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Abstract. Instruments and methods for ultrasonic imaging of concrete have been 
developed to a sufficient level. In contrast, the measurement process is too time-
consuming to encourage broad application. In particular, the coupling process makes 
scanning of plane apertures a tedious task. 

This contribution discusses three coupling approaches that have the potential to 
permit rapid scanning. The merits of water coupling, dry coupling, and air coupling 
are compared, and two- and three-dimensional images are presented that make use 
of a newly developed mechanical scanner. From the results it can be anticipated that 
ultrasonic imaging of concrete can be applied in an economically efficient way. 

 
 

1  Introduction 
 
The development of ultrasonic imaging techniques for the application at concrete has 

reached a state that already allows solving a number of practical tasks. Imaging methods 
such as B-scan or SAFT (Synthetic Aperture Focusing Technique) reconstruction have 
been shown to enable thickness measurement, detection of tendon ducts, and flaws, and can 
expose the inner structure of concrete elements [1, 2]. 

For regular use, additional progress is desirable concerning the efficiency of these 
techniques. Up to date especially the measurement process is time consuming. A large 
number of single measurements is necessary to limit the effect of structural noise and thus 
to enhance image quality. Due to the tedious coupling effort, every single measurement 
takes a relatively large amount of time. This is especially true for scanning two-dimensional 
apertures needed to provide a complete three-dimensional view of a concrete section. In 
this case, measurement times exceed SAFT reconstruction times. 

This contribution presents and compares approaches that make a rapid and therefore 
economical application of ultrasonic imaging of concrete possible. Firstly, the coupling 
process is considered. Here, water coupling, dry coupling, and air coupling are presented 
that all promise to accelerate the coupling process and allow for automated scanning. Then, 
a 2D/3D mechanical scanner is presented that has been developed to apply these coupling 
techniques in the laboratory and in the field. Two- and three-dimensional SAFT 
reconstructions show some of the possibilities inherent in the presented approaches. 

 
 

2  Coupling Methods 
 
In ultrasonic measurements at concrete, elastic waves are generated in the transmitting 

transducer, propagate through the concrete, and are received by the receiving transducer. 
On their way, they need to pass the boundary between transducer and concrete twice. The 
transmission through the boundary generally poses a problem since concrete can be rough 
and wavy. The coupling method has a direct influence on the signal quality and the 
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measurement speed. Therefore, an adequate coupling technique should have the following 
properties: 

 
– Low loss transmission: Any coupling loss needs to be compensated by increased 

amplification, which also increases electrical noise. 
– Constant coupling: Differences in the coupling loss between consecutive measurements 

can cause misleading amplitude differences in the reconstructed image. 
– Quick coupling: The duration of the coupling process makes up a large fraction of the 

whole measurement time. 
– Automation: Large aperture can be best executed by a mechanical scanner. This requires 

an automated coupling process. 
– No residue: The coupling technique should not affect the concrete mechanically or 

chemically; a coupling agent should be removable. 
– Waves types: Some coupling methods permit the transmission of pressure waves, others 

of both pressure and shear waves. 
– Measurement technique: In pulse echo technique, a single transducer is used as 

transmitter and receiver, while in pitch catch technique separate transducers are required 
for both functions. Any pair of transducers can be used for the pitch catch technique, 
whereas the pulse echo technique requires transducers with reasonable bandwidth and 
sensitivity. 
 
Especially large two-dimensional apertures can comprise thousands of single 

measurements. Coupling must be established for each aperture grid point. A reliable 
coupling technique is therefore a prerequisite for successful work. In the following, a 
number of coupling techniques for concrete are described. Emphasis is put on rapid 
automated coupling, since cost effectiveness is largely determined by the measurement 
time. 

 
 

2.1  Viscous Coupling Agents 
 
Viscous coupling agents are a traditional means to fill the gap between transducer and 

concrete. Materials such as Vaseline or honey are used for this purpose. Viscous coupling 
agents generally warrant low coupling losses and constant coupling. The transmission of 
pressure and shear waves is possible. The method is applicable for somewhat rougher 
surfaces, but requires manual pressing and thus is too time consuming for larger aperture 
grids (Fig. 1). 

 

 
Figure 1. Manual coupling using Vaseline as a coupling agent 
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With some agents, coupling develops only slowly with time. Pulse echo technique is 
possible, but automation would be complicated. After measurement, removal of the agents 
can be difficult or even impossible. 

 
2.2  Water Coupling 

 
Water as a coupling agent allows shifting the transducer on the concrete. With 

permanent water feeding, quick automated scanning becomes possible on smooth concrete 
surfaces (Fig. 2). The coupling loss is higher than for viscous agents, but is more easily 
kept constant. A by-and-by decreasing coupling loss should be taken into account. Pulse 
echo technique is possible, but only pressure waves can be transmitted. There is no need for 
cleaning after completion of the measurements. 

 

 
Figure 2. Automated scanning using water coupling 

 
 

2.3  Dry Coupling 
 
Transducers ending in a tip or a small area come in direct contact with the concrete 

surface and do not need a coupling agent. Only a slight pressure needs to be applied. This 
technique is well suited for automated scanning. The concrete surface is not altered or 
contaminated. Currently there is only a single manufacturer for such transducers, which are 
called Dot-Point-Contact (DPC) transducers and are available for transversal and 
longitudinal waves. From present experiences it seems that both amplitude and delay of the 
received signals vary in consequence of the coupling. This effect is significantly reduced if 
a transducer array is used. A common array contains 12 transmitting and 12 receiving 
transducers (Fig. 3). Due to the low sensitivity of DPC transducers, the pulse echo 
technique has not been employed to date. Since the transducers should not slide on the 
concrete, a perpendicular movement needs to be added to the scanning process that extends 
the scanning time. 
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Figure 3. A DPC transducer using dry coupling 

 
 

2.4  Air Coupling 
 
Air coupled transducers can be freely moved over the concrete surface and would be an 

ideal means for automated concrete scanning. The development of air coupled transducers 
has made large steps forward and allows for fairly analysable signals received from 
measurements in pitch catch technique (Fig. 4). This progress has been achieved beside the 
high impedance mismatch between air and concrete, which allows only a small portion of 
the signal to be transmitted. Application of the pulse echo technique is still not possible 
because of low sensitivity and small bandwidth of the transducers. A direct application of 
the pitch catch technique is faced by the problem that small changes of the incident angle 
cause large variations of the propagating angle in concrete due to the large impedance 
difference. With the application of suitable measurement techniques, high scan speeds and 
a lesser sensitivity to the surface quality can be anticipated. 

 

 
Figure 4. Automated scanning using air coupling 

 
 

3  Surface Scanning 
 
A three-dimensional scanner was developed as a platform to study the mentioned 

coupling techniques. Its size and weight are intended for use in the field as well as in the 
laboratory. Water coupling, dry coupling, and air coupling can be used at a scanning area of 
1,10 m × 0,85 m (Fig. 5). Larger areas can be scanned by relocation of the scanner. The 
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third dimension is used to lift off a transducer for dry coupling and to adjust the air gap for 
air coupling. It is removed for two-dimensional scanning using water coupling. All three 
axes are driven by stepping motors and are computer controlled for automated scanning. 
Two persons can carry the system, which is ready for operation within 20 min. Compared 
to other solutions [3], this scanner is smaller and easier to apply in the field. 

Actual scan times using water coupling are 2 min for a linear aperture of 1 m length, 
30 min for a planar aperture of 1 m × 0,4 m and normal image resolution, and 2 h for the 
same area and fine image resolution. Dry coupling requires additional transducer 
movement, which extends these times by about 50 %. 

To drive the transducers and amplify and digitize the received signals low-frequency 
ultrasonic instruments are used that are made by Ing.-Büro Dr. Hillger, Germany. One of 
these also contains special electronics for air coupled ultrasonic transducers. Evaluation of 
the measured data including SAFT reconstruction [1] can be done on the spot or later in the 
laboratory. Reconstruction times usually reach from 1 s for two-dimensional images to 
30 min for three-dimensional images in fine resolution. 

 

 
Figure 5. 2D/3D scanner; here operating with water coupling (z axis removed) 

 
 

4  Experimental Results 
 

4.1  Water Coupling 
 
To illustrate results obtained using the scanner and water coupling, measurements at a 

tendon duct are presented. The duct is part of the Large Concrete Slab (LCS) test specimen 
at BAM, Berlin [4]. It has a diameter of 80 mm, a nominal concrete cover of 180 mm, and 
is partly grouted leaving out artificial defects. The position of the defects was determined 
using γ-radiography. The surface of the concrete is slightly rough as it is typical for open 
casting. 

Measurements were carried out on a 2 × 0.4 m² plane aperture using the 2D/3D scanner 
and water coupling (Fig. 5). The received data was processed by SAFT reconstruction [1], 
resulting in a three-dimensional image. This image can be viewed in two-dimensional cuts 
or as a complete three-dimensional surface view. 

Fig. 6 shows a two-dimensional cut along the tendon duct. The duct can be seen with a 
concrete cover of 175 mm. The reflectivity of the duct is higher on the right hand side, 
starting at x = 2035 mm. This is due to an artificial grouting flaw extending from 
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x = 1900 mm to x = 2800 mm. The difference in the beginning of the defect may be caused 
by scatterers above the duct that are present at x = 1850 mm to x = 2100 mm (see Fig. 7). 
Furthermore the duct is shaded by lateral reinforcing in regular intervals of about 150 mm. 
Beyond this the amplitude of the duct indication remains constant over its length. The duct 
itself shades the back wall directly beneath, which is thus not very clear in this image. As 
an additional result it can be seen that water coupling is applicable at typical concrete 
surface qualities and can provide constant coupling. 

 

 
Figure 6. Cross section of 3D-SAFT result of a tendon duct containing an artificial grouting flaw 

 
The same section of the tendon duct is imaged as a complete three-dimensional view in 

Fig. 7. The plot was produced by connecting amplitudes of a certain threshold value in the 
complete 3-dimensional data set. This threshold was computed by a detection algorithm 
based on a statistical model of the reconstructed amplitudes [5]. As in previous 
examinations, a Weibull distribution and 1 % false alarm probability were used. 

 

 
Figure 7. 3D-SAFT result of the same duct section as in Fig. 6 in a surface view 

 
The image shows the tendon duct, the indication being more complete starting at 

x = 2035 mm because of stronger reflections by the embedded grouting flaw. Shading by 
both reinforcement and the duct can be seen at the back wall indication at z = 300 mm, 
which causes a pretended discontinuity. Part of the reinforcement is visible at some 
positions above the duct. In the range of x = 1850 mm to x = 2100 mm, strong scattering 
occurs probably at lateral reinforcement of double steel bars or bars of larger diameter. 
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4.2  Air Coupling 
 
The application of air coupling to ultrasonic measurements at concrete is an actual 

research topic. For reasons stated above, the direct application of common measurement 
techniques is currently not possible. In order to find suitable configurations employing 
transducers at hand, measurements were carried out at a number of test specimens in 
December 2003 and March 2004. One result revealed that concrete of 1 m length can be 
measured in transmission. Additionally, one-sided experiments were carried out at a 
pavement test specimen in pitch catch technique. The specimen with a thickness of 60 mm 
contains air-filled plastic tubes with a diameter of 17 mm. A different ultrasonic instrument 
with AirTech sender/receiver, also made by Ing.-Büro Dr. Hillger, and a different scanner 
were used. 

The C-scan result of one of the experiments is shown in Fig. 8. The tubes had a cover of 
23 mm in this case. In the image, the tubes are clearly visible in their V-shaped 
arrangement. While the image quality could be improved, this example shows that one-
sided measurements using air coupling are possible. Further work in this direction is under 
way. 

 

 
Figure 8. C-scan of floor pavement test specimen, scanned using air coupled ultrasound 

 
 

5  Conclusion 
 
In this report, three coupling techniques and their respective application characteristics 

are discussed. With respect to the initial requirement for rapid scanning, no 
recommendation for a single method can be given from present experiences. Air coupling 
has the highest potential in terms of measurement speed, but the development of 
measurement arrangements is only in the early stages. Next in speed comes water coupling, 
with the proven ability to produce high-quality images. In practice, its use may sometimes 
be limited by its link to smooth concrete surfaces. Dry coupling seems to be the most 
universal technique. A wider range of surface qualities can be approached, and 
measurement speed is reasonably high. 
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When it comes to cost effectiveness, none of these techniques at their present stage of 
development can compete with the Radar or impact-echo methods for simple thickness or 
detection measurements. On the other hand, ultrasound seems to have the highest potential 
for high resolution imaging and challenging measurement tasks. It could be concluded that 
further development should point in this direction. 
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