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Business and Activity Section

(a) Contract Activity

No modifications were made to the contract.

(b) Status Update of Past Quarter Activities

The project started this past quarter (September 2020 — November 2020). During the first quarter, literature
review on existing models for slow crack growth and chemical exposure of high density polyethylene
(HDPE) were performed. A research kick-off meeting was conducted using Microsoft Teams with
technical representatives and leaders from DOT/PHMSA. We reviewed literature to evaluate HDPE
experiments for short time scales as well as for relatively longer time scales to study the slow crack
growth (SCG) in HDPE. Preliminary literature review was also conducted to understand modeling and finite
element simulations of ultrasonic wave propagation in HDPE and to understand the role of machine learning for
non-destructive evaluation of embedded cracks using ultrasound technique. Finite element simulation approach

for ultrasonic propagation in a test geometry using HDPE elastic property was laid out using commercial
software ABAQUS.



(c¢) Cost share activity

Partial support for graduate student tuitions and research staff were provided by Brown University School
of Engineering as per the cost share agreement.

(d) Tasks: Ultrasonic and Machine Learning Based Crack Measurement Method for HDPE

1. Background and Objectives in the 1% Quarter

1.1 Background

Brown and Lu’s proposed a phenomenological model!!) for the SCG rate at room temperature without
environmental effects for polyethylene. More recently SCG under chemical exposure!?) was studied
using numerical modeling. The chemical exposure numerical model proposed by Ge et al.l? focuses
on experiments and modeling of commercial diesel fuel and hydrocarbon-based surfactant. Typical
HDPE usage in pipelines require long term use and integrity!®). Accelerated testing methods have been
used 3] where increasing the temperature of the exposure environment reduces the testing period by
as much as factor of 5 as shown in Figure 1. Additional papers®7 have similar curves from creep
tests where there is an initial rapid elongation (short) period followed by a relatively slower elongation
rate where the curve is relatively flat until the point of failure.
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Figure 1. Example of temperature affecting failure time ¥/

Most experiments utilized either a single edge notch (SEN)IBI or a full notch tensile (FN) specimen
PIOII The specimen types in these tests have their unique characteristics and will be further evaluated
to see which one of these are ideal for our testing. Single edge notch specimens provide a direct way to
observe and measure the crack propagation in real time. Full notch specimens are better for exploring
cracks propagation within the material under relatively higher triaxial load conditions (Figure 3). The
primary method of measuring the displacements in the test sample is with extensometers#l12I131141115],
There is little mention of digital or virtual extensometers, which can be cosnidered for our testing. In
the literature the creep tests were conducted at stresses around 2 - 12 MPa (resulting in 9e-8 s to 7e-5
s strain rate). These tests lasted anywhere from 4 hours to over 4 months.
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Figure 2: Examples of a single edge notch tensile (SEN, left) and single edge notch bend (SEB, right)
specimens
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Figure 3: A4 Pennsylvania Edge Notch Test (PENT) specimen

Crack measurement is critical for evaluating the fitness-for-service of HDPE pipelines. An approach
for crack detection and characterization of HDPE pipelines is ultrasound nondestructive testing (NDT).
To enhance the accuracy of NDT measurements, advanced ultrasonic testing methods have been
developed.l'*1 71 However, these advanced methods are still limited in their ability to characterize crack
size due to significant uncertainties that occur due to reliance on human interpretation.['8Il!°1 Machine
learning is effective in eliminating human errors. Current trend in machine learning has proved useful
in the application of ultrasonic NDT. Margrave et al.?%! applied various types and configurations of
neural networks for flaw type identification in a steel plate. Six types of flaws, crack, porosity, inclusion,
slot, side-drilled holes and no flaw were investigated and the performances of different networks were
compared in this work. Liu et al.?! studied direct and indirect ultrasound NDT problems using neural
network for crack type and crack size classifications. Cau et al.??] utilized simulation and artificial
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neural network (ANN) to classify the position, width and depth of cracks in a pipe. Martin et al.[*] used
ANN to classify four types of spot welds including good weld, undersized weld, stick weld and no weld.
Sambath et al.?* and Liu et al.[>>! used ANN for the classification of different types of resistance spot
welding defects. Yang et al.l!é! compared different feature extraction techniques and the performance
of the ANN and support vector machine in addition to flaw type classification. Munir et al.l!”) applied
convolution neural network (CNN) to noisy ultrasonic signals to improve classification performance of
different types of welding defects. Wang et al.l'®¥ used CNN to conduct fault detection for data
imbalance conditions. Safari et al.'*lused ANN and images of interior defects to determine crack size
by image processing for HDPE specifically.

Even with many of the existing works, accurate crack size measurement (quantification) remains
challenging, due to the fact that it requires a sufficiently large and diverse database to train a neural
network for this cause. Experiment-driven works have their limitations in the sense that it is extremely
costly and time-consuming to fabricate enough controlled well labeled samples to create sufficiently
large database required for neural network training. We envision that a finite simulation driven approach
is suitable for creating a large database without losing real physics of ultrasound wave propagation and
reflection. Finite element simulation of ultrasound propagation has been investigated by researchers for
metal pipes.% In contrast to metallic materials, HDPE is a polymer which has viscoelastic behavior
that is time dependent.[*!] Moreover, viscoelasticity leads to the attenuation and dispersion of ultrasonic
waves.[*2133] The former is caused by the energy dissipation within viscoelastic material and frequency-
dependent phase velocity is responsible for the latter. These effects become more dominant as the pipe
thickness increases. Our hypothesis is that these effects might be negligible in certain scenarios (e.g.
when time scales of attenuation are much larger than the time scales associated with the ultrasound
wave return) where the pipe thickness is within tens of millimeters. We will study the effect of
viscoelasticity to test this hypothesis.

1.2 Objectives in the 1°' Quarter

We aimed to conduct literature review on the SCG of HDPE under different conditions. We aimed to
review and develop initial understanding of chemical exposure mechanical test conditions and
experimental set-up needs. We also aimed to conduct literature study on finite element simulations of
ultrasonic wave propagation in HDPE and machine learning models for crack detection and characterization. We
aimed to develop a preliminary finite element simulation methodology for ultrasonic NDT in HDPE material.

2. Experimental Program in the 1% Quarter
2.1 Experimental design

No experiments were performed in the 15 quarter.
2.2 Computational setup

Preliminary computations were started on an existing workstation.



We identified requirements for finite element based numerical simulation of sound waves propagation
in HDPE. We chose an ultrasound wave of 1 MHz frequency. 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 4. IMHz, 2 period raised-cosine type pulse signal used in the simulations.

A plate geometry with width 80 mm and thickness 20 mm is being considered for our simulations
where 5 mm linear length at the bottom surface is taken as ultrasound signal exciter. A short 5 mm
long ultrasound signal exciter with 1 MHz raised-cosine type waveform as shown in Figure 4 will be
applied as boundary condition to the bottom edge of the plate thickness. Anomalies in the form of
elliptical crack embedded in the plate will be studied. Our dynamic numerical simulations will be
conducted in Abaqus/Explicit and the displacement history profile at the receiver location node in the
numerical model will be analyzed. The material properties for the HDPE are summarized in Table 2.

Density (kg/m?) Young’s modulus Poisson’s ratio
(GPa)
954 1 0.43

Table 2. Material properties for HDPE
Overall future goals

We focused on literature review of SCG in PE and HDPE during the first quarter. We examined existing
models and experimental methods in investigating PE and HDPE slow crack growth. In the upcoming
quarters, we will design experiments to study the slow crack growth and crack propagation in HDPE
under different environmental exposure conditions. These experiments will utilize our MTS Bionix
material testing machine. Experimental results will be used to conduct mechanistic modeling of slow
crack growth. FEA simulations incorporating our new model will be conducted to see how our theoretical
model compares with the experiments.

In the first quarter, we conducted literature review on the ultrasound NDT of HDPE pipes and looked into
role of machine learning for accurate crack detection in HDPE. In the coming quarters, we will continue
to investigate the ultrasound NDT simulations for HDPE. We will also conduct Ultrasound crack
detection tests for validation of our finite element simulations and neural network based crack detection
method.



References

[1]. Brown, N., & Lu, X. (1995). A fundamental theory for slow crack growth in polyethylene, Polymer, 36(3),
543-548

[2]. Ge, H., Le, J., & Mantell, S. (2016). Numerical modeling of stress corrosion cracking of polymers, Engineering
Fracture Mechanics, 160, 199-212.

[3]. Interpretation Response #P1-92-038. (1992). Retrieved November 30, 2020, from
https://www.phmsa.dot.gov/regulations/title49/interp/P1-92-038

[4]. Schilling, M., Niebergall, U., & Bohning, M. (2017). Full notch creep test (FNCT) of PE-HD —
Characterization and differentiation of brittle and ductile fracture behavior during environmental stress cracking
(ESC), Polymer Testing, 64(October), 156—166.

[5]. N. Merah,F. Saghir,Z. Khan &A. Bazoune, (2013) Effect of temperature on tensile properties of HDPE pipe
material. Volume 35, Issue 5, Journal of Plastic, Rubber, and Composites.

[6]. Nezbedova, E., Hutat, P., Zouhar, M., Knésl, Z., Sad\'ilek, J., & Nahl\'ik, L. (2013). The applicability of the
Pennsylvania Notch Test for a new generation of PE pipe grades, Polymer Testing, 32(1), 106—114.

[7].Huang, B., Li, X., Zeng, Z., & Yang, N. (2016). Study on Viscoelastic Behavior During Slow Crack Growth of
Medium Density Polyethylene Pipes, Transactions of the Indian Institute of Metals, 69(6), 1257—-1265.

[8]. Schoeffl, P., Bradler, P., & Lang, R. (2014). Yielding and crack growth testing of polymers under severe liquid
media conditions, Polymer Testing, 40, 225-233.

[9]. Garcia, R., Carrero, A., Martin, C., & Dominguez, C. (2011). Effects of the structural components on slow
crack growth process in polyethylene blends. Composition intervals prediction for pipe applications, Journal of
Applied Polymer Science, 121(6), 3269-3276.

[10]. Robledo, N., Dominguez, C., & Garcia-Munoz, R. (2017). Alternative accelerated and short-term methods for
evaluating slow crack growth in polyethylene resins with high crack resistance, Polymer Testing, 62, 366-372.
[19]. Schellenberg, J., & Fienhold, G. (1998). Environmental stress cracking resistance of blends of high-density
polyethylene with other polyethylenes, Polymer Engineering and Science.

[11]. Schellenberg, J., & Fienhold, G. (1998). Environmental stress cracking resistance of blends of high-density
polyethylene with other polyethylenes, Polymer Engineering and Science.

[12]. Plummer, C., Goldberg, A., & Ghanem, A. (2001). Micromechanisms of slow crack growth in polyethylene
under constant tensile loading, Polymer, 42(23), 9551-9564.

[13]. Deblieck, R., Gerets, B., Boerakker, M., Caelers, H., Wilbers, A., & Boonen, T. (2019). Relation between life
time, failure stress and craze microstructure in polyethylene as evidenced by fracture surface texture analysis after
an accelerated Full-Notch Creep Test, Polymer, 176, 264-273.

[14]. Ben Hadj Hamouda, H., Laiarinandrasana, L., & Piques, R. (2007). Fracture mechanics global approach
concepts applied to creep slow crack growth in a medium density polyethylene (MDPE), Engineering Fracture
Mechanics, 74(14), 2187-2204.

[15]. Schaaf, F. (2008). Development of code case N-755, use of polyethylene (PE) plastic pipe for section I,
division 1, construction and section XI repair/replacement activities. In International Conference on Nuclear
Engineering, Proceedings, ICONE (pp. 963-969). American Society of Mechanical Engineers Digital Collection.

[16] Zheng, J., Hou, D., Guo, W., Miao, X., Zhou, Y., and Shi, J., "Ultrasonic Inspection of Electrofusion Joints
of Large Polyethylene Pipes in Nuclear Power Plants." ASME. J. Pressure Vessel Technol. December 2016;
138(6): 060908.

[17] Qin, Y., Shi, J., Zheng, J., Hou, D., and Guo, W., "An Improved Phased Array Ultrasonic Testing
6



Technique for Thick-Wall Polyethylene Pipe Used in Nuclear Power Plant." ASME. J. Pressure Vessel
Technol. August 2019; 141(4): 041403

[18] Y. Yao, S.-T. E. Tung, and B. Glistic, “Crack detection and characterization techniques—An overview,”
Struct. Control Heal. Monit., vol. 21, no. May 2011, pp. 1387-1413, 2011.

[19] A. A. Carvalho, J. M. A. Rebello, M. P. V. Souza, L. V. S. Sagrilo, and S. D. Soares, “Reliability of non-
destructive test techniques in the inspection of pipelines used in the oil industry,” International Journal of
Pressure Vessels and Piping, vol. 85, no. 11. pp. 745-751, 2008.

[20] F. W. Margrave, K. Rigas, D. A. Bradley, P. Barrowcliffe, “The use of neural networks in ultrasonic flaw
detection”, Measurement: Journal of the International Measurement Confederation 25 (1999) 143—154.

[21] S. W. Liu, J. H. Huang, J. C. Sung, C. C. Lee, “Detection of cracks using neural networks and
computational mechanics”, Computer Methods in Applied Mechanics and Engineering 191 (2002) 2831-2845.

[22] F. Cau, A. Fanni, A. Montisci, P. Testoni, M. Usai, “Artificial neural networks for non- destructive
evaluation with ultrasonic waves in not accessible”, Conference Record - IAS Annual Meeting (IEEE Industry
Applications Society) 1 (2005) 685-692.

[23] O. Martin, M. Lopez, F. Martin, “Artificial neural networks for quality control by ultrasonic testing in
resistance spot welding”, Journal of Materials Processing Technology 183 (2007) 226-233.

[24] S. Sambath, P. Nagaraj, N. Selvakumar, “Automatic defect classification in ultrasonic NDT using artificial
intelligence”, Journal of Nondestructive Evaluation 30 (2011) 20-28.

[25]J. Liu, G. Xu, L. Ren, Z. Qian, L. Ren, “Defect intelligent identification in resistance spot welding
ultrasonic detection based on wavelet packet and neural network”, International Journal of Advanced
Manufacturing Technology 90 (2017) 2581-2588.

[26] P. Yang, Q. Li, “Wavelet transform-based feature extraction for ultrasonic flaw signal classification”,
Neural Computing and Applications 24 (2014) 817-826.

[27] N. Munir, H. J. Kim, J. Park, S. J. Song, S. S. Kang, “Convolutional neural network for ultrasonic
weldment flaw classification in noisy conditions”, Ultrasonics 94 (2019) 74-81.

[28] Jing Wang, Wengqian Zhang, and Jinglin Zhou, “Fault Detection with Data Imbalance Conditions Based on
the Improved Bilayer Convolutional Neural Network”, Industrial & Engineering Chemistry Research 2020 59
(13), 5891-5904

[29] Shiva Safari and Mahdi Aliyari Shoorehdeli, “Detection and Isolation of Interior Defects Based on Image
Processing and Neural Networks: HDPE Pipeline Case Study”, J. Pipeline Syst. Eng. Pract., 2018, 9(2):
05018001

[30] Hanxin Chen, Kui Sun, Chanli Ke and Yunfei Shang, "Simulation of ultrasonic testing technique by Finite
Element Method," Proceedings of the IEEE 2012 Prognostics and System Health Management Conference
(PHM-2012 Beijing), Beijing, 2012

[31] Chen, G., Guo, S. and Li, Y., Dynamic rheological properties of high-density polyethylene/polystyrene
blends extruded in the presence of ultrasonic oscillations. J. Appl. Polym. Sci., 92: 3153-3158.

[32] Ping He, Jun Zheng, “Acoustic dispersion and attenuation measurement using both transmitted and
reflected pulses”, Ultrasonics 39 (2001) 27-32

[33]J. S. Egerton, M. J. S. Lowe, P. Huthwaite, and H. V. Halai, “Ultrasonic attenuation and phase velocity of
high-density polyethylene pipe material”, The Journal of the Acoustical Society of America 141, 1535 (2017)



