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INTRODUCTION 
New fast and efficient multi-channel ultrasonic echo measurement systems are currently introduced for practical 
applications in NDT-CE [ 1,  2]. The acquired multi-offset data are currently  processed and imaged by the 
synthetic aperture focussing technique (SAFT, see e.g. [ 3, 4]). The application of SAFT, which is closely related 
to the seismic Kirchhoff migration method, is successful in many cases, but has certain limitations. For example 
vertical or steeply dipping interfaces as well as lower parts of a tendon duct are normally not visible in SAFT 
images (Figure 1). Recent developments of the SAFT technique as phase evaluation have resulted in improved 
imaging results and reflector characterisation possibilities [ 5] but the basic limitations still exist. 
 

 
 

Figure 1: SAFT reconstruction of ultrasonic data collected on a specimen with steps and empty tendon 
ducts: specimen (left), reconstructed longitudinal section (right). From [  1] 
 
New seismic data processing techniques, which have recently been introduced in hydrocarbon exploration, have 
the potential to produce a more complete mapping of subsurface features. The adoption of these techniques 
would exceptionally useful in NDT investigations of concrete elements, e. g. in mapping the lower surface of 
voids or tendon ducts. An overview of seismic analysis and imaging methods is given e. g. by Yilmaz [ 6] and 
Biondi [ 7]. 
 

REVERSE TIME MIGRATION 
We have chosen the reverse time migration (RTM) technique for imaging of simulation and experimental data. 
The technique was originally introduced by Baysal et al [ 8] and McMechan [ 9]. But it was not until after 2000 
that RTM was practically applied due to the required computing power. For example Farmer et al. [ 10] show 
some examples of recent application of RTM in hydrocarbon exploration. 
 
The basic idea of RTM is a cross-correlation of computer based forward and reverse modelling results, the latter 
using the measured A-scans (seismograms) as source input. The general processing scheme is displayed in 
Figure 2. Data are recorded at multiple receivers at one or more surfaces using a sufficiently high number of 
source positions n. The recording time T must be high enough to allow multiple reflections and signals 
containing information from all parts of the structure to reach the receivers. A velocity model has to be estimated 
based on available geometry and material property information. A homogeneous block surrounded by air is 
sufficient as starting point. For each source position (i = 1…n) two sets of numerical simulations of the 
wavefield are calculated (fi(x,y,z,t) and bi(x,y,z,t), x,y,z: spatial coordinates, t: time). The first one uses the actual 
source position with the actual source wavelet. For the second one the measured signals are used as source input 
at their respective receiver position. This simulation is done backwards  in time (“reverse time”, starting at t = 
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T), which might seem physically doubtful, but is mathematically valid. In the next step the two simulation results 
are cross-correlated without time shift at all model grid points: 
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 In theory, those points in space, where reflections occur, should  have higher values. The final image is 
generated by superposition of the correlation images for all source-receiver configurations: 
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Main advantages of RTM compared to other migration schemes are, that the full wave field is used, all kinds of 
reflections are considered and no dip restrictions apply. Thus very steep dipping or even hidden surfaces can be 
imaged. Main disadvantage is the need of extensive computing power and memory capacity. The method can be 
extended by iterative refinement of the velocity model, either by manual or automatic update (Full Waveform 
Tomography).  
 
In general, the full elastic wave equation can be used for the simulation process. For the sake of computing time 
a simplified version (acoustic wave equation) as well a restriction to 2d models was used for the investigations 
presented below. 
 

 



 
Figure 2: Principle of reverse time migration. 
 

RESULTS 
To prove the concept of RTM and to gather information about appropriate source/receiver number and positions 
as well as other parameters as recording time we have used several synthetic datasets calculated by an acoustic 
wave field simulation software developed by Bohlen [ 11]. Most of them consist of homogeneous blocks with the 
elastic properties of polyamide or concrete and optionally a large number of small scatterers. The materials and 
geometries have been chosen to allow validation experiments planned for 2010. The air surrounding the blocks 
and filling the voids is taken into account. 
 
The calculations were done using a modified version of a software originally written by  Baumann-Wilke [ 12] on 
a small LINUX Cluster (4 Quadcore 2.4 GHz PCs, 4GB RAM each) at Bergakademie Freiberg. Computation 
times were between 3 minutes and 1 hour for the models presented below. 

Synthetic polyamide model with step 
To demonstrate the imaging capabilities compared to conventional SAFT reconstruction (Figure 1) a synthetic 
polyamide  (cp = 2687 m/s)  step mode, surrounded by air was set up (Figure 3). The width of the block is 1 m, 
height is 0.3 m in the left and 0.15 m in the right part. 12 source points were used, which are 0.08 m apart. The 
receivers have been placed at the same positions). A Ricker wavelet (also known as RC2 pulse or Mexican hat) 
with a main frequency of 100 kHz was used as source signal. Simulated recording time was 12 ms.  For RTM 
reconstruction a rectangular body (height 0.3 m) with polyamide properties was used as velocity model. It 
contained no information about the size and height of the step. 
 

 
Figure 3: Velocity distribution of synthetic polyamide step model. Block width 1 m, height 0.3 or 0.15 m. 
 

 
Figure 4: RTM reconstruction result for synthetic polyamide step model. 
 
The reconstructed image is shown in Figure 4. The step of the specimen was reconstructed perfectly in terms of 
width and height. The vertical side face is clearly imaged, which has never been done by conventional imaging 
techniques. However, there are some artefacts, e. g. at the source points, lower boundary beneath the step (due to 
the chosen velocity model) and in the central left part (some kind of mirror image of the step depth). Probably 



most of these effects could be eliminated by an update of the velocity model based upon the RTM imaging 
results. 
It has to be noted, that we have used a velocity model for reconstruction, which almost matched the (synthetic) 
reality. This would not be the case in practice. Some hints on the influence of an imperfect velocity model are 
given in the last subsection of this chapter.  

 

 

Synthetic polyamide model with void 
The second synthetic model is similar to the first one the step was omitted. The model contains a circular air void 
(diameter 0.1 m) with centre at 0.1 m depth and 0.4 m from the left border. The remaining parameters were the 
same as for the previous model. For RTM reconstruction a homogeneous velocity model (containing no 
information about the existence of the air void) with a geometry and p-wave velocity matching the simulated 
body was used.  
 

 
 
Figure 5: Velocity distribution of synthetic polyamide void model. Block width 1 m, height 0.3 m. Void 
diameter 0.1 m, centre depth 0.1 m. 
 

 
Figure 6: RTM reconstruction result for synthetic polyamide void model. 
 
Figure 6 shows the result of the RTM reconstruction. Size and position of the air void are matched almost 
perfectly. Near the upper surface several artefacts are visible, which are related to source and receiver positions. 
These artefacts can possibly minimised using more receivers at optimised positions. Note that the full wave field 
was reconstructed, including the inner part of the void and in the air outside the body. The latter is due to the 
simulation code used and can be omitted using adopted algorithms. 

Synthetic concrete model (void) 
To check the capability of RTM for reconstruction of structures in scattering media as concrete we have 
introduced a large number of small circular elements. Size (2 – 16 mm) and wave velocity (3000- 4000 m/s) of 
these scatterers have been varied statistically. The overall model has a size of 1 by 0.5 m² with a background p-
wave velocity of 4000 m/s (Figure 7). Again, the model contains a 0.1 m diameter circular air void with centre at 
0.2 m depth and 0.4 m from the left border. After some experiments we chose a different source.receiver pattern 
compared to the first example: 10 source positions were simulated (distance 0.1 m) using 45 receivers (distance 



0.02 m).  
 
 

 
Figure 7: Velocity distribution of synthetic concrete model (300 scatterers). Block width 1 m, height 0.5m. 
Void diameter 0.1 m, centre depth 0.2 m 
 

 
Figure 8: RTM reconstruction result for synthetic concrete model. 
 
Figure 8 shows the RMT reconstruction. Note that much more receivers compared to the previous models had to 
be used here to get a sufficiently readable image. Even with that many receivers the image quality is diminished 
compared to the previous model. However, the boundary of the void is matched almost perfectly. Simulations 
with a lower number of receivers led to blurred images due to the scattering elements. But as computing effort is 
mainly dependent on the number of transmitters, this leads to no extra cost. The receiver spacing of 2 cm is in 
the range currently used in commercial ultrasonic arrays and synthetic aperture approaches [ 1,  2]. The number of 
receivers for a single shot used here is greater then in configurations currently used in practice. Further 
investigations have to be made to optimize receiver numbers and array geometry.  

Influence of the velocity model 
The examples presented above have already shown, that the velocity model chosen for RTM has a great 
influence on the imaging results. Several model studies have been carried out to evaluate the influence of certain 
parameters. The most important results are: a wrong guess of the velocity chosen leads mainly to a vertical 
distortion of the image (compression, if too high, or elongation, if too small). If the lower boundary is placed in 
the wrong depth different effects may occur. If it is placed too deep, a reflector is reconstructed at the correct 
depth of the boundary. If it is placed too shallow, artefacts will occur. 
 



 

CONCLUSION AND OUTLOOK 
We have used synthetic datasets to check the applicability of the reverse time migration technique to image 
ultrasonic echo data in relative simple models. First results indicate that RTM is able to map vertical boundaries 
(e.g. step shaped backwalls) or lower edges of circular inclusions (e. g. voids or tendon ducts). This is a great 
advantage compared to the currently used algorithms (e. g. SAFT). Accuracy and resolution seem to be better or 
at least comparable to other techniques. Under certain conditions even reflectors, which are not beneath the 
transmitter/receiver array can be imaged. Main disadvantages are the need for a velocity model and high 
computing costs.  
 
Our results will be validated by the use of real datasets. The method itself can be improved by using an adopted 
simulation algorithm. We intend to go for 3 D full elastic wave field calculations and use of adopted source 
functions. Iterative update of velocity models (Full waveform tomography) should improve the results as well. 
On the other hand optimized source and receiver geometries have to be found for solving practical problems in 
civil engineering. Currently, Ultrasonic arrays are oriented perpendicular to line orientation to produce 3D 
images from singles lines [ 1]. The acquisition geometry used here is purely 2D (arrays in line direction). In 
addition, the ability of RTM to map smaller objects with smaller property contrasts hat still to be evaluated. 
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