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Abstract

Non-destructive testing (NDT) of concrete structures plays an increasing role in civil engineering. This paper presents the results of
measurements carried out in the laboratory at BAM and on-site at several bridges using reconstructed and fused radar and ultrasonic
echo data sets. In this context different scanning systems, developed for the on-site application of NDT-methods (e.g. reinforced concrete
bridges) are introduced. The main object was the demonstration of the improved effectiveness of radar and ultrasonic pulse echo tech-
nique due to the automated measurements and the application of new software for the data processing and data visualisation. The results
of these measurements show the high potential of reconstruction and data fusion for the improvement and simplification of the inter-
pretability of large data sets measured with impulse-echo methods.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Existing buildings consisting of reinforced and pre-
stressed concrete involve a high maintenance to sustain
their value and convenience. For instance in 2001 approx.
350 Million Euro were spent by the German Government
for the maintenance of bridges and other engineering struc-
tures on federal roads. Prognoses for the future mainte-
nance budget predict a rise of maintenance costs of about
100% during the next 15 years just to maintain the condi-
tion of the structures at the present level [1]. Big parts of
the costs are caused by post-tensioned concrete bridges,
which have been built between 1950 and 1970. These
bridges are vulnerable to corrosion damage on tendons
caused by grouting faults in the tendon ducts. In these
cases the detection of corrosion affecting the tensioned
reinforcement is required because the durability of the cor-
responding structural elements cannot be promised.
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The Federal Institute for Materials Research and Test-
ing (BAM) is dealing with the localisation of internal
tendon ducts, using non-destructive investigation tech-
niques, and with the assessment of grouting conditions
inside the tendon ducts. Furthermore, non-destructive test-
ing (NDT) methods have been applied for the localisation
of non-tensioned reinforcement and to recognise irregular-
ities (e.g. cavities, honeycombing) inside the bulk material.
The research concentrates on the combined application of
electromagnetic and acoustic echo methods. Therefore
several test specimens were constructed and investigated
in the laboratory at BAM. At the same time a scanning
systems has been developed enabling these automated mea-
surements for the assessment of post-tensioned bridges.

BAM is also deeply involved in the development and
application of new techniques for data processing and data
visualisation. Depending on the nature of the problem the
data processing can include the reconstruction of the data
sets and data fusion. By performing data reconstruction
with synthetic aperture focusing technique (SAFT), the
interpretability of the data, gained from different transduc-
ers, can be enhanced. The main objective of data fusion is

mailto:Christoph.Kohl@bam.de
mailto:Doreen.Streicher@bam.de
mailto:Doreen.Streicher@bam.de


C. Kohl, D. Streicher / Cement & Concrete Composites 28 (2006) 402–413 403
the improvement and simplification of the interpretation of
the measurement results gained from different methods.
The complementary information of different NDT-data
sets is superimposed and compressed in a single fusion data
set with the aid of simple mathematic algorithms.

The main objective of this paper is the demonstration of
the improved effectiveness of the NDT-methods by per-
forming automated measurements and the application of
new software for data processing and data visualisation.
First, the different impulse echo methods as well as the
scanner system are briefly described. Subsequently, the pro-
cessing of the data sets recorded with radar and ultrasonic
pulse echo technique and the algorithms of the data fusion
are presented. Finally, results obtained from investigations
at the test specimens and at selected reinforced concrete
bridges are described and summarised.

2. Experimentals

2.1. Ground penetrating radar

Ground penetrating radar (GPR) has been established
for several decades in geophysics for soil investigations
[2]. With the development of high-frequency antennas, as
well as efficient computer systems, it is now also possible
to examine smaller structures along larger areas. Thus this
method has been successfully applied to solve civil engi-
neering problems, such as the assessment of concrete and
masonry structures [3–5] and the determination of moisture
content and distribution [6].

Radar is a NDT technique based on the propagation of
electromagnetic waves of high frequency: typically between
20 MHz and 2.5 GHz for civil engineering applications.
The waves are emitted by an antenna (transmitter), which
is in most cases in direct contact (not necessarily needed)
with the structure under investigation and moves along
the surface. The waves travel through the medium and
are reflected at interfaces of materials with different dielec-
tric properties, such as at interfaces of concrete or cover-
ings to other layers of concrete, to voids, to metal and to
other inhomogeneities. The reflections are recorded by a
receiving antenna (receiver), which is also positioned on
the surface close to the transmitter. In most cases, transmit-
ter and receiver are in the same housing. The transit time of
the wave to the various interfaces and back can be related
to the depth or thickness of the features of interest if the
propagation velocity is known. The conductivity of materi-
als strongly affects the propagation of electromagnetic
waves. For example GPR investigation is almost impossi-
ble in fresh concrete due to the high moisture content. Fur-
thermore electromagnetic waves cannot penetrate through
metal. Therefore GPR cannot be used to investigate the
grouting condition inside metal ducts. However, it can be
applied very effectively to locate metal reinforcement. The
pace of work in comparison to the acoustic impulse echo
methods is very high. The high speed is caused by the short
acquisition time. Additionally a direct contact to the sur-
face is not necessary. So the antenna can be moved over
the surface continuously. For the presented investigations,
radar units and antennas (middle frequencies from
900 MHz to 1.5 GHz) from Geophysical Survey Systems,
Inc. (GSSI) were used.

2.2. Ultrasonic pulse echo technique

Ultrasonic pulse echo technique is an established NDT
method in material testing for the investigation of homoge-
neous materials like metals. And it is also one of the most
applied imaging methods in medicine. Since the beginning
of the 1990s with first experiments a large progress has
been achieved to research the potential of ultrasonic echo
investigations at concrete specimens. Promising results
have been achieved through intensive research activities
concerning time corrected superposition and the develop-
ment of low frequency transducers (approx. 50–200 kHz)
adapted to concrete and other building materials. Today,
thickness measurements [7], localisation of reinforcement
and tendon ducts [8–10] and the characterisation of surface
cracks [11–13] are typical applications in practice.

The ultrasonic pulse echo technique, as well as radar,
works according to the impulse echo principle. Ultrasonic
impulses are reflected at the interfaces, where the acoustic
impedance of the materials changes. The analysis of ultra-
sonic data sets is carried out in time domain. This differs
from the analysis of data sets measured with the impact-
echo method. The later is based on the analysis of multiple
reflections and data processing is mainly performed in the
frequency domain [14]. In comparison to electromagnetic
waves, acoustic waves can penetrate through metal ducts.
Therefore ultrasonic pulse echo techniques are very promis-
ing for investigations of the grouting condition inside metal
ducts. The distance from the inhomogeneity to the transduc-
ers is determinable by using the transit time of the reflected
impulse, assuming a constant propagation velocity, which
also needs to be known. The pace of work is not as high
as with radar which is caused by the fact that the ultrasonic
echo transducer can only be moved step by step. The acous-
tic sensor with 24 point-contact-probes consisting of 12
transmitter and 12 receiver must be pressed onto the surface.
This new developed point-contact transducers permit auto-
mated measurement without any coupling agent.

3. Data processing

3.1. General

In principle data analysis is based on the interpretation
of band pass filtered and amplified data sets. There are
different possibilities to visualise these data sets: Depending
on the nature of the problem in most cases it is advisable to
reconstruct and combine the data sets. In the following the
most common variants of visualisation, the innovative data
reconstruction algorithms and the efficient data fusion
algorithm will be described.
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3.2. Data visualisation

There are several possibilities for the visualisation of the
three-dimensional data of reflection measurements. In this
paper, only four of them are described.

An A-scan is the result of a point measurement, whereby
the amplitude and respective polarity of reflections is pre-
sented as a function of time (see Fig. 1). If the propagation
velocity of radar or ultrasonic signals in concrete is known,
the time scale can be converted into a depth scale. The tra-
vel time as well as the amplitude of the reflected signal is
influenced by the covered distance and by the material
properties (electromagnetic or acoustic) of the structures
inside the concrete element.

A B-scan is the plot of a series of A-scans recorded along
a line on the surface. In B-scans signal amplitudes are rep-
resented through grey/colour scales considering also polar-
ity (see Fig. 2).
Fig. 1. A-scan (radar).

Fig. 2. Schematic illustration of B-scan and C-scan generation in a three-
dimensional data cube.
For the generation of C-scans several B-scans recorded
in a two-dimensional grid are combined. The resulting
three-dimensional data array represents the signal ampli-
tude as a function of its x–y–z-position. With image pro-
cessing tools, this array can be manipulated to extract
features corresponding to the inner structure. The image
plots of the amplitudes parallel to the surface in a defined
depth are called C-scans (see Fig. 2). With C-scans complex
structural arrangements such as inclined reinforcements or
tendon ducts can be visualised and analysed layer by layer.
But especially reflectors running parallel to the surface can
be displayed clearly and much better as in B-scans.

Last but not least it is possible to represent a projection
of some B- or C-Scans within a certain range. The result is
a B- or C-scan projection.

Further information and some examples of animated
images of consecutive slices and three-dimensional movies
can be found on the website www.bam.de/div-44.htm (data
processing and visualisation of NDT-data sets).

3.3. Data reconstruction

In the B-scan a small reflector recorded with radar as
well as with the ultrasonic pulse echo technique appears
as a hyperbola caused by the opening angle of the transmit-
ter and receiver, as visualised in Fig. 3. The reconstruction
technique is based on synthetic aperture focusing technique
(SAFT) and creates three-dimensional data sets in which
the reflectors are focussed in their true positions. Further
more the signal to noise ratio is improved. Pre-condition
for the SAFT reconstruction is the knowledge of the velo-
city of propagation. At present, the SAFT algorithms,
which were applied to the data described in this paper, only
perform calculations under the assumption of a constant
velocity. That means that strong variations of the velocity
in depth can lead to wrong depth information. Such a
variation can be caused e.g. by inhomogeneous moisture
distribution.

There are various approaches for the SAFT reconstruc-
tion [15–17]. The different amplitudes of A-scans must be
shifted in time and then added up depending on the lateral
position of the A-scans relative to the apex of the hyper-
bola. At the depth and lateral position of the reflectors
Fig. 3. B-scan of radar measurements.

http://www.bam.de/div-44.htm


Fig. 4. Result of the FT-SAFT-reconstruction (a) B-scan of a radar
measurement, (b) B-scan of the radar measurements after the
reconstruction.

C. Kohl, D. Streicher / Cement & Concrete Composites 28 (2006) 402–413 405
the high amplitudes superimpose, leading to an intense
reflection. At other depth and positions, the amplitudes
interfere destructively. The algorithm is realised by an
outer loop over the A-scans. The pixel-driven-approach
was used for the reconstruction of the ultrasonic echo
data sets. Here, for each pixel in the reconstruction space,
the amplitudes of the corresponding time data are added
up. The algorithm corresponds to an outer loop over all
image pixels. The software was developed at the IZfP
Saarbrücken [18]. Radar measurements were reconstructed
with the FT-SAFT (Fourier-Transform-SAFT) algorithm
based on the Stolt migration [16,19]. An example of the
results of this reconstruction is shown in Fig. 4, where
the hyperbolas in B-scan (a) are focused to spots in B-scan
(b). This software was developed at the University Kassel.

3.4. Data fusion

By using data fusion it is possible to combine the results
and thus the benefits of different NDT methods. To reach
this aim any kinds of 2- or 3-dimensional data sets can
be fused. The advantage of radar compared to ultrasonic
pulse echo technique is that larger surfaces can be exam-
ined in short time because the radar antenna can be
dragged continuously along the surface with high impulse
repetition rate. But here, with increasing reinforcement
density, the significance of the radar method decreases,
because most of the intensity of the electromagnetic
impulses is reflected at the metallic bars and thus the sig-
nals contain less information regarding structures which
are located behind. The acoustic methods can compensate
for this deficit, since they can penetrate through metal.
Metallic structures have a nearly similar effect on electro-
magnetic waves (total reflectance) compared to that of air
gaps on ultrasonic waves (also total reflectance). For the
radar method air layers are transparent and only little
intensity is reflected, so that both methods complement
each other very effectively.

With data fusion, the interpretation of experimental
data can be improved and simplified. Some information
can be enhanced by the visualisation of data sets recorded
with different methods from the same volume. Last but
not least, the storage requirement for saving data sets
decreases, because only the combined data set with the
sum of information has to be saved.

The fusion of different data sets recorded in the same
volume with one method and various configurations (e.g.
sensors, polarisation) or with different methods is defined
as the mathematical superposition of each data set. For
this, various mathematical operations are available. Before
data fusion, several data processing steps are required to
adapt the data sets. For example weighting of the single
data sets is possible with constant, linear and non-linear
functions, e.g. for considering different reliabilities of the
methods. Also signals with low signal/noise ratio and/or
DC offset can be filtered. If data have been recorded with
different density of data points, missing or needless data
points can be interpolated or deleted, respectively, if this
is a constraint for the data fusion algorithm. After process-
ing, the different data sets can be added, subtracted or
divided. Additionally it is possible to calculate the average
of different data sets or to compare the data sets and
include only the maximum amplitudes in the fused data
set. The decision about which data fusion operation has
to be used depends among others on the nature of the
problem. For example it is only suitable to add, subtract
and divide complete data sets. That means the data sets
must have the same size. The division and subtraction are
well applicable to detect a temporal change in the object
in different successive measurements. Incomplete data sets
can be fused with the operation which only includes the
maximum amplitudes. For the data presented here, in most
cases only this last operation was used to enhance the
advantaged of the complementary information of the
different configurations and methods.

4. Automation of test methods

The assessment of structures investigated with imaging
NDT methods such as radar and ultrasonic pulse echo



Fig. 6. Scanning system for measurements on vertical surfaces.
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technique requires dense measurement grids to get opti-
mum geometric resolutions. Especially SAFT-reconstruc-
tions of radar and ultrasonic echo data sets normally
require very small scanning increments (steps) in the scale
of a 10th of a wavelength. Presently, this is too time con-
suming for on-site measurement campaigns. Comparative
studies have shown that good reconstruction results can
be achieved with larger increments. That means that a step
between the measurement traces of radar should be
between 5 and 10 cm. The step width between the measure-
ment points recorded with the acoustical sensors has to be
chosen between 2 and 5 cm. The time and the manpower
requirements for the measurements are very high for this
kind of investigations. The demand for higher efficiency
and better performance led to the development of auto-
mated scanning systems at BAM.

Up to now BAM has developed three scanning systems
for investigations along three-dimensional grids. The auto-
mated systems allow faster high-resolution measurements
also at large areas. All components of the systems are built
in modules for easy transportation and installation. Thus
investigations of structures outside the laboratory can be
carried out easier and more effectively. The scanning
systems can be equipped with several industrial test
sensors. It is also possible to install the sensors of different
acoustic testing methods like impact-echo and ultrasonic
pulse echo technique at the same time.

First, a small flexible scanning system was developed for
automated measurements with the acoustic echo methods.
This scanning system has a maximum measurement area of
1.80 m · 1.80 m on horizontal and vertical surfaces. After
successful testing of the smaller system a larger and more
ruggedly designed second scanning system was constructed.
It allows performing measurements at large areas on hori-
zontal surfaces up to a size of 4 m · 10 m. This system is
shown in Fig. 5. The length of the two parallel tracks can
be adapted to the area of investigation. Measuring widths
of 3 or 4 m are presently possible. A third scanning system
was set-up especially for non-destructive investigations of
Fig. 5. Scanning system for measurements on horizontal surfaces.
the outer side of box girder webs in vertical position.
Fig. 6 shows a picture of this system during acoustic mea-
surements at a web of a box girder bridge. The testing sen-
sors can be moved along an area, which is limited by the
lengths of the horizontal and the vertical track. For the
measurements, which could be carried out to a maximum
height of 1.60 m, the horizontal leading track is mounted
at a cantilever above the measuring areas. Afterwards the
slide carrying the track with the sensors is hung in.

During the automated measurements the radar antenna
is moved continuously with a velocity of 0.1 m/s over the
surface with a distance to the surface of 1–2 cm. The
impact-echo device and the ultrasonic echo measurement
head have to stop at each measurement point where the
acoustic sensors are pressed onto the surface one after
another and lifted after data acquisition using a pneumatic
system. The ultrasonic echo measurement head of the
A1220-device (ACSYS Systems), which is used for the
automated measurements, has 24 point-contact-probes
and requires no coupling agent as described above.

Several software programs, developed by BAM, were
working together in a network, controlling the position
of the test sensors, the measurement cycle, and the data
acquisition.

5. Results of laboratory tests

Fig. 7 shows the views of a concrete test specimen with
dimensions of 2.0 m · 1.5 m · 0.5 m which was used for
radar and ultrasonic echo investigations. The reinforce-
ment bars in directions of the x- and y-axes have a grid
spacing of 15 cm and are built in from both sides near
the surface in the left half of the specimen. Furthermore
a tendon duct, including a simulated grouting fault, is built



Fig. 7. Views of the concrete test specimen no. 2, size 2.0 m · 1.5 m ·
0.5 m.

Fig. 9. Three-dimensional image of the fused data set.
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in. Additionally there are six compaction faults in different
sizes simulated by polystyrene spheres (5 cm, 8 cm and
12 cm diameter). The radar area (see Fig. 7) was investi-
gated with the 1.5 GHz antenna in different directions of
polarisation. For this, along the whole surface of the spec-
imen, with the antenna two data sets with traces parallel to
the x- and y-axes were recorded with a spacing of 5 cm.
This was done due to the effect that reflectors, which are
orientated parallel to the polarization of the electric field
of the radar antenna, could be better detected than others.
The ultrasonic echo areas were tested with the point-con-
tact transducers array using shear waves (centre frequency
55 kHz).

Fig. 8 shows the results of the combination of three
reconstructed data sets. Two data sets were measured with
radar in two different directions of polarisation. The third
Fig. 8. Four C-scans (1.8 m · 1.3 m) representing different depth slices of
the data set calculated by data fusion of two radar and one ultrasonic data
sets. (a) C-scan of the fused data set at a depth of 5.0 cm, (b) C-scan of the
fused data set at a depth of 22.5 cm, (c) C-scan of the fused data set at a
depth of 28.5 cm, (d) C-scan of the fused data set at a depth of 40.5 cm.
is an ultrasonic echo data set recorded with the above men-
tioned point-contact transducers.

The C-scan (a) shows all reinforcing bars originated
from the two radar data sets with different polarisation in
a depth of 5.0 cm. Derived from the ultrasonic echo data
set, the C-scan (b) of Fig. 8 visualises the compaction faults
and the C-scan (c) the tendon duct and the grouting fault.
The left area of the simulated grouting fault cannot be seen
clearly because of the reinforcement above it. The C-scan
(d) shows the bottom side of the tendon duct. Here, it is
assumed that at this position an unintended grouting fault
exists generating the high reflection amplitude on the right
side of the planned grouting fault.

Fig. 9 shows a three-dimensional view of the fused
data set of the test specimen. Two additional radar data
sets recorded from the opposite side of the test specimen
as taken before and also measured with the 1.5 GHz
antenna in different polarisation, lead to a good resolution
of the backside reinforcement. Therefore and as mentioned
above, the reinforcement on both sides, the tendon duct
and the compaction faults are visualised very clearly.

6. On-site tests at post-tensioned concrete bridges

Measurements for the assessment of post-tensioned
structures have already been carried out by BAM in 2000
and 2001. Small areas of structures were inspected with
hand measurements and first attempts to automate
impact-echo testing were tried [20,21]. In the following
results of the automated application of radar and ultra-
sonic pulse echo technique on post-tensioned concrete
bridges in 2003 and 2004 are presented. The combined
inspection of several bridges with NDT-methods took
place in the frame of research projects.

Each measurement area was investigated with the same
radar antenna in two perpendicular directions of antenna
polarization as described above. With the ultrasonic echo
each investigation area were only measured once.
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For the interpretation of the investigations the raw and
the SAFT reconstructed radar data and the SAFT recon-
structed ultrasonic echo data were considered. Finally the
fused data were analysed. Especially for the investigation
of tendon ducts with a change of the horizontal and verti-
cal position the animated images of consecutive B- or C-
scans provide a descriptive insight into the object of
investigation.

6.1. Investigation of a post-tensioned bridge-deck

Automated measurements with different NDT-methods
were carried out on a bridge deck of a highway bridge.
The bridge itself is a cantilever concrete unicellular box
bridge built in 1966. A cross-section of the superstructure
of the bridge is shown in Fig. 10. The bridge deck is trans-
Fig. 10. The cross-section of the supe

Fig. 11. B-scan, data collected with 1.5 GHz radar antenna (scanning direction
top of the bridge deck.
verse pre-stressed by tendons, each consisting of 12 strands
in a duct with a diameter of 45 mm. The distance between
the ducts is 75 cm. An area of 4 m · 10 m on the top of the
deck and an area of 3 m · 10 m on the bottom side of the
deck, from the inside of the box girder, were examined.
For this, a 1.5 GHz radar antenna from GSSI, an
impact-echo device from Olson Instruments and the ultra-
sonic echo measurement head with shear wave probes from
ACSYS were used. The carriageway surfacing was
removed before the investigations were carried out.

All processed data of radar and ultrasonic pulse echo
technique provide information about the horizontal loca-
tion of the tendons and the thickness of the construction
element. Seen from the bridge deck, the concrete cover
about the tendon ducts varies from 8 cm to 15 cm. The
depth, at which the reinforcement and tendon ducts are
rstructure of the highway bridge.

parallel to a tendon duct, polarisation perpendicular) measured from the
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located, can be accurately indicated by the raw data sets of
radar. As an example in Fig. 11 the location of one of the
transversal tendon ducts is imaged in a B-scan.

The accuracy of the determination of concrete cover
thicknesses above the tensioned and the non-tensioned
reinforcement is increased by the SAFT reconstruction of
the data. The data fusion of the reconstructed radar data
sets, measured on the same test area and with the same
radar antenna but in two perpendicular directions of
antenna polarization, allows imaging the perpendicularly
arranged bars in one reinforcement layer in one C-scan.
This is demonstrated in Fig. 12. This figure shows the
SAFT-C-scan at a depth of 4.5 cm processed from the mea-
surement data taken from the bottom side of the bridge
deck. The ultrasonic waves are also reflected at fully gro-
uted tendon ducts, but with a low intensity. Therefore the
Fig. 12. Radar, SAFT-C-scan at a depth of 4.5 cm (upper reinforcement
layer) of the reconstructed and superimposed radar data.
lateral position of the tendon ducts could be reliably iden-
tified by means of analysing the reflections from tendon
ducts and considering the shadowing of the backside
behind them. If the reflections from the tendon ducts are
more intense than the noise of the concrete texture, it is
possible to specify the concrete cover of the tendon ducts.

In Fig. 13 the tendon ducts detected by the ultrasonic
echo measurements on the bottom of the bridge deck are
shown. The image taken from the left part of the test area
is a projection of data sections in measurement depths from
11.4 to 12.1 cm processed with SAFT. The image on the
right is a section at a depth of 8 cm resulting from the mea-
sured ultrasonic echo data without reconstruction calcula-
tion. Perpendicular arranged reinforcement bars could also
be localized with ultrasonic pulse echo technique. But the
main reason for applying acoustic methods is to assess
the condition of the tendon ducts, especially to localise gro-
uting faults. In the case of the investigated bridge deck no
clear indications of grouting defects could be given. Taken
cores and endoscopic inspections after the non-destructive
measurements confirm these results. Apart of one very
small air inclusion the cores indicate fully grouted ducts.

6.2. Investigations of webs of box girder bridges

Normally the webs of box girders are thicker then the
slabs and the arrangements of the longitudinal tendons dif-
fer considerably from those of the transversal tendons.
Therefore the investigations of these structures are more
complex also with regard to the application of NDT-meth-
ods. Automated investigations of larger areas of box girder
webs were previously carried out by BAM at three different
occasions.

At first an area of 1.45 m (height) and 4.00 m (length) of
a web of the box girder bridge in Germany (which was
already mentioned in chapter 3.1) was investigated with
radar (1.5 GHz- and 900 MHz-antenna) and with ultra-
sonic pulse echo technique. Furthermore two webs of
different highway bridges in Austria were investigated
with automated measurements using radar (1.5 GHz- and
900 MHz-antenna), ultrasonic pulse echo technique and
impact-echo. These measurements were carried out on
the outer side of the webs over a length of about 4 and
10 m, respectively. The measurements were controlled from
the ground below the bridges. During the tests the bridges
were under traffic. The thickness of all three webs is nearly
50 cm. For the pre-stressing of the structures different
methods were applied.

For the detection of tendon ducts and non-tensioned
reinforcement with radar the 1.5 GHz antenna proved to
be the best suited device. Tendon ducts without shadowing
effects from the reinforcement and other tendon ducts
could be detected in depths up to 16 cm. The lateral posi-
tion and the depth could be identified very exactly. But
the resolution of the antenna did not suffice to dissolve sin-
gle tendon ducts with an inner lateral distance of approx.
4.5 cm between the ducts in a box girder web.



Fig. 13. Test area on the bottom side of the deck with SAFT-C-projection at depths from 11.7 cm to 12.1 cm (left) and a C-scan at the depth of 8.0 cm
(right) from ultrasonic echo data.

Fig. 14. C-scan in a depth of 7.5 cm from the reconstructed fused radar data sets (the outer reinforcement layer of a box girder web in Austria).

Fig. 15. Arrangement of tendon ducts in the cross section (at x =
6000 mm) of a box girder web in Austria, left: according to construction
plan, right: located at a SAFT-B-projection by ultrasonic pulse echo
technique.
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The imaging and the interpretation of data from the
non-tensioned reinforcement is substantially improved by
the fusion of the reconstructed data sets measured in two
polarisations. Rebar’s, oriented perpendicular to each
other and especially those belonging to the reinforcement
near the surface can be presented with high resolution
and with nearly the same amplitudes. In Fig. 14 a C-scan
in a depth of 7.5 cm is shown.

Also by the application of ultrasonic pulse echo tech-
nique the visualisation of perpendicular arranged reinforce-
ment bars can be partly detected. In comparison with radar
the display of the non-tensioned reinforcement detected
with ultrasonic pulse echo technique is more diffuse and
incomplete. But an advantage of ultrasonics is the point
that also bars in depths, where the absorption of the elec-
tromagnetic waves is to high, could be detect.

The tendon ducts in the investigated building structures
could be localised with the applied ultrasonic echo equip-
ment up to a measurement depth of 40 cm. Fig. 15 shows
that also tendons arranged behind others could be visual-
ised at the investigated webs of the bridges in Austria. Also
the back side reflection of structures with thicknesses up to
50 cm could be detected.
For the assessment of the grouting conditions of the ten-
don ducts the arrangement of the tendons in the building
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structure and the kind of tendon has to be taken into
account. The intensity of reflection depends on the arrange-
ment of the strands inside the tendon duct, on the coupling
between the ultrasonic echo transducers and thus the struc-
ture of the surface and on the distance between the tendons
and the surface. Significant rising of the reflected signals,
which is expected in the case of non-grouting, is noticed
at tendons in one of the webs at the investigated bridges
in Austria. In parts the tendon sections with high reflectiv-
ity correspond to the length and the arrangement of a cou-
pling area between tendons. The reflectivity of two detected
couplings at depths of 22–28 cm is shown in Fig. 16. Fur-
thermore some sections of tendons have been detected,
which could not be clearly defined. Here, further investiga-
tions are recommended.

In the following two examples present the useful fusion
of the two data sets of radar and of ultrasonic pulse echo
technique. In Fig. 17 a B-scan parallel to the bridge axis
for the investigated web of the box girder bridge in
Germany is presented. The multitude of reflections of rebar
near the surface and the reflection of the tendon duct on
the left side of the B-scan were measured mainly with
radar. The radar measurement in this depth range is more
suitable and useful than ultrasonic echo because of the
enhanced resolution, especially for the detecting of metallic
reflectors. The reflection of the backside and signals of the
rebar on this side, both at depths of 45–60 cm, were exclu-
sively measured with ultrasonic pulse echo technique. For
Fig. 17. B-scan through the box girder web of the bridge in Germany at the l
radar and ultrasonic pulse echo technique.

Fig. 16. SAFT-C-projection parallel to the measurement surface at the depths o
box girder web in Austria).
radar these reflectors are too deep to get a significant
reflection.

Fig. 18 shows a comparison of data sets consisting of
two reconstructed and fused radar data sets measured with
different polarisations, the reconstructed data set of ultra-
sonic pulse echo technique and the fused data set as a com-
bination of both of them. In this case the arrangement of
the tendon ducts at the left part of the measurement field
can be seen by radar more clearly. The reflections of the
tendon ducts at the right part, in the coupling area, are
more significant by ultrasonic pulse echo technique. The
lower reflection intensity of the electromagnetic waves in
this area and in this range of depth results from the denser
outer reinforcement above the tendon ducts and their shad-
owing effect.

7. Summary and outlook

In this paper radar and ultrasonic pulse echo technique
were applied for manual measurements on test specimen
and for automated assessment of post-tensioned concrete
bridges in Germany and Austria. The main task was the
proof of the capability of radar and ultrasonic pulse echo
technique in combination with an improved data process-
ing for the investigation of concrete structures. The
measured data sets, recorded with radar in different
transmitter and receiver configurations and with different
ultrasonic echo arrays, were reconstructed, using the
evel of yW = 1175 mm from the fused dataset of the reconstructed data of

f 22–28 cm from the reconstructed ultrasonic echo data (tendon ducts in a



Fig. 18. Arrangement of tendon ducts in longitudinal sections at a depth of 14.5 cm at the box girder web in Austria, C-scan from the reconstructed fused
radar data set (top), C-scan from the reconstructed ultrasonic echo data set (middle), C-scan from the fused data set of the reconstructed data of radar and
ultrasonic pulse echo technique (down).
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Synthetic Aperture Focusing Technique, and combined
with different algorithms. The fusion of radar data sets
measured with two different directions of polarisation
leads to a result which is independent from the polarisa-
tion of the antennas. This is especially important if long-
ish reflectors orientated in different directions (here: rebars
and tendon ducts) have to be detected and visualised. The
tendons in the investigated building structures could be
localised with the 1.5 GHz antenna at measurement
depths up to 16 cm and with ultrasonic pulse echo
technique at measurement depths up to 40 cm. With the
ultrasonic echo measurements, carried out from only
one side of the structure, it was possible to detect the
backside of the structure with depths up to 60 cm in
areas, where the backside is not shadowed by tendons.
Because of the limited penetration depth of the 1.5 GHz
antenna the backside could not be detected with radar.
Additionally the position of couplings between tendons
could be determined and hints to not completely filled
tendon ducts could be given with ultrasonic pulse echo
technique. The combination of reconstructed radar data
sets with reconstructed ultrasonic echo data sets allow
the compression of all important information in one data
set and the compensation of the disadvantages of one
method in comparison to another. A maximum of infor-
mation is gained about those structures containing a high
reinforcement density and/or air voids and gaps. The
presentation of fused data sets simplifies the data inter-
pretation especially for those, who are no specialised
experts.

One disadvantage is that there are no automatic algo-
rithms for the weighting of the data sets, considering e.g.
reliability of the data, before the fusion. At present the
results of the fusion depend also to some extend on the
experience the user has.

The scanning systems developed at BAM show a reliable
performance under field conditions. They allow non-
destructive measurements on areas up to 4 m · 10 m with
a high positioning accuracy. The time and effort could be
considerably reduced by automation in comparison with
manual measurements. Potential for further investigations
arises from a shorter installation time of the scanning sys-
tems and from simultaneous measurements with multiple
test sensors.

Further research is required to investigate the side con-
ditions for the application of the methods in order to make
the results more reliable.

The consideration of further methods (e.g. like the
covermeter or others) to get more information about mea-
surement objects will be subject of future investigations.
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Ch. Maierhofer, J. Wöstmann, (impulse radar) and M.
Krause, F. Mielentz, B. Milmann (ultrasonic pulse echo
technique). The programs used for 3D-SAFT reconstruc-
tion were developed by Müller (Fraunhofer IZFP) and
Mayer (University of Kassel). Borchardt produced the



C. Kohl, D. Streicher / Cement & Concrete Composites 28 (2006) 402–413 413
overview graphics. The constructing and testing of the
automated scanning system was (under others) carried
out by Algernon, Behrens, Lange, Schaurich, Stoppel,
Smith and Wiggenhauser. Their enthusiasm and dedication
is greatly acknowledged. Several parts of the performed
work have been funded by the German Research Council
(Deutsche Forschungsgemeinschaft, DFG) via grant num-
ber FOR 384.

References

[1] Haardt P. NDT Methods for the inspection of highway structures. In:
International Symposium Non-Destructive Testing in Civil Engineer-
ing (NDT-CE). Berlin, Germany, September 2003, (DGZfP, Berlin,
2003), Proceedings on BB 85-CD, V01.

[2] Daniels D. Ground penetrating radar. 2nd ed. London, UK: The
Institution of Electrical Engineers; 2004.

[3] Rhazi JE, Dous O, Ballivy G, Laurens S, Balayssac J-P. Non-
destructive health evaluation of concrete bridge decks by GPR and
half cell potential techniques. In: DGZfP, editor. International
symposium non-destructive testing in civil engineering (NDT-CE) in
Berlin, Germany, September 16–19, 2003, Proceedings on BB 85-CD,
V57, Berlin, 2003.

[4] Funk Th, Maierhofer Ch, Leipold S, Borchardt K. Non-destructive
location of tendon ducts in concrete for the installation of noise
insulating walls using impulse radar. In: Forde MC, editor. 7th Int.
Conf. on Structural Faults and Repair. Edinburgh, UK, vol.
2. Edinburgh: Engineering Technics Press; 1997. p. 323–9.

[5] Colla C, Maierhofer Ch. Investigation of historic masonry via radar
reflection and tomography. In: 8th international conference on GPR
2000. Gold Coast, Australia, (Noon D., Brisbane, 2000, SPIE vol.
4084) 893–898, May 2000.

[6] Maierhofer Ch, Leipold S, Schraurich D, Binda L, Saisi A.
Determination of the moisture distribution in the outside walls of
S. Maria Rossa using radar. In: 7th Int. Conference on Ground
Penetrating Radar (GPR). Lawrence, USA, (Radar Systems and
Remote Sensing Laboratory, Lawrence, 1998) vol. 2, May 1998.
p. 509–14.

[7] Krause M, Maierhofer C, Wiggenhauser H. Thickness measurement
of concrete elements using radar and ultrasonic impulse echo
techniques. In: Forde MC, editor. 6th International conference on
structural faults and repair, London, UK, vol. 1. Edinburgh: Engi-
neering Technics Press; 1995. p. 17–24.
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