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Time reverse imaging (TRI) is evolving into a standard technique for locating and characteris-
ing seismic events. In recent years, TRI has been employed for a wide range of applications
from the lab scale, to the field scale and up to the global scale. No identification of events or
their onset times is necessary when locating events with TRI; therefore, it is especially suited
for locating quasi-simultaneous events and events with a low signal-to-noise ratio. However, in
contrast to more regularly applied localisation methods, the prerequisites for applying TRI are
not sufficiently known. To investigate the significance of station distributions, complex velocity
models and signal-to-noise ratios with respect to location accuracy, numerous simulations were
performed using a finite difference code to propagate elastic waves through three-dimensional
models.

Moreover, we present a reverse-time imaging technique by cross-correlating the forward wave-
field with the reverse wavefield for the detection, localisation, and sizing of defects in pipelines.
The presented technique allows to capture the wavefield reflectivity at the places of ultrasonic
wave scattering and reflections. Thus, the method is suitable for detecting pipe defects of ei-
ther point-like or finite-size types using data from a pulse-echo setup. By using synthetic data
generated by 3D spectral element pipe models, we show that the 3D wavefield cross-correlation
imaging is capable in the case of cylindrical guided ultrasonic waves. With a ring setup of
transducers, we analyse the imaging results obtained from the synthetic single-transducer and
all-transducer firings. The presented pipe flaw imaging method is straightforward to carry out
using a suitable wave equation solver.

1 Time Reverse Imaging

The localisation and characterisation of seismic events in the subsurface are crucial for
understanding physical processes in the Earth. Well-established methods are able to locate
most seismic events in a fast and reliable manner; however, they rely on the identifiable
onsets of events. Time reverse imaging (TRI) is a method especially suited for locating
and characterising events which are indistinguishable in traces because they occur quasi-
simultaneously and/or are superposed by noise. The prerequisites for more regularly ap-
plied localisation methods are very well known. However, the station distributions, the
degree of complexity in the velocity model and the level of noise that hinder or enhance lo-
cating events with TRI are not sufficiently known. Therefore, this study systematically tests
different station distributions for their localisation capabilities while considering complex
velocity models and low signal-to-noise ratios. TRI uses the whole recorded waveform
rendering the identification of events and their onsets obsolete. It can be applied as long as
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the wave propagation can be described with a time-invariant wave equation. Seismic traces
are reversed in time and back propagated through a medium until they focus on the initial
event location. Imaging conditions are used to visualise aspects of the back-propagating
wave field and obtain the source location. TRI has been applied in earth sciences as well as
medical sciences for some time.! In recent years multiple studies have shown that TRI is
a reliable, easy-to-use localisation tool: it has been used to retrieve source information on
various scales from the lab scale in nondestructive testing,”™ over the field scale, for exam-
ple in volcanic tremor® and non-volcanic tremor applications,”® and above hydrocarbon
reservoirs,” up to the global scale.'® ' However, to apply TRI, a fairly accurate velocity
model is needed to precisely back propagate the wave field. With the increasing availability
of high resolution large three-dimensional velocity models and growing knowledge about
prerequisites, TRI has the potential to locate seismic events, which could previously not be
reliably located, over a wide range of applications.

1.1 Numerical Simulations for Time Reverse Imaging

The estimation of location accuracy is one major challenge when applying TRI. Therefore,
a common approach is to perform a preliminary synthetic study to test if the given velocity
model and station distribution enable reliable locations. If the synthetic study fails, the set-
up is adjusted until either the study is abandoned or a sufficiently reliable result is achieved.
This adjustment phase can be time-consuming because there are multiple characteristics
appearing at once that may hinder the localisation.

A previous study by Werner and Saenger'? aimed to find station distributions that pro-
duce reliable source locations with TRI. Finding these optimal station distributions is cru-
cial to estimate the success rate of TRI with a given set of stations. In addition, the time
needed to adjust station distributions may be decreased. Furthermore, the prerequisites of
the method should be known when designing an array for TRI. Therefore, the influence of
the station distribution, the complexity of the velocity model and the effect of different lev-
els of noise on the location accuracy were investigated. Werner and Saenger'? performed
numerous simulations to systematically analyse different station distributions and their in-
fluence on the location accuracy of sources at different depths as well as analysing the
influence of different source types. A typical example is shown in Fig. 1. Therefore, the
focus was on the distance between receivers, the symmetry of the array in relation to the
source position, the azimuthal gap between receivers and the number of stations. Simula-
tions were first performed with a homogeneous velocity model and then with a complex
velocity model. Location accuracy was investigated when the velocity model was known
and when it was not specifically known. The authors!? investigated the ability of TRI to
cope with very low signal-to-noise ratios. The found guidelines using the methodical tests
were applied to an actual real-life example in southern California. The ability to locate
events at a target depth was investigated while using the existing array as well as the actual
velocity model for a specific region in California.'

1.2 Discussion and Conclusion of Time Reverse Imaging

Werner and Saenger!? showed that the inter-station distance should not be larger than the
source depth, and that the aperture of the array should be at least twice the source depth.
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Figure 1. Imaging conditions plotted for one example simulation. Black spots are points with the values of 0.6
(in column a) and 0.9 (in column b) in the respective imaging conditions.'?

Additionally, sources could be most accurately located when they were underneath the ar-
ray. When using more stations, locations outside of the array became possible. In general,
stations should be spaced regularly, although the deeper the source the more heteroge-
neously the stations can be and still achieve reliable locations. In addition to this strong
sensitivity of the source location accuracy to the station distribution, the study found a
strong influence of the velocity model on the localisation. However, complex velocity
structures, like low velocity zones, do not hinder the localisation as long as they are ade-
quately incorporated in the model. However, a high level of noise could inhibit the source
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location even if the velocity model was homogeneous. An increased number of stations
seemed to increase location accuracy in the presence of noise. Furthermore, an increase
in location accuracy in some cases with an increase in complexity was observed, such as
adding noise, more irregular stations or a more complex velocity model. This suggests that
the additional scattering of waves may help the localisation. Therefore, the authors advise
performing preliminary synthetic studies not only with homogeneous velocity models and
regular stations but also incorporating as many complexities as possible to get an accurate
estimation of the achievable source location. It was shown that only a few simulations are
necessary when performing a preliminary synthetic study to estimate if the given set-up
will work for TRI. Additionally, it was demonstrated that when designing an array to be
used with TRI the target area should be considered. The depth of expected events then
dictates the inter-station distance and the aperture of the array. If considering a range of
depths, the inter-station distance should fit the shallowest events and the aperture of the
deepest events.

2 Pipe Inspection

Guided ultrasonic waves are stress waves that propagate in a bounded solid medium. The
use of ultra high frequency guided waves in nondestructive testing (NDT) of plate-like
structures allows long-distance inspection capability, thus reducing the time and effort in
collecting the ultrasound data and later in imaging possible defects. However, those guided
waves propagate multi-modally and dispersively,'* making interpretation of the ultrasound
recordings complicated. Most often, ultrasonic excitations of the first few guided wave
modes are used for ease of the ultrasound data analysis and interpretation.> If higher
wave modes cannot be avoided (due to constraints of the inspected structures or transduc-
ers’ bandwidths, and wave mode conversions), dispersion compensation and separation
of propagation modes are sometimes needed.'® Analytical, experimental, and numeri-
cal analyses of guided elastic waves in cylindrical rods and hollow cylinders'” revealed
complicated dispersive and multi-modal characteristics of cylindrical waves. Compared
with Lamb waves in thin plate-like structures, cylindrical waves exhibit more complicated
guided modes and dispersion characteristics (see Nguyen et al.'® for more details). Flaw
detection in pipework using guided waves has received great attention.!® Most often, the
degree of a defect is quantified based on a reflection coefficient expressed as a function
of the geometrical extent of the defect.”’ To map defects in pipes, Leonard and Hinders?!
applied a type of travel time “cross-hole” tomography on the helical wave paths for build-
ing a tomographic flaw map of pipes. Gaul et al.*? applied a synthetic focusing algorithm
to the measured signals of the guided elastic waves in pipes. In another approach, Wang
et al?® used a non-ring sparse sensor network of transducers to image pipe damage in
an unwrapped grid based on the correlation of the first arrival waves. Also based on a
sensor network of a non-ring configuration, Dehghan- Niri and Salamone** proposed to
enhance damage-sensitive features, which are input to a reconstruction algorithm based on
a waveform difference in baseline and measurement, by using multiple helical paths of the
cylindrical waves. Hayashi?’ introduced a fast pipe thinning mapping method using am-
plitude spectrum peaks obtained from a laser based ultrasonic scanning system. Bagheri
et al.*® used the continuous wavelet and Hilbert transforms to extract damage-sensitive
features and combined with a metaheuristic optimisation and a probabilistic approach to
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construct an image of defects in pipe.

Time reversal in the manner of Fink?’ has also been found useful for NDT of thin-
walled structures. By the time reversal principle, the recorded acoustic/elastic waveforms,
if being time-reversed and reemitted at the receiving positions, form a wavefield that re-
traces its path back to the source location. When focused, the reverse wavefield becomes
spatially concentrated and temporally compressed to reconstruct the original excitation
pulse. Ing and Fink?® experimentally showed that this time reversal invariance also holds
for the dispersive Lamb waves. These features are important for the extrapolated reverse
wavefield used in this work to be correctly back-propagated toward scattering and reflect-
ing points. Other reports on structural health monitoring®® showed that the time reversal
principle can be applied to plates and composite structures for achieving baselinefree flaw
detection even though dispersion does disturb refocusing of time reversed wave propaga-
tion. Xu and Giurgiutiu?® and Park et al.>* pointed out that time reversal creates side-
bands around the true reconstructed impulse if more than one mode of the guided waves
is excited. For pipe inspection, Hayashi and Murase®' used the torsional T(0,1) mode for
building a tomographic map of the pipe defects using the time reversal principle. Using
the same cylindrical wave mode, Davies and Cawley*? applied synthetic focusing based on
time reversal operation in the frequency-wavenumber domain for pipe defect mapping. To
the best of the authors’ knowledge, in NDT applications for both plates and pipes, however,
the time reversal principle is mostly limited to the location of point-like acoustic sources
and scatterers and the reconstruction of the source wavelets. Nguyen et al.'® introduced
the use of the wavefield cross-correlation method for flaw detection and sizing in waveg-
uides with a particular application for the inspection of pipework. It was shown that the
so-called reverse-time migration, which is based on a zero-lag cross-correlation between
the forward wavefield and the reverse wavefield, can be efficiently used for detecting, lo-
cating, and sizing flaws of abrupt material changes such as cracks, eroded/corroded voids,
and local material damages caused by, for example, impacts in pipes. As this is a method
for imaging of reflectors, it can be used to detect and locate both point-like scatterers and
finite-size defects.

2.1 Guided Wave Propagation in Pipes

The motions of elastic wave propagation in a pipe, as for other thin-walled structures, are
guided within the pipe wall. However, unlike in plates, there exist three distinct families of
wave modes in pipes: the axisymmetric longitudinal modes L(0,m), the non-axisymmetric
flexural modes F(n,m), and the torsional modes T(0,m) (where m and n are the radial and
circumferential mode parameters, respectively®®). The longitudinal wave modes L(0,1)
and L(0,2) correspond to the fundamental anti-symmetric AOQ and symmetric SO Lamb
modes, respectively. The torsional mode T(0,1) is equivalent to SH waves in a plate. De-
tailed solutions of the elastic wave problem in hollow and solid cylinders are studied in
Ref. 17 and their modal relation to those in plates are discussed in Ref. 34. Generally,
the results show, for the same ratio of thickness-to-diameter, the dispersion characteristics
of the axisymmetric longitudinal modes in cylindrical waves are comparable to those of
Lamb waves in a plate at the high-frequency range. The similar behaviour is observed
if the thickness-to-diameter ratio decreases. The significant difference in the dispersion
characteristics between the cylindrical modes and Lamb modes lies in the low-frequency
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Figure 2. 3D model of a 350 mm long portion of a straight steel pipe with a through-thickness rectangular defect
(the blue coloured area).!® The dots around the pipe circumference represent the positions of the ultrasound
transducers arranged at 15 degree intervals.

range. For example, as the frequencies decrease, the phase velocity of the L(0,1) mode of
cylindrical waves approaches the SO Lamb mode instead of approaching zero propagating
velocity as for the AO Lamb mode.

Nguyen et al.'® examined wave propagation in a 350 mm long steel pipe having
a small-size through-thickness voided defect as shown in Fig. 2. Because the imaging
method requires access to the full ultrasonic wavefields, an efficient 3D elastic wave solver
that can handle complex geometries is desirable. 3D guided elastic wavefields were simu-
lated for the pipe model using SPECFEM3D.*’ In addition to an efficient forward solver,
SPECFEM3D also provides reversetime simulation and adjoint capabilities instrumental
for waveform tomography and imaging. The discretised model consists of 92160 hexahe-
dral elements and is simulated with time stepping of 35ns. All boundaries including the
pipe ends are modelled as traction-free. Based on the dispersion characteristics of guided
waves, it is considered advantageous to select a source time function that is narrowband to
reduce the number of the excited wave modes and dispersive behaviour during wave prop-
agation. However, a narrowband excitation also means long-duration propagating wave
packets in the time domain, which may cause a loss of focus of the reverse wavefield in the
imaging. Here, the study examined the effects of narrowband Hanning windowed toneburst
and the broadband Ricker wavelet as input signals, both centred at 200 kHz. The choice
of the central frequency depends on the imaging resolution one wants to resolve taken into
consideration that a higher frequency may excite higher order guided wave modes. Al-
though not formally studied in this work, central frequency around 200 kHz appears to be
satisfactory for imaging the simulated defects.
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2.2 Wavefield Cross-Correlation Imaging

In reverse-time imaging, the used imaging condition governs the reconstruction capability
of an imaging method. To reconstruct a reflectivity image of possibly multiple reflecting
and scattering defects in a pipe, the forward wavefield was cross-correlated with the re-
verse wavefield, which is the working principle behind reverse-time migration (RTM).3
This imaging condition is based on the princle that wave reflection and scattering happen
at places where the source wavefield is time coincient with the receiver re-emited wave-
field. Hence, this imaging technique differs greatly from a type of Kirchhoff migration,
which is based on the ray assumption of propagating waves, commonly used in ultrasound
NDT within implementations of the delay-and-sum synthetic aperture focusing technique
(SAFT).*” RTM, as based on simulating the full wave equation of a possibly heterogeneous
velocity model, can be superior to SAFT in delivering higher resolution and more accurate
imaging results. RTM also differentiates itself from the popular time reversal multiple sig-
nal classification (MUSIC), which calculates scattering intensity at the image points based
on the inner products of the Green’s function and the noise vectors obtained from singular
value decomposition of the time reversal operator.*8

In ultrasound NDT, RTM of the body waves has recently been used for locating dam-
aged features, hidden interfaces, and boundaries of the civil engineering structures.3® 4°
Concerning NDT of plate-like structures, a small number of published articles reported
on the use of RTM for NDT of laminated composite plates within implementations of the
excitation-time imaging condition*' and the zero-lag wavefield cross-correlation imaging
condition.*” The imaging condition by RTM in this work is based on the zero-lag wavefield
cross-correlation.*® So, the final reflectivity image is obtained by performing an entrywise
product in space of the forward (source) wavefield and the reverse (receiver) wavefield and
cross-correlating them in time following an imaging algorithm (more details are presented
in the Appendix A of Nguyen et al.*?). The cross-correlated image adds up constructively
at time when the reverse wavefield is spatially refocused and at place where wave scattering
and reflection take place.

The homogeneous intact pipe model is used to simulate the forward and reverse wave-
fields required in the imaging step. Fig. 3 illustrates the stepwise reverse-time imaging
process at three selected timesteps: Before focusing, at focusing, and long after focusing
of the reverse wavefield takes place. The cross-correlation results in Fig. 3 show that the
spatial reconstruction of the defect is captured at the time the forward wavefield and the
re-focused reverse wavefield coincide (the second selected timestep in Fig. 3b). After the
refocusing of the reverse wavefield, the cross-correlated reconstruction remains relatively
unchanged (Fig. 3c). Although the wavefields and the resulting cross-correlated image are
three-dimensional, only the fields at the outer surface of the pipe are displayed in Fig. 3.
The reconstructed images are normalised to their reflectivity range. This style of plotting
applies to the rest of wavefield plots and reflectivity images.

2.3 Discussion and Conclusion of Wavefield Cross-Correlation Imaging

Nguyen et al.'® have presented the wavefield cross-correlation whose imaging principle
is sound and its implementation is straightforward.'® The cross-correlation of the simu-
lated full 3D ultrasonic wavefields honours the kinematics of the wave phenomena. The
synthetic verification of this imaging technique for defect mapping in pipes demonstrates
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Figure 3. Wavefield snapshots of the cross-correlation imaging process at three selected time steps: (a) before
focusing, (b) at focusing, and (c) after focusing of the reverse wavefield has passed.'® Left column: the forward
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its ability to reconstruct a quality image of possibly multiple flaws. Unlike solving an
inverse problem, this wave-equation based imaging does not suffer from running long it-
erations and the risk of arriving at an unfaithful reconstruction (local-minimum solution).
For engineered structures undergone non-destructive testing, such as the pipe, the wave
velocity and density maps are often homogeneous and known, giving very good conditions
for applying the presented imaging method. Concerning computational effort, using the
supershot setup'® greatly expedites the imaging procedure compared with using a number
of single element shots. Imaging using no baseline data is also more easily performed on
data resulting from the supershot setup and has been demonstrated in this work.

The reverse-time imaging by cross-correlating the forward and reverse wavefields of
the guided waves is shown to be highly efficient in constructing a sharply focused reflec-
tivity image of the defects in pipes. The presented implementation is advantageous in that
it involves no algorithmic parameters to tune. If post-processing, such as smoothing, of
the reconstructed image is required to emphasise specific defected features, the involved
image processing can be quickly done given a few input parameters of the filtering kernel.
This imaging procedure can be applied and extended to nondestructive evaluation of pipes
of arbitrary geometries such as bend pipes or pipes of multiple layers and varying thick-
nesses and other 3D waveguide structures even in the case of wave interactions with the
surrounding environment such as soil and water are present.
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