenna in the
centre of the masonry panels oriented towards east and a steel plate placed over the opposite surface. The
acquisition in time resulted in an average radiowave velocity around 12.0 cm/ns in both walls.

Several horizontal profiles were carried out on the eastern sides of both walls (with two panels of regular
and irregular masonry). The centre of the antenna started at 15 cm of the edge and ended at 10 cm from
the extremity. This resulted in profiles with a length of 225-230 cm. The horizontal profiles were sepa-
rated by 5 cm.

Fig. 12 represents a radargram from Wall I in the upper part of the wall. The data has been filtered and a
gain function was applied to enhance the diffractions. It is possible to recognize the regular masonry
panel by the horizontal signal it has produced at the beginning of the profile (at 3.5 ns), while the second
panel is detected via the hyperbolas that spread in the first nanoseconds. The interface between the first
leaf and the infill material was clearly defined at an average depth of 3.5 ns, characterized by a strong
reflection due to air voids caused by the deficient contact between stone and infill. The construction of
these walls followed a traditional way, thus, no compaction was done to the infill, with the consequence
of a high probability of occurrence of voids. Taking the velocity found earlier (12 cm/ns) the final thick-
ness of the stone layer was estimated in 21 cm (error of 5 % relatively to the design thickness). However,
the no clear radargram was obtained showing clearly the signal from the polystyrene prism.
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Fig. 12 Ninth profile on Wall I at 49 cm with the 1.6 GHz antenna.

With respect to Wall 2, the interface between the first stone panel was detected (see Fig. 13a), with a clear
distinction between regular and irregular masonry, at 100-110 cm from the beginning of the profile. Af-
terwards, the irregularity of the signal indicates an irregular interface that corresponds to the irregular
masonry panel. The wood beam placed within the infill was correctly detected by a rather strong diffrac-
tion at = 110 cm from the beginning of the profile. A slight error was observed then when comparing this
value to the original design position. The signal from the opposite surface was detected. However, the
second interface (infill/masonry) was not detected.

Fig. 13 Radargram at 29 cm from the concrete base with the 1.6 GHz antenna.

Results and Discussion of tomography (target mapping)

2D reflection radargrams were extremely useful in the detection and location of the timber beam and the
polystyrene prism embedded in the two masonry walls. However, in order to assess the nature and the
shape of these objects, transmission measurements will be carried out in the area where those objects
were detected. Transmission measurements result in velocity and attenuation tomograms that can help to
identify the nature and shape of the embedded elements. This topic is currently being developed and im-
proved in the frame of the European project Sustainable Bridges.

The measurements were carried out in both walls with two 1.6 GHz antennas. The investigation area was
selected around the location of the embedded elements that were estimated from the 2D radargrams. With
respect to Wall 1 (with the polystyrene prism), the section of interest was located 40 cm below the top of
the wall and consisted in an area of 100x68 cm” illustrated in Fig. 14. The transmitter was sequentially
fixed in eleven stations separated by 10 cm, while the receiver was performing eleven continuous profiles
in the opposite side of the wall. WinTomo software (proprietary of MALA Geoscience) was used to proc-
ess the radar data and to obtain the final velocity and attenuation tomograms.



The final velocity tomogram obtained from the investigation in Wall I is illustrated in Fig. 14. It shows
that the major part of the tomogram exhibits an average velocity smaller than 12 cm/ns. The borders of
the tomogram are characterized by a substantial number of artefacts and other side effects, which were
not taken into consideration. A small area exhibiting a very high velocity, around 18 cm/ns, is located in
the centre of the tomogram. Its position corresponds to the position of the polystyrene prism. From the
tomogram 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 in-
side structures). The area with high velocity radiowaves correspond to an area 19 % smaller than the area
of the polystyrene prism.
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Fig. 14 Tomography in Wall 1. (a) Position of the fixed stations for the transmitter antenna and relative
position of the polystyrene prism in the grid of measurements. (b) Velocity tomogram.

With respect to Wall 2 (with the wood beam), the section of interest was located 30 cm below the top of
the wall and consisted in an area of 80x58 cm” illustrated in Fig. 15. The transmitter was sequentially
fixed in nine stations separated by 10 cm, while the receiver was performing nine continuous profiles in
the opposite side of the wall. The final velocity tomogram obtained from the investigation in Wall 2 is
illustrated in Fig. 15. The major part of the tomogram exhibits an average velocity around 14 cm/ns. The
area that was interpreted as being from the wood beam correspond well to its geometrical location and
exhibits a very high velocity, around 19 cm/ns, slightly higher than in polystyrene, which reveals that the
radiowave velocity is similar in both materials. However, the borders and interior of the tomogram are
characterized by a substantial number of artefacts and other side effects that affect quite severely the qual-
ity of the data. In this case, the resolution of the tomogram is much limited due to the reconstruction algo-
rithms used by the software. This problem has already been described by other authors (Valle et al, 1999).

To complement this result, a second tomogram is showed in Fig. 16. This tomogram represents the distri-
bution of signal amplitudes across the cross-section of the wall and allows to find areas where low at-
tenuation of the signal occurred. In this case, dark areas correspond to areas where the signal’s amplitude
suffered low attenuation. A dark spot corresponds to the position of the wood beam, which means that the
signal experiences low attenuation when propagating through wood.

The area of the wood beam cross-section was estimated from both tomograms but results were rather dis-
tinct. While in the first case (Fig. 15) the area in the tomogram was 17 % larger than the real area of the



wood beam, in the second case (Fig. 16), the area was estimated 19 % smaller than the real area of the
wood beam.
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Fig. 15 Tomography in Wall 2. (a) Position of the fixed stations for the transmitter antenna and relative
position of the polystyrene prism in the grid of measurements. (b) Velocity tomogram.
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Fig. 16 Tomography in Wall 2. (a) Position of the fixed stations for the transmitter antenna and relative
position of the polystyrene prism in the grid of measurements. (b) Attenuation tomogram.

CONCLUSIONS

The use of GPR with 3D reconstruction showed good potential in the detection of the main structural
elements as well as with the mapping of typical deficiencies frequently found in concrete structures
within large areas. The tendon ducts were all detected and the curvature of the curved tendon duct was



correctly assessed. The antenna with a central frequency of 1.6 GHz exhibited very good resolution and
high accuracy.

However, not all targets were resolved, but the analysis pointed out several reasons to explain these re-
sults. Effectively, some of the targets were not detected due to its unfavorable orientation relatively to the
direction of the profiling, which was the case of all objects parallel to the profiles. Because the profiles
started and ended 10-15 cm after and before the specimen's border, some objects located very close to the
edges of the specimen were not detected as well. Particularly the steel bar perpendicular to the tendon
ducts. Moreover, the poor contrast between materials resulted in poor reflectivity and thus weak detec-
tion, particularly in the case of the lightweight concrete specimen. Additionally, the triangular shapes did
not reflect favorably for detection by the radar signals, which resulted in the non detection of those ob-
jects.

Radar tomography used for target assessment subsequent to target detection by reflection mode showed to
be a good combination. With respect to the detection capabilities of this configuration, the wood beam
was clearly detected and the position was found to be different from the expected one. The tomography
carried out in both walls resulted in satisfactory results, and both polystyrene prism and wood beam were
located. However, this methodology was limited by the significant number of artifacts that appeared in
the final results that masked partially the targets of the investigation, especially in the case of the wood
beam.

The results showed good potential for the described applications, but there is still need to improve posi-
tioning systems for more accurate acquisitions and improved software tomography algorithms and signal
processing.
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