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Abstract 

In this paper we analyse suitability and accuracy of computational techniques in time reversal applications based 
on finite element method (FEM) for detection and localization of defects, cracks or other acoustic emission sources 
in bodies and structures. As it is known, a classical explicit integration scheme - central difference is reversible. 
The central difference scheme as a time integrator is widely used for linear and nonlinear finite element analyses 
and it is also implemented in commercial and open-source finite element software. In the paper properties of the 
explicit FEM in time reversal problems are studied and analysed. We use the standard Galerkin FEM formulation 
with linear shape functions, one-point Gauss integration and lumped mass matrix. Loading by the Ricker pulse 
was applied for modelling of the acoustic source in an elastic square domain. A special attention is paid to the 
choice of boundary conditions in reverse problem which keep the reversibility of problems of interest. Finally, we 
show the quality of refocusing of the original acoustic source. 

Keywords: Time reversal, explicit finite element analysis, elastic wave propagation, non-destructive testing, 
source reconstruction, refocusing. 

1. Introduction 
Time reversal (TR) uses backward wave propagation to refocus and reconstruct the source 
of excitation by focusing energy into original location of source in space and time. Nowadays 
one of the most important application of TR is ultrasonic non-destructive testing. Application 
of TR in acoustics and rapid development started in 1990s by Fink [1]. In 2010s TR has received 
attention also in the field of computational acoustics [2]. The combination of TR with Nonlinear 
elastic Wave Spectroscopy (TR-NEWS) provides even higher accuracy of damage detection 
[3], [4], [5]. 

TR experiment consists of two steps: forward propagation, when a source excites the medium 
and a complex wave field is created and recorded, and back propagation, when the wave field 
is reversed in time and sent back, which results in focusing at the original source location and 
in reconstruction of the original source function. 

The goal of this paper is to study accuracy and performance of FEM in TR problems in solid 
mechanics and to study the quality of refocusing and localization of the computational TR 
method based on FEM. The main attention is paid to correct prescribing of Dirichlet and/or 
Neumann boundary conditions in computational TR in elastodynamic problems. 

2. Description of the direct problem – wave propagation 
We assume a square domain of dimension 100 mm × 100 mm under plane stress conditions 
with stress-free boundary. For finite element mesh, a length of the finite element edge is 
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0.4 mm, which means 250 × 250 = 62 500 elements in total. Drawing of the domain of interest 
is shown in Figure 1, where “X” (four nodes) represents the source of loading and “O” (two 
nodes on the edge) represents the position, in which the output quantity of interest – velocity in 
horizontal direction – is recorded. External loading is applied by prescribing velocity in vertical 
direction with the time history in a shape of the Ricker pulse [6], as shown in Figure 2. Material 
parameters are following: Young’s modulus E = 2·1011 Pa, ρ = 7 850 kg and Poisson ratio ν = 
0.3. This gives us a longitudinal wave speed 𝑐𝑐𝑐𝑐𝐿𝐿𝐿𝐿 =  �𝐸𝐸𝐸𝐸 (1 − 𝜈𝜈𝜈𝜈2)𝜌𝜌𝜌𝜌⁄ ≐ 5 290 𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠−1. Transversal 
(shear) wave speed 𝑐𝑐𝑐𝑐𝑆𝑆𝑆𝑆 =  �𝐺𝐺𝐺𝐺 𝜌𝜌𝜌𝜌⁄ ≐ 3 130 𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠−1. The time step size was set to be 3.7·10-8 s. This 
value of the time step size respects the stability condition for an explicit computation. The time 
of the computation is set to 2·10-3 s, thus the longitudinal wave reflects approximately 100 times 
between opposite edges. 

Figure 1. Drawing of the domain, dimensions in 
mm 

Figure 2. Time history of loading pulse of 
prescribed velocity 

 

3 Reverse problem – application of boundary conditions 
For reverse problem, the velocity over time (Figure 3), recorded in two nodes in “O” position, 
is averaged over these nodes and reversed in time τ = T – t [7], where τ is a reversal time, T is 
the time of the computation and t is the time in the direct problem. Afterwards the “O” position 
works as a source and the loading signal is applied in both nodes on the edge. Output signal is 
then recorded in “X” position and also averaged over nodes; then is compared with the loading 
signal of the direct problem. The mesh and the time step size are the same as in the direct 
problem, but time of computation is extended by 5·10-5 s, just for the case the reconstructed 
signal would delay. 
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Figure 3. Time history of velocity from the direct problem in “X” position (averaged, to be reversed) 

3.1 Application of boundary conditions in the form of velocity 
In the first attempt, loading was applied by prescribing a boundary condition as a velocity over 
time, same as in the direct problem. One can see the reconstructed signal in Figure 4. It showed, 
that this type of loading is not suitable, since several problems occurred. Prescribed velocity, 
thus prescribed displacement, of some nodes does not allow the coming wave to go through. 
As a consequence, this type of loading causes a dissipation of the energy and the shape of 
reconstructed signal is deformed. To avoid this phenomenon, loading by force was proposed. 

 

Figure 4. Reconstructed source from the reverse problem 

3.2 Application of boundary conditions in the form of force 
Loading with force showed more physical behavior, because coming wave and loading are 
superimposed. This is more similar to real problem where some signal is excited by transducer, 
which interacts with propagating waves and does not substitute them. The loading signal was 
scaled arbitrarily, so the largest peak of the loading force was around 5 N. It is obvious that 
ratio between force and velocity should be linear, however this was not tested yet. 
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4. Results 
The comparison of loading signal from the direct problem and reconstructed signal from the 
reverse problem in “X” position is depicted in Figure 5. Both signals are normed, so the 
maximum value of velocity is 1. One can observe, that the two signals are shifted in time. This 
could be caused by the fact, that end time (2 ms) is not divisible by time step size (3.7·10-8 s) 
without a reminder. Thus time steps of the direct problem and the reverse problem are not 
coincident. 

 
Figure 5. Comparison of loading and reconstructed signal 

It is known, that the height of a reconstructed signal depends on total energy loaded to the 
model, i.e. on the length of the computation [8]. Therefore it is not convenient to compare the 
heights of the loading signal and the reconstructed signal, but these signals can be scaled 
arbitrarily to observe their sameness. However the signal need to be of “reasonable” height to 
avoid rounding errors. 

The states with the highest peak of a velocity are shown in Figure 6, for the direct problem, and 
Figure 7, for the reverse problem. One can see correspondence in positions of maximum peaks.

 

Figure 6. Frontal problem 

 

Figure 7. Reverse problem
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5. Conclusions 
We have presented a finite element approach for computational time reversal refocusing. 
We have shown, that one must pay a special attention to the choice of the way of loading, or 
prescribing boundary conditions, in computational time reversal method, for refocusing and 
reconstructing the original source and its time function. 
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