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COMPUTATIONAL TIME REVERSAL METHOD BASED ON FINITE
ELEMENT METHOD: INFLUENCE OF TEMPERATURE

M. Mracko*, R. Kolman*, J. Kober*, Z. Prevorovsky*, J. PleSek*

Abstract: Time reversal method is used to focus elastic waves to the location of the original source and re-
construct its source time function. The procedure consists of two steps: Frontal task and Reversal task. In the
Frontal task, the medium is excited by an arbitrary source, elastic waves propagate through a body of interest
and the dynamic response at few points on boundary is recorded. In the second step (say the Reversal task) the
response signal is reversed in time and transmitted back into the medium resulting in focusing in the original
source location. It is of practical importance to investigate a case when the medium changes its properties be-
tween the frontal and reversal wave propagation steps. An example is a problem of transferring experimentally
recorded data to a computational model, where discrepancies in geometry, elastic properties and boundary
conditions are expected. Our motivation is to develop a methodology for computation of time reversal prob-
lems in commercial finite element software. The results prove that this method is extremely sensitive to the
change of temperature and one have to pay special attention to tuning of elastic parameters relevant to the
experiment.

Keywords: time reversal method, elastic wave propagation, finite element method,
temperature sensitivity, refocusing

1. Introduction

Method of time reversal (TR), see e.g. (Fink et al., 2000) or (Givoli and Turkel, 2012), uses backward
wave propagation for refocusing and reconstruction of the original source. One possible application of TR
method is in non-destructive testing (NDT) for localization of cracks, imperfections or defects in materials.
The time reversal process consists of two steps. In the first step — Frontal task, a real body is loaded at the
given place with the defined time history and a response is recorded in a prescribed position of the body. In
the second step — Reversal task, this responding signal is reversed in time and loaded into the computational
model so as to locate so called scatterers (e.g. cracks). In computational Time Reversal method, both steps
are performed numerically. Nonetheless, here we focus on refocusing and reconstruction of the original
loading signal.

In this paper, the linear theory of elastodynamics is assumed with Hooke’s law. For numerical solution, we
use the linear finite element method, see (Bathe, 1996), with the lumped mass matrix and one-point Gauss
integration rule. For direct integration in time the explicit central difference scheme is employed. The time
scheme is conditionally stable and reversible in time, see (Givoli and Turkel, 2012). The dispersion of the
finite element method and suggestion for setting the suitable mesh size have been presented in (Kolman at
el., 2016b).

In previous work, (Mracko et al., 2017), we have studied the influence of different approaches of prescribing
boundary conditions and loading for suitable refocusing of an original source. As a continuation, this work
is a parametric study where we investigate the influence of temperature on reconstruction and refocusing
of the original source. Following test represents a change of temperature between the Frontal task and the
Reversal task.

It is known a phenomenon in real applications that dimensions of bodies and their physical parameters are
changed with temperature, see, e.g., (Ancas and Gorbanescu, 2006). In this paper, we focus on situation
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that temperature of frontal and reversal problem changes around several degrees of Celsius. Even though
the change in shape can be neglected (Croxford et al., 2010), the change in elastic parameters plays an
important role, see, e.g., (Pfevorovsky and Kober, 2015), and this small temperature variation has to be
taken into account in real applications of TR. The material parameters relevant to simulations of elastic wave
propagation problems in solids are Young’s modulus F, Poisson’s ratio v, and mass density p. For common
structural steels, when the temperature increases, all previously stated material parameters decrease. This
results in decrease of elastic wave speed. We simulate the change of temperature by modifying Young’s
modulus E' to make our study dependent only on one parameter.

2. Problem description

We consider a two-dimensional domain under a plane stress condition with stress-free boundary conditions.
Dimensions of the domain of interest are depicted in Fig. 1a. In the Frontal task, the position ”X” shows
the location of the loading signal and the position ”O” shows the place of recording of the response. In the
Reversal task, these points are swapped. The domain is divided into 250 x 250 = 62500 four-noded bilinear
finite element elements.

—30—

< (é)
X
B »

z
100 82
S
L
0
1 ()
25 2r
N . -
> 100 > 0 2 4 6 8
Time [s] %107

(a) Scheme of the stated problem
with dimensions [mm] (b) Loading Ricker shape pulse

Fig. 1: Scheme of the problem and the loading pulse

The considered material parameters of a common structural steel are £ = 2 - 10!! Pa, p = 7 850 kgm—3
and v = 0.3. This gives the longitudinal wave speed (for 2D plane stress),

E

C] =

as cr, = 5290 ms~!. For the following wave propagation simulations, the material parameters are nominal
and we say reference values.

The Frontal simulation was computed with the reference values of material parameters. In TR simulations
we consider an “increase of temperature”. As it has been said, this is achieved by changing the value of
Young’s modulus E. As the determining quantity we chose the longitudinal wave speed cz, and Young’s
modulus F is then derived from the relation (1). In the Tab. 1, the values of ¢y, and F for particular tasks
are presented. Roughly estimated, according to Ancag and Gorbdnescu (2006), these changes in velocity
correspond to an increase of temperature between 1.5 °C' and 15 °C'.

In the Frontal task, the point marked as ”X” was excited by a force signal in the vertical direction with
the time history given by a Ricker pulse, see Fig. 1a. The recorded value at the position "O” is the time
history of the normal part of velocity on the outward boundary. This velocity time history is reversed in
time and prescribed as loading signal, again as a force. Time of computation is 2 - 1072 s, which allows
the longitudinal waves to reflect approximately 100 times between opposite edges. The time step size is
3.7-107% s. Time of computation of reverse tasks was slightly extended in order to catch the reconstructed
pulse.
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Tab. 1: Change of longitudinal wave speed cy, and Young’s modulus E in case study

Number Decrease cr, FE
of task of ¢y, in % [ms—!] [Pa]
Reversal task 0 0.00 5291.265 | 2.0000 - 10!?
Reversal task 1 0.01 5290.735 | 1.9996 - 10!
Reversal task 2 0.02 5290.206 | 1.9992 - 10!
Reversal task 3 0.05 5288.619 | 1.9980 - 10*!
Reversal task 4 0.08 5287.032 | 1.9968 - 10!
Reversal task 5 0.10 5285.974 | 1.9960 - 10'!

Remark: Used computational model is linear which makes it independent of a magnitude of the loading
pulse and in principle, the reconstructed signal can be scaled arbitrarily. To suppress the effect of a sin-
gularity, the load is not prescribed only for one node. On the contrary, in the "X” position we use four
nodes and in the “O” position we use two nodes. Output signal from the Frontal task is recorded in those
two nodes, averaged over nodes, and prescribed as a load to the Reverse task in the averaged form for both
nodes. Analogically, the output signal from the Reverse task is averaged among corresponding four nodes
and used as a final output of reconstruction of the original time function of the source.

3. Results

The influence of temperature on quality of a reconstruction of the original source time function has been
studied in TR simulations for different perturbations of wave speed with respect to the reference value. In
Fig. 2, one can see the reconstructed pulses for particular decreased wave speeds. Fig. 3 shows the wider
time interval. It is apparent that for values over 0.05% of longitudinal velocity decrease, the reconstructed
signal becomes hardly distinguishable.
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Fig. 2: Reconstruction of the original pulse for decreased longitudinal velocities

4. Conclusions

As we have shown, the successfulness of a reconstruction of the loading signal depends on precise tuning
of material parameters. Even a slight change of a temperature, in order of ones of °C, can lead to a lost of
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Fig. 3: Reconstruction of the original pulse - wider look

accuracy of reconstruction of the source. In a future work we will focus on study of the sensitivity analysis
of the Time reversal method in depth with special emphasis on material parameters. Also we will focus
on finding an approach of elimination of the sensivity of the TR method on material parameters, as is the
influence of the change of the temperature. Futher, a special technique for modelling of wave propagation
will be a point of interest, as the non-spurious time scheme (Kolman at el., 2016b).
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