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ABSTRACT 

We present an imaging technique for pipework that executed by cross-correlating the source forward-propagated wavefield 

with the receiver back-propagated (reverse) wavefield. This imaging condition is also known as time-reverse migration, 

which has been greatly developed for seismic imaging. The imaging method requires solving the full elastic wave equation 

two times: one for simulating the forward wavefield and the other one for reconstructing the reverse wavefield. The two 

resulting wavefields are then subjected to a cross-correlation through which the time axis is collapsed and an image of the 

defects is obtained.  
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1. INTRODUCTION  

Aging facilities and increasingly stringent safety standards require that the civil infrastructures are inspected either routinely 

or after a catastrophic event. In many cases, ultrasonic waves are preferably used to nondestructively illuminate a test object. 

Ultrasonic nondestructive testing has evolved from methods that use the extracted features (travel times, amplitudes, peak 

frequencies, etc.) of the ultrasound data to methods that make use of the entire ultrasonic waveforms. In response to that, 

computer simulation of the full elastic/viscoelastic wave equation has been increasingly developed and used for studying the 

forward ultrasonic wave propagation and even for reconstructing tomographic maps by solving an inverse problem.  

 

The growing computational power allows us to consider ultrasound imaging based on simulating the full wave equation an 

attractive possibility. Efforts are exerted here and there to bridge the scales in wave-equation based imaging and inversion. 

Pratt, 2017 made clear the links between seismic imaging and medical ultrasound imaging and emphasized the challenges 

one has to cope with when using the advanced seismic imaging methods of reverse-time migration (RTM) and especially full 

waveform inversion (FWI) in medical imaging. In imaging the subsurface of engineered materials and structures using 

ultrasound, however, a number of intrinsic characteristics need to be accounted for.   Pulse-echo setup is usually the case. Together with limited access area, this setup results in the lack of through-

transmission and refraction data important for inferring material variability in a heterogeneous background.   Test objects are frequently surrounded by material interfaces and free edges, leading to small aperture reflection data 

contaminated by edge reflections and reflections from material interfaces.  Very high-contrast material flaws (cracks, voids, inclusions) buried in a heterogeneous subsurface can hinder the 

recovering of other low-contrast properties (material variations, layers, etc.).  Test specimens are often elastic/viscoelastic materials (as opposed to an acoustic medium), contain various 

heterogeneities (aggregates, additives, etc.), and can be highly anisotropic (composites). Elastic/viscoelastic waves 

instead acoustic waves are considered.  Compared to common civil engineering test objects, transmit/ receive transducers are of finite size (as opposed to 

point-like sources) and  their transfer functions and coupling properties with the test object can be not well known. 

 

These characteristics imply that ultrasound imaging of engineered structures is challenging and suggests custom strategies to 

be developed for NDT applications. Nguyen and Modrak, 2018 demonstrated that a velocity model of low wavenumber 

background features in the test object is effectively built by FWI. Based on the inverted velocity model, a high wavenumber 

reflectivity map of the small-size high-contrast flaw(s) can be imaged by RTM. 
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Ultrasonic tomography based on the solution of the full wave equation has potential to improve the imaging resolution and 

enhance the quality of image reconstruction in highly heterogeneous and anisotropic test objects.  In this respect, elastic full 

waveform inversion (FWI) applied to ultrasound data enables to reconstruct high-resolution material maps (wave velocities 

and density) of material heterogeneities and defects in the test object. This superior imaging capability comes with an 

increased computational effort and the complexities associated with solving the nonlinear inverse problem. Also based on the 

full wave equation, reverse-time migration (RTM) turns out to be computationally efficient yet still very powerful for many 

NDT tasks of which the material model is known or can be estimated. By cross-correlating the forward-propagated wavefield 

with the reverse-propagated wavefield, RTM produces an image of the reflectivity map in which wave reflectors and 

scatterers are identified. The theoretical resolution limit of a quarter of the dominant wavelength RTM that can be achieved 

beats the long-established one wavelength resolution limit for ray-based synthetic aperture focusing technique (SAFT) on 

monolithic probe data (Schickert et al. 2003) or the total focusing method (TFM) on phased array data (Holmes et al. 2005). 

Most computational effort of the wavefield cross-correlation imaging is spent on simulating the wave equation on the 

discretized grid two times which is, however, very affordable with today’s computer power. 
 

In the following, we are concerned with examining the wavefield cross-correlation imaging condition for mapping defects of 

reflecting types on thin-walled pipes. Due to the lack of laboratory and real measurements, realistic 3D synthetic 

measurements are used to verify the performance of the presented imaging technique. 

2. 3D ULTRASOINC WAVEFIELD SIMULATION 

The integral parts of the presented wavefield cross-correlation imaging technique are the mechanism to generate the full 

ultrasonic wavefield and the imaging condition to produce the tomographic map.  The use of full ultrasonic wavefield 

simulation, in which full elastic wave propagation and interactions with free surfaces and heterogeneities (wave scattering, 

reflection, refraction, conversion, and multiples of them) are taken into account, unleashes the potential the full ultrasound 

measurement offers. In the following we present an effective method for simulating the propagation of guided ultrasonic 

waves in a 3D pipe and show that the dispersion of the cylindrical guided waves can be conveniently revealed from 

waveform data. 

2.1 WAVEFIELD SIMULATION 

SPECFEM3D (Komatitsch and Tromp, 1999) is used to simulate the ultrasonic guided wave propagation. SPECFEM3D is a 

public-domain highly efficient parallelized elastic wave equation solver that implements a special high-order finite element 

method - the spectral element method. We model a 3D section of a cylindrical hollow pipe (Fig. 1, left). The pipe model is 

200 mm large in the diameter and has a wall thickness of 4 mm. The pipe section having a length of 500 mm is considered. 

This is a steel pipe having a pressure wave speed of 5900 m/s, a shear wave speed of 3200 m/s, and a density of 7820 kg/m
3
. 

A ring of ultrasound transducers emits in the radial direction a Ricker wavelet at 200 kHz central frequency on the pipe outer 

surface. Fig. 1 (right) displays a receiving setup, which consists of 24 receivers placed along the pipe axis, to collect the 

simulated waveform data used for extracting the dispersion curves of the excited cylindrical guided wave modes.  

 
Fig. 1 3D spectral element model of the pipe (left) and a setup for recording waveform data used for dispersion analysis 

(right).  

2.2 DISPERSION ANALYSIS 

Obtaining an image of the dispersion curves by analyzing the time-domain ultrasonic recordings provides additional 

information about the actually activated guided wave modes and the corresponding phase velocities. The former can be used 

to design or adjust the excitation settings (frequency, force polarization, etc.) and the later information might help to estimate 
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the bulk wave velocities which are required input parameters in wave propagation modeling along with density. As often the 

case in NDT practice, the information about solid longitudinal and shear wave speeds of the tested structure is not available 

or the material properties have altered due to loading and environmental conditions. The ability to directly estimate wave 

velocities of the measured waveforms makes it possible to perform the entire imaging procedure without prior knowledge 

about the material elastic properties. 

 

By using the phase shift method (Park et al. 1999), dispersion curves of the actual propagated waves can be extracted from a 

limited number of time-domain recordings measured along the propagating wave front. The broadband spatial-temporal 

domain waveforms, �, , are first transformed into the space-frequency data, �,  by applying a fast Fourier transform 

to each of the received waveforms. The phase shift operator is applied on the space-frequency data for each frequency  and 

phase velocity � in the ranges of interest: 

 �, = ∑ ��� �� (� , )Δ���= , (1) 

where �  is the position of the �-th receiver in �� receivers in the array and Δ� is the spacing between two nearby receivers in 

the array. 

 

We examine three ultrasonic firing configurations excited by an array of point-like emitting elements placed around the outer 

circumference of the pipe. The first configuration applies at each emitting element a pulse force in the radial direction to 

mainly excite the � ,  mode. In the other two configurations, the pulse force is applied in the direction along the pipe axis 

and tangentially around the pipe circumference to respectively excite the � ,  mode and ,  mode. The resulting 

waveform data received at 24 locations (see Fig. 1, right) for each of the excitation modes are displayed in Fig. 2. Both direct 

waves and reflected waves from the pipe’s free end can be seen in Fig. 2. Wave dispersion can already be observed in the 

time-domain waveforms for the � ,  and � ,  modes. The torsional mode ,  appears non-dispersed in both out-

going and returning (due to reflection at the pipe’s free end) paths. The phase shift operator Eq. (1) transforms the time-

domain waveform data into a wavespeed-frequency image to reveal the dispersive characteristics. Fig. 3 plots the resulting 

dispersion images which agree with the theoretical dispersion curves analyzed in Nguyen at al. 2018. One exception is the 

strong dispersive behavior of the � ,  mode at the high frequency corner which might be the numerical dispersion due to 

the high wave velocity of this wave mode. We note that only the time sections covering the direct waves are used to extract 

the dispersion curves.  

 
Fig. 2 From left to right: the time-series measurements at 24 receiving locations of the � ,  mode (radial excitation), the � ,  mode (axial excitation), and the ,  mode (torsional excitation). 

 

 
Fig. 3 From left to right: the corresponding dispersion images revealed by the time shift method of the � , , � , , and ,  modes. 
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3. WAVEFIELD CROSS-CORRELATION IMAGING  

3.1 THE IMAGING CONDITION 

The wavefield cross-correlation imaging is based on the principle that the reflectors are points in the wave propagation 

medium where the forward wavefield and the reverse wavefield coincide in space and time (Claerbout, 1971). The forward 

wavefield is simulated using a source and receiver setup as in the real ultrasonic testing acquisition. It is important to use the 

excitation pulse’s source time function as close as possible to the real excitation pulse. Characterizing the transfer function of 

the used ultrasonic transducers can be helpful for this purpose. If monolithic probes are used, it is desirable that the 

transducer’s contact size is only a fraction of a wavelength to obtain broad angle illumination. Otherwise, angular directivity 

of the probes must be taken into account by simulating finite-size sources. Most often the numerical wavespeed and density 

model is an approximate homogeneous model of the actual test object. 

 

To simulate the reverse wavefield, the ultrasound recordings are first flipped in time and then simultaneously reemitted at the 

receiving positions into the same wave propagation model. For nondissipative wave propagation, the same numerical solver 

used in the forward wavefield simulation can be used to simulate the reverse wavefield. By numerically reemitting the time 

reversed waveform data at the receivers, we extrapolate in the time reversed order the reflected and scattered wavefield. The 

spacing between the receivers is less than a half of a wavelength is desirable to form a coherent reverse wavefield, which is a 

result of constructive interference of the individual wave fronts emanating from each of the receiving positions. A nice 

feature of the reverse wavefield in a waveguide is that the dispersion characteristics reverse itself during backpropgation as 

the time reversal principle still holds for guided waves. 

 

Given the simulated forward wavefield �,  and revere wavefield �, , the imaging condition for the discretized time 

window ∈ { , … , ��} will result in a reflectivity image � �  expressed by a cross-correlation 

 � � = ∑ �, (�, �� − )Δ��= , (2) 

where �� is the number of simulation time steps and Δ  is the step size. 

 

The resulting 3D reflectivity image � �  has high reflectivity values where the scattering and reflecting defects occur and low 

values elsewhere. Further details of the wavefield cross-correlation imaging technique are illustrated in Nguyen at al. 2018. 

Pre-processing of the ultrasound data, for example to remove the direct waves, is helpful to achieve an optimal imaging 

result. For an efficient implementation, the imaging condition Eq. (2) is alternatively expressed as � � = ∑ (�, �� −��=) �, Δ . Then, the forward wavefield can be reconstructed from the last simulation snapshot �� backwards while the 

reverse wavefield is being simulated. Wavefield cross-correlation is performed on the fly during reverse wavefield simulation 

and forward wavefield reconstruction. This way of implementation requires one additional simulation to reconstruct the 

forward wavefield but releases the burden of computer storage and I/O for large 3D models. 

 

In applying the imaging condition Eq. (2), either individual ultrasonic firings by single transmitter or simultaneous firings of 

all transmitters (supershot) are possible. Please see Nguyen at al. 2018 for further details of the wavefield cross-correlation as 

an effective imaging condition for mapping defects of the reflection type in pipe. But unlike in Nguyen at al. 2018, in which 

both forward wavefield and reverse wavefield are displacement field, the forward wavefield �,  used here is the 

acceleration field. The use of acceleration forward wavefield is particularly helpful for the supershot setup to remove the low 

wavenumber artifacts near the transmit/receive ring array.  

3.2 SYNTHETIC DATA EXAMPLE 

The synthetic test case is designed for the presented imaging algorithm to simultaneously map through-thickness defects of 

point-like and finite-length types in pipes.  We examine two configurations of ultrasound firings: individual shots and 

simultaneous shots (supershot). For all the tests, pulse forces are broadband Ricker wavelet centered at 200 kHz applied in 

the radial direction of the pipe and waveform data are measured in the same direction. 

 

Individual shots 

This setup simulates firings the emitters one after another while the ultrasound data is recorded by all elements. The 

transmit/receive elements are placed in a ring array on the outer circumference of the pipe. To demonstrate the effectiveness 

of the imaging procedure, data from only 5 ultrasonic shots are used (see Fig. 4 (left) for the shot positions). A baseline 

subtraction is used to mute the direct waves in the synthetic measurements. The imaging procedure is carried out for each of 

the 5 shots and the final image (Fig. 4, right) is the resulting of stacking the 5 individual images together. It can be seen in 

Fig. 4 (right) that the reconstructed 3D image reveals both defects: flaw sizing and localization are achieved at the same time. 
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As a result of symmetry of wave propagation about the acquisition ring, symmetric artifacts of the real flaws are also 

observed in the reconstruction.  

 
Fig. 4 Pipe model with through-thickness defects with simulated defects and positions of the 5 individual shots (left) and the 

imaging result (right). 

 

Although the use of narrowband ultrasonic pulse such as a toneburst signal reduces the severity of guided wave dispersion, 

the broadband Ricker wavelet pulse is used here to gain a clean reconstructed image. When a narrowband input signal is 

used, long-wavepacket interactions between the forward wavefield and the reverse wavefield create significant imaging 

noise. 

 

Supershot 

This setup is based on the ability of a phased array that allows simultaneous excitations of all elements. The benefits of this 

configuration are threefold. First, the time for both collecting data and performing the imaging procedure is considerably 

reduced to the amount needed for one individual shot. Second, the direct arrivals and reflected and scattered events in 

waveform data recorded by this setup separate themselves in the time-domain data which enables simple muting of the 

unwanted direct waves. Third, the simultaneous excitations allow more wave energy to steer in the pipe axis direction, thus 

potentially allowing inspection of defects in a long range. 

  

While simulated flaws and the setup of the ring excitation is the same as in Fig. 4 (left), an array of 48 transducers evenly 

distributed around the pipe circumference is used to record the data.  Simultaneous firings of the ring elements in the radial 

direction of the pipe are to mainly excite the wave motion of the � ,  cylindrical mode. In the imaging, both forward and 

reverse simulations are carried out on the homogenous intact pipe model. Fig. 5 (left) plots the image resulting from applying 

the 3D wavefield cross-correlation. It can be observed that both of the defects and their geometries are revealed. But again, 

due to the symmetry of the propagation wavefields in this excitation setup, the imaging process also results in imaging 

artifacts on the other side of the ring. If cross-correlated images resulting from nearby rings are stacked, intensified 

reflectivity values at the true flaws can be achieved. For example, Fig. 5 (right) is the result of stacking the two images due to 

a ring at � = 8  mm and the other ring at � = 5  mm.  

 

 
Fig. 5 Pipe model with through-thickness defects of the supershot setup (left) and the imaging result (right). 

 

The finite-length defects may happen to have arbitrary shapes and orientations. It is worthwhile to examine the use of other 

cylindrical wave modes such as the � ,  and especially the non-dispersive ,  for possibly enhancing the 

imaging quality in such cases. 
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4. CONCLUSION 

We show that, even for the highly dispersive and multi-modal propagation of the cylindrical guided ultrasonic waves, the 

wavefield cross-correlation imaging can deliver sharp focuses at defects. Advantages of the presented imaging method 

include: (1) the method itself is baseline-free, (2) multiple defects are simultaneously revealed, (3) the imaging algorithm is 

straightforward and fast to carry out, and does not suffer from convergence issues often committed by optimization and 

statistical inference methods. 
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