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Business and Activity Section

(a) Contract Activity

No modifications were made to contract. No material purchase occurred in this quarter.

(b) Status Update of Past Quarter Activities

The project started this past quarter (Oct — Dec 2019). During this quarter, literature review on modeling
and finite element simulations of ultrasonic wave propagation in solids and non-destructive testing (NDT)
was performed. A finite element simulation methodology using for sound wave propagation in elastic
solids with single anomaly was developed using commercially available Abaqus finite element software
package. Early plane strain simulations were conducted using a commercial software package Abaqus
and the results were analyzed. Results obtained agree reasonably well with expected outcomes. Further
research into modeling, simulation and signal processing work will continue to optimize the simulation
time to include more complex geometries and to reduce numerical simulation noise for enhanced NDT
simulation based anomaly detection.

(c) Cost share activity

Partial support for 1 graduate student tuition were provided by Brown University School of Engineering
as per the cost share agreement.



(d) Task 1: Numerical simulation study of ultrasonic test using finite element analysis

1. Background and Objectives in the 15 Quarter

2.

1.1 Background

Current ultrasonic non-destructive testing methods of classification of defect types and sizes are
limited due to uncertainties in detection and also due to interpretation from reliance on varying
human expertise.['[2] Current trend in machine learning has proved useful in the application of
ultrasonic NDT.Pl We envision that a simulation based understanding of ultrasonic NDT process
and a machine learning algorithm based automated methodology is expected to reduce
uncertainties in anomaly detections.l¥l Lack of high volume of data due to high expense in
experiments limits the development of the algorithm. At the current stage, a simulation-driven
research is performed in order to evaluate physics of ultrasonic NDT methodology and also to be
able to create a higher volume of data for training the neural network models.

1.2 Objectives in the I*' Quarter

We aimed to develop a finite element simulation methodology for ultrasonic NDT and to conduct
early finite element simulations in which ultrasound travels through simple test geometries with
the material properties same as steel pipelines. We aimed to study elliptical crack embedded at
different locations in a steel plate.

Experimental Program in the 15 Quarter

2.1 Experimental design

No experiments were required or performed in the 1% quarter.

2.2 Computational setup

Computations were conducted on an existing workstation.

We studied finite element based numerical simulation requirements for sound wave propagation
in steel. For our we chose an ultrasound wave of 5 MHz frequency with a wavelength of ~1.2
mm. We obtained that 10-15 meshes per wavelength provided a numerically stable practical
element size. We also considered the Courant-Friedrichs-Lewy (CFL) condition and obtained the
maximum allowable time step for our simulations.
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Figure 1. 5MHz, 3 period raised-cosine type pulse signal used in the simulations.

A steel plate geometry with width 60 mm and thickness 20 mm was used in our simulations. 5
mm linear length at the bottom surface was taken as ultrasound signal exciter. Longitudinal wave
which is most commonly used was monitored inside the steel plate and at the receiver. Other
waveform such as shear wave and Lamb wave are sometimes used for certain applications.[>1] A
short 5 mm long ultrasound signal exciter with 5 MHz raised-cosine type waveform as shown in
Figure 1 was applied as boundary condition to the bottom edge of the plate thickness.[7!®]
Anomalies in the form of elliptical cracks were embedded in the steel plate and studied. We
conducted dynamic numerical simulations in Abaqus/Explicit and analyzed the displacement
history profile at the selected point receiver locations. Our analysis of the preliminary simulation
results show that we are able to a detect signal reflected from the embedded anomalies present in
the plate.

Results and Discussions

Ous

Figure 2. Simulation based wave propagation and displacement results in a plate (benchmark case
without anomaly) subjected to ultrasound wave excitation at the bottom edge

Figure 2 shows the magnitude of displacement inside a plate (without anomaly as a benchmark case)
at four different time frames of 0 us, 2 us, 3.5 pus and 6 us from top left to bottom right. The yellow
box indicates the longitudinal wave, the pink box indicates the shear wave, and the arrows mark the
directions of the wave travel. The longitudinal and shear wave are both clearly visible in the
simulation where the shear wave is traveling at approximately half of the speed of longitudinal wave,
which agrees well with the theoretical prediction. In the bottom right panel, the longitudinal wave
has been reflected from the other edge and traveling in the reverse direction.
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Figure 3. Simulation of wave propagation in a plate with elliptical crack present. Time history of
vertical nodal displacement at and near the bottom edge indicates the detection of the crack

As shown in Figure 3, we investigate the ultrasonic wave signal inside a plate with an embedded
elliptical crack. The pulse is assumed to be emitted right under the crack. The upper panel shows the
displacement field inside the plate at 3.9 ps, and the bottom panels are the time history of vertical
nodal displacement of two nodes. The input signal, and the received signal reflected back from the
elliptical crack are marked with blue and red ellipses, respectively. Although a strong pattern of
oscillation or a background noise is visible in the simulation, the reflected signal from the embedded
crack is still distinct. In the bottom left, the signal receptor node is selected to be on the boundary.
The black solid horizontal line indicates the theoretical prediction of the time needed for the wave to
travel and be reflected from the elliptical crack boundary. Given the material properties, the
theoretical sound speed is 5913 m/s and the total time needed to pick up the reflected signal is twice
the distance to the crack divided by the sound speed which turns out to be 5.41 us. As shown the
simulation result matches well with the theoretical prediction.

The presence of noise makes the ultrasound testing result more difficult to interpret and needs further
investigation. We found that at approximately 1 mm above the receiver edge, the signal appears to be
clear without any noise (shown in right bottom panel in Figure 3). We deduce that the noise occurs
due to the free boundary at the bottom of the plate which needs to further studied in order to
reduce/remove the unwanted noise. Possible signal processing techniques will be utilized including
cross-correlation, wavelet transform and Hilbert-Huang transform.”!
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Figure 4. Simulation of wave propagation in a plate with elliptical crack present in a different

location. Time history of vertical nodal displacement at and near the bottom edge indicates the

detection of the crack

Figure 4 is organized the same as Figure 3, except in this case, the crack is closer to the bottom
boundary. The displacement field in the upper panel is shown for 3.9 us. A comparison to figure 3
shows that the reflected longitudinal wave is closer to the bottom boundary in this case due to closer
proximity of the crack from the bottom edge. The time signal shown in the bottom panels of Figure
4, showed that the simulation results matched with the expected prediction.

Future work

In the coming quarter, we will continue to investigate the ultrasound NDT simulations in a
systematic way for additional scenarios. We will study the surfaces waves and undesired signal noise
generated at the ultrasound exciting plate edge with a goal to remove or minimize the undesired
signal noise. We have successfully implemented two dimensional plane strain condition simulation
methodology; in the near future we will extend this simulation capability for three dimensional
geometries as well. We also plan to purchase an ultrasound NDT detector and conduct preliminary
tests.

Extending beyond the next quarter, we aim to establish a machine learning algorithm using neural
network. Once the simulation methodology is well established, our goal will be to detect/interpret
anomaly size in addition to its location using machine learning. The set of numerical simulation data
will be randomly distributed into two groups, namely a training group and a validation group. Both
groups are necessary for calibrating and validating the reliability of the algorithm. We will also
develop probabilistic failure models for pipelines with anomalies.
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