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Abstract. Test problems for NDE of post-tensioned concrete bridges are to deter-
mine the thickness of concrete, to locate metallic tendon ducts and reinforcement 
bars as well as to determine the grouting condition in tendon ducts. Impulse-radar, 
ultrasonic echo and impact-echo are applied in combination within a scanning 
system.  
For applying the imaging echo methods it is necessary to take data in a two 
dimensional, rather dense grid (mesh width between 2 cm and 5 cm). Therefore time 
and personel requirements for manual measurements are extensive. In order to 
enhance the efficiency of the non-destructive measurements several automated 
systems were developed at BAM. Applying those systems, sensors for different 
methods can be automatically moved in a pre-selected grid width. 
Using these systems large measurement areas up to 4 m x 10 m were investigated on 
several post-tensioned concrete bridges. Automated measurements were carried out 
also in areas with limited accessability (e.g. box girders).   
Special data processing and data imaging is used for a more detailed interpretation 
of the results. Constituents of the data processing are 3D-reconstruction and fusion 
of data sets, derived from measurements with different methods or configurations. 
The detected reflectors and scatterers of the acoustic and electromagnetic measure-
ments can be visualised in slices and movies. 
From radar data sets, measured in perpendicular directions of antenna polarisation, 
images of the perpendicularly arranged bars of a reinforcement layer can be 
generated. The results of 3D-reconstructions of ultrasonic echo data allow to 
recognise tendon ducts up to a measurement depth of approximately 55 cm. In 
summary the combination of the electromagnetic and acoustic methods allows 
improving and simplifying the interpretability of data. 

1. Introduction 

For pre-stressed concrete structures the investigation of tendon ducts is one of the most 
essential test problems. The localisation and the determination of the concrete cover of 
internal tendon ducts and the detection of ungrouted areas inside the ducts are important 
questions. Other points of investigations are the detection of reinforcement and the 
determination of the thickness of structures with one-sided accessibility.  
For solving these test problems the research done by BAM concentrates on the combined 
application of non-destructive test methods (radar, impact-echo and ultrasonic echo). 
Besides tests at laboratory specimens, investigations have been carried out on-site at post-
tensioned concrete bridges. Since 2003 the investigations on pre-stressed concrete bridges 
have been increasingly carried out with automated measuring using scanning systems.  
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2. NDT-Methods 

Radar, ultrasonic echo and impact-echo work according to the impulse echo principle. The 
ermitted waves are reflected at internal and external (back side) boundaries. The reflected 
waves are picked up by a receiver positioned at the surface. 
For the investigations of the pre-stressed concrete bridges radar antennas with frequencies 
of 1.5 GHz and/or 900 MHz are used. The antenna is continuously moved over the surface 
with a high impulse repetition rate. The propagation of electromagnetic waves is used to 
locate metal reinforcement such as rebars and tendon ducts [1]. The acoustic waves emitted 
with ultrasonic echo and impact-echo method can penetrate through thin metal layers. 
Therefore these methods are also suitable for the detection of air inclusions in tendon ducts.  
First experiments to research the potential of ultrasonic investigations on concrete 
specimens started in the beginning of the 1990’s. Today ultrasonic echo point-contact 
transducers enable measurements on concrete structures without any coupling agent [2]. 
For automated measurements a measurement head with 24 point-contact transducers 
consisting of 12 transmitters and 12 receivers is used. Shear waves with a centre frequency 
of 50 kHz are transmitted. For the impact-echo measurements an industrial device is 
applied as well. Unlike the ultrasonic echo principle a mechanical point impact is used to 
generate on the surface of the structure an acoustic pulse, which propagates into the 
concrete structure. The multiple reflections of the acoustic waves between the external 
surface and the internal reflectors are collected in a frequency range between 1 Hz to 
40 kHz [3].  
The result obtained by measurement on a single point is called A-scan, in which the 
amplitude and respective polarity of reflections is presented as a function of travel time. 
The depth of reflectors in concrete strcutures or the thickness of structures can be derived 
from the travel time of the wave if the propagation velocity is known. At investigations on 
concrete bridges carried out by BAM during the recent years with each test method many 
single-point measurements are collected in a 2-dimensional area. The measurements are 
carried out along parallel lines with equidistant points.  
The multiple reflections of waves obtained by impact-echo measurements at each point are 
normally analysed in the frequency domain using the Fast Fourier Transformation (FFT) 
[4]. For the visualisation and interpretation the frequency spectra of the consecutive points 
are plotted in succession using a color code. The image obtained is called impact-
echogramm or B-scan. The image plot of amplitudes showes a cross-section through the 
structure along the measured line. Furthermore C-scans by means of that mean image plots 
of amplitudes parallel to the surface and perpendicular to parallel B-scans can be created.    
From the measured data of radar and ultrasonic echo 3D-data sets are generated. In 
principle the data have been band pass filtered and amplified. For an enhanced 
interpretability these data sets have been 3D-reconstructed additionally using synthetic 
aperture focusing technique (SAFT) [5, 6]. Due to the reconstruction calculations reflectors 
are focussed to their true position. Furthermore the signal-to-noise ratio is improved. 
Depending on the nature of the test problem it is advisable also to combine data sets 
obtainted from different measurement configurations and/or methods. The Data Fusion uses 
different algorithms to compress all-important information in one data set [7]. To 
distinguish B- scans and C-scans obtained from the raw data sets, the images gained from 
3D-reconstruction are called SAFT-B- or/ and SAFT-C-scans. Furthermore SAFT-B- or/ 
and SAFT-C-projections, in which the amplitudes of plots have been averaged in defined x-
y-z-ranges, are used for the interpretation of ultrasonic echo data. Animated images of 
consecutive plots provide a descriptive insight into the object of investigation. More 
detailed specifications and examples for the data processing are presented in [8].  
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3. Automation of Non-Destructive Testing  

The assessment of structures investigated with the imaging NDT-methods requires dense 
measurement grids to get optimum geometric resolution. Furthermore the 3D-
reconstructions of radar and ultrasonic echo data sets require small scanning increments 
(normally steps in the scale of a 10th of a wavelength). Comparative studies have shown 
that good reconstruction results can be achieved if the distance between consecutive 
measurement traces for the radar application is between 5 cm and 10 cm. The step width 
between measurement points of the acoustical sensors has to be chosen between 2 cm and 5 
cm. Manual measurements at large areas cannot be carried out with high quality and low 
time consumption. In order to increase the measurement speed, to improve accuracy and to 
allow 24h/7d operation several scanning systems were designed at BAM. They are suitable 
for automated measurements with different NDT-methods. Some of the scanning systems 
are shown in figure 1 during their application on bridge structures. 
 

     
(a)                                                            (b) 

 

    
(c)                                                                          (d) 

Figure 1: Scanning systems: (a), (c), (d) for measurements on horizontal surfaces, (b), (c), (d) for 
measurements on vertical surfaces. 

                               
The scanning system shown in figure 1a was applied for the first time in the year 2003. It 
allows large-area measurements on horizontal surfaces up to a size of 4 m x 10 m. Smaller 
designed systems shown in figure 1c offer more flexible handling and are suitable to carry 
out measurements on several areas with a maximum size of 1.60 m x 1.60 m. Unlike the 
systems of figure 1a-c, which have to be fixed on structures with design anchors, the 
youngest scanner model shown in figure 1d can be fixed at structures using negative 
pressure to fix it at four points. As shown in figure 1d two measurement heads of ultrasonic 
echo can be applied simultaneously. The acoustic sensors are moved step by step to the 
measurement points, where they are pressed on the surface and lifted after data acquisition 
with a pneumatic system. At this configuration the scanning area velocity is approximately 
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1 m²/h at a 0.02 m point grid. During the radar measurements the antenna can be moved 
continuously with a velocity of 0.1 m/s without contact to the structure. Hence the scanning 
area velocity of radar is much higher; about 15 m²/h at a 0.05 m line grid. 

4. Investigations at Bridges 

Automated measurements with radar, ultrasonic echo and impact-echo were mostly 
performed on box girder bridges. Investigations were carried out on test areas on the inner- 
and/or the outer-side of pre-stressed webs and on the button- and/or the topside of decks 
with transverse pre-stressing. The test areas are marked with dark lines in the cross-section 
in figure 3. The traffic on the bridges was not affected by the measurement activities. 
 

 
Figure 2: Investigated areas on box girder bridges using automated NDT-methods. 

4.1 Results of Radar 

With radar each measurement area was investigated in two perpendicular directions of 
antenna polarization. The 1.5 GHz antenna proved to be the best suited antenna for the 
detection of tendon ducts and reinforcement. The 3D-reconstructed data sets generated for 
both antenna polarisations were combined with each other using Data Fusion algorithms. 
Hence rebars with perpendicular orientation and especially those rebars near the surface can 
be presented with high resolution. An example is shown in figure 3. The SAFT-C-scan 
presents the reinforcement of a box girder web in a depth of 7.5 cm in good resolution. 
 

 

Figure 3: C-scan (parallel slice to the measurement surface) in a depth of 7.5 cm from the reconstructed 
and fused radar data (the outer reinforcement layer of a box girder web.  

 
Tendon ducts without shadowing effects from the reinforcement and other tendon ducts in 
front could be detected with radar up to a depth of 16 cm. Reflections of the back side were 
also received ont investigations of a 50 cm thick box girder web. Of course the significance 
of the radar method decreases with increasing reinforcement densitiy. Thus the resolution 
of the radar antenna did not suffice to dissolve a single tendon duct with an inner width of 
approx. 4.5 cm between ducts. The signals contain less information regarding structures, 
which are located behind.  
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4.2 Results of Ultrasonic Echo 

The on-site tests at the bridges have shown that especially the application of ultrasonic echo 
can compensate deficits of the radar method very well. The application of ultrasonic echo 
on larger areas partly allows also the visualisation of perpendicularly arranged 
reinforcement bars. Although the display of this kind of reinforcement is more diffuse and 
incomplete compared to investigations with radar. The thickness of the structures up to 83 
cm could be surely determined. Especially for the localisation of tendon ducts a new level 
could be reached using ultrasonic echo.  
Tendons were localised at on-site investigations with the applied ultrasonic echo equipment 
up to a measurement depth of 55 cm. Thereby the ultrasonic waves are reflecting on fully 
grouted tendon ducts with a low intensity. The lateral position of the tendon ducts could be 
reliably identified by means of reflections from tendon ducts and the shadowing of the back 
wall behind them. As shown in figure 4 the concrete cover of tendon ducts can be identified 
if the reflections from the tendon ducts are more intense than the noise of concrete texture. 

 
For the assessment of the grouting 
conditions of the tendon ducts the 
arrangement of the tendons in the building 
structure and the kind of tendon have to be 
taken into account for the interpretation. 
Furthermore the intensity of reflection 
depends on the arrangement of the strands 
in the tendon duct, on the coupling of the 
ultrasonic transducers, on the structure 
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, are partly 
noticed at tendons. Some of the tendon 
sections with high reflectivity correspond 
to the length and the arrangement of 
coupling between tendons. At other 
sections of tendons with a conspicuous reflectivity of the acoustic waves it would be 
necessary to verify the grouting conditions using destructive test methods.  

4.3 Results of Impact-Echo  

The application of impact-echo was suitable to determine the thickness of the concrete 
structures up to 83 cm. The localisation of tendon ducts and the assessment of the grouting 
conditions at the tendon ducts was difficult. As shown at the example of results in figure 5 
the lateral position of tendon ducts could be determined by a displacement of the reflection 
from the backside of structure during some on-site performances. In figure 5 two different  
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Figure 4: Arrangement of tendon ducts in the cross 
section of a box girder web, left: according to 
construction plan, right: located at a SAFT-B-

projection by ultrasonic echo. 
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projections of impact echo data sets are shown 
as results of measurements on the deck of the 
box girder bridge. On the right side a B-scan 
projection is presented. The backside, which 
partly does not run parallel to the surface, is 
clearly visible in a frequency of approx. 9 kHz. 
This frequency is equivalent to the thickness in 
the middle of the deck (approx. 24 cm). On the 
left side of this figure a C-scan (slice parallel 
to the surface) in the depth of the backside is 
shown. The lateral positions of the tendon 
ducts are clearly visible from y = 3.7 m to 
y = 5.4 m as displacements of the backside 
reflection. A drainage pipe causes high 
intensity between the tendon duct no. 5 and  
no. 6.  
The concrete cover of the tendons was only 
determinable carring out measurements on the 
buttom side of the deck. Here wave reflections 
from the tendons were directly detectable as 
well.  

4.4 Combination of Different Methods by Data Fusion 

The simultaneous measurements on the bridges with the three NDT-methods at same test 
areas have shown that the methods, especially radar and ultrasonic echo, complement each 
other. The data interpretation and the assesment of structure have been simplified using 
Data fusion. The usefull combination of the data sets obtained with radar and ultrasonic 
echo in one data set is presented here for a test area at a box girder web. Measurements 
were done from the inner side of the box girder. In figure 6 a SAFT-B-scan from the fused 
data set is shown.  

 
Figure 6: B-scan through a box girder web at level of yW = 1175 mm from the fused dataset of reconstructed 

data of radar and ultrasonic echo. 

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. The reflection of the backside 
and signals of the rebar on this side, both at the depths of 45 cm - 60 cm, were exclusively 
measured with ultrasonic echo. These reflectors are located too deep to get a significant 
reflection with the radar method.  
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Figure 5: Results of impact-echo-measurements 
on a bridge deck; left: C-scan parallel to the 

measurement surface at 8.6 kHz, right: projection 
of all B-scans parallel to the y-axis. 
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5. Summary 

The combined application of radar, impact-echo and ultrasonic echo at on-site 
performances on bridges shows the complementation of these methods for the assesment of 
post-tensioned concrete structures. Reinforcement bars arranged perpendicularly could be 
visualised with a high resolution and tendons could be localised at measurement depths up 
to 55 cm. The position of couplings between tendons could be determined and hints to not 
completely filled tendon ducts could be given. 
By the use of scanning systems the efficiency of measurements with the non-destructive 
test methods was brought to a new level. The results of these measurements show the high 
potential of 3D-reconstruction and data fusion for improvement and simplification of the 
interpretability of large data sets measured with different impulse-echo methods.  
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