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Executive Summary 
 
This project was initiated in late October 2021 to evaluate several commercially available 
nondestructive examination (NDE) methods and techniques for detecting, characterizing, and 
sizing features, anomalies, and flaws in spoolable composite pipe (SCP) and reinforced 
thermoplastic pipe (RTP). The program scope of work is built on extensive laboratory-based 
inspection trials on numerous SCP and RTP pipe samples provided by several non-metallic pipe 
manufacturers as well as pipe samples removed from field service. The pipe sample matrix 
includes new, virgin pipe straight from the production line as well as virgin pipe that has 
intentionally induced damage or flaws to simulate expected field damage, and pipe removed 
from service containing an array of wear and tear features common to oil and gas field service 
operations. The controlled laboratory NDE inspections will allow for careful experimentation and 
evaluation of current state-of-the-art NDE methods and provide independent validation of NDE 
results.  
 
This report documents work completed under Task 1 to survey recent published literature 
describing related research on the development and implementation of various NDE 
technologies on composite and polymer materials. The objective of this literature review was to 
identify recent advances in NDE methods, sensors or data analysis and signal processing that 
may be valuable for inclusion in this program. This report fulfills the deliverable objective of Task 
1 under the project scope of work. 
 
This review was carried out over four months leading to a collection of more than 200 abstracts 
with more than 70 papers and technical reports selected for review by the EWI project team. 
The focus of the review concentrated on inspection methods that included computed 
tomography (CT), ultrasonic testing (UT), microwave and thermography techniques where they 
were used on polymer or composite materials similar to those used in SCP and RTP pipe, 
whether they were monolithic or multi-material combinations. 
 
Literature that specifically addressed inspection of SCP or RTP pipe was very limited. This 
implies that little to no research has been performed to date on these specific types of pipes, or 
at least very little has been publicly disseminated from any studies on NDE characteristics of 
these types of pipes. Regardless, numerous papers and reports did offer useful insight that will 
be considered in the development of the inspection procedures to be used in this program.  
The results of the literature review strongly indicate that there will be a need for multiple NDT 
methods to fully detect and characterize anomalies and damage in SCP and RTP pipe. The 
multi-layered structural composition of these pipes combined with the variety of types of 
damage and anomalies that can occur will likely require multiple NDE methods to be used to 
fully interrogate and quantify damage through an entire RTP or SCP pipe system. This report 
highlights specific attributes of various NDE methods that may have specific advantage for 
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inspecting certain layers or regions of RTP and SCP pipe. These attributes will be investigated 
in the project tasks to be completed in 2022 and 2023. 
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AE acoustic emission 
AIRT active infrared thermography 
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1.0 Introduction 
 
This report documents work completed under Task 1 to survey recent published literature 
describing related research on the development and implementation of various nondestructive 
examination (NDE) technologies on composite and polymer materials. The objective of this 
literature review is to identify recent advances in NDE methods, sensors or data analysis and 
signal processing that may be valuable for inclusion in this program. This report fulfills the 
deliverable objective of Task 1 under the project scope of work. 
 
This project was initiated in late October 2021 to evaluate several commercially available NDE 
techniques for detecting, characterizing, and sizing features, anomalies, and flaws in spoolable 
composite pipe (SCP) and reinforced thermoplastic pipe (RTP). Project funding is provided by 
the U.S. Department of Transportation (DOT) Pipeline and Hazardous Materials Safety 
Administration (PHMSA) under Agreement No.: 693JK32110010POTA with in-kind support from 
ExxonMobil, Baker Hughes, Shawcor, and key contributions from NDE4Zero LLC as a 
subcontractor.  
 
 

2.0 Background 
 
Use of SCP and RTP is increasing in many onshore and offshore oil and gas applications such 
as in gathering lines, subsea flexibles, jumpers, water injection lines and risers. This is being 
driven by increased availability of SCP and RTP having greater temperature and pressure 
operating limits, and larger pipe sizes that can increase the economics of non-metallic pipe as a 
viable alternative to traditional steel pipe. To safely utilize these pipes in more aggressive 
environments and as a potential replacement for applications where steel pipe has been widely 
used, limitations in inspection and condition monitoring techniques and knowledge of damage 
modes and tolerance limits must be addressed.  
 
While SCP and RTP manufacturers have a good history of producing quality products that have 
served the industry well for many years, increasing use of and implementation of these types of 
pipes in more demanding applications will require more rigorous engineering knowledge of and 
methods for quantifying the condition of these pipes and predicting their serviceability limits. 
However, limited capability currently exists for NDE of these pipes either as a manufacturing 
quality control (QC) tool or to assess in-service condition. This presents a significant gap to the 
development and implementation of robust engineering assessment methodologies and limits 
expanding use of these types of non-metallic pipe (NMP). Completion of this research effort will 
provide a critical foundation for the development of robust safety and integrity assessment 
methods for NMP. This project is focused on addressing defect and anomaly detection 
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technologies as input to determining maximum operating pressure and predicting service life 
limits.  
 
Description of SCP and RTP Pipe 
 
Both SCP and RTP pipe are composite pipe in that they are produced using different materials 
that are layered within the wall of the pipe. They are manufactured in long continuous lengths 
that are spooled for transport and storage. SCP and RTP pipe can be produced in continuous 
lengths up to 5,000 feet or more. They typically have three distinct layers characterized by an 
inner liner designed for fluid or gas flow and containment, a reinforcing layer that wraps around 
the inner liner that forms the primary resistance to stresses due to pipeline pressurization, and 
an outer jacket that protects the reinforcement layer from abrasion and wear during pipeline 
installation, ultraviolet rays (if the pipeline is left exposed on the ground), and potential damage 
due to typical service conditions (i.e., isolate the reinforcement from water, rock impingement, 
soil-corrosion interactions, etc.). The outer jacket also protects the reinforcement and inner liner 
at locations where metallic connectors are installed onto the pipe. 
 
Both types of pipes typically have a high-density polyethylene (HDPE) inner liner and outer 
jacket, although depending on design service conditions other inner liners such as nylon or 
polyamide can be used for higher temperature or corrosive service conditions. SCP pipes have 
a reinforcement layer made of glass fibers encased in a thermosetting epoxy resin matrix with 
the reinforcement layer bonded directly to the inner liner using an adhesive. Thus, the 
reinforcement layer is structurally connected to the inner liner. RTP pipes may have several 
types of reinforcement ranging from glass fiber strands wound over the inner layer with no resin 
matrix, or they may use thin steel strips or tape, steel wire or other composite fiber windings. 
The reinforcement layer in RTP pipe is unbonded and therefore the inner layer and 
reinforcement layer can slide relative to each other depending on loading conditions. 
 

 
Figure 1. General construction of SCP and RTP pipe (from Tatarov & Gareau 2014) 
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Figure 2. Image of the FlexFlow SCP pipe construction (Courtesy Shawcor website) 

 
The SCP and RTP pipes evaluated in this program have a design temperature and maximum 
allowable operating pressure of at least 180°F and 2200 psi, respectively. They can be 
manufactured in pipe diameters of NPS 2 in. to NPS 8 in. 
 
Typical Applications of SCP and RTP: 

• High-pressure water injection pipelines 
• Water transport and distribution 
• Effluent water disposal 
• Temporary surface lines 
• Oil and gas flow- and gathering lines 
• (Domestic) Gas pipelines 
• Multi-phase pipelines 
• Well intervention 
• Landing/export lines 
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(a) Reeled pipe ready for installation (b) A connector joining two spools of pipe 

Figure 3. Spoolable pipe in the field (from CAPP 2017) 

Outline of Project Scope 
 
The program scope of work is built on extensive laboratory-based inspection trials on numerous 
SCP and RTP pipe samples provided by several non-metallic pipe manufacturers as well as on 
pipe samples removed from field service. The pipe sample matrix includes new, virgin pipe 
straight from the production line as well as virgin pipe that has intentionally induced damage or 
flaws to simulate expected field damage, and pipe removed from service containing an array of 
wear and tear features common to oil and gas field service operations. The controlled laboratory 
NDE inspections will allow for careful experimentation and evaluation of current state-of-the-art 
NDE methods with independent validation of NDE results.  
 
The inspection methods to be used in this program include: 
 

• Computed Tomography (CT) 
o Used as the referee method combined with selective destructive sectioning 

• Ultrasonic test (UT) method and techniques 
o Air-coupled technique 
o Conventional single element technique 
o Time-of-flight diffraction (TOFD) technique 
o Phased array UT (PAUT) technique 
o Full matrix capture/total focusing method (FMC/TFM) technique 

• Microwave 
• Thermography method and techniques 

o Flash thermography technique 
o Equivalent wave thermography technique 
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The pipe matrix for the program includes virgin pipe straight from the production line and virgin 
pipe with intentional damage provided by each pipe manufacturer contributing to the program, 
and field-used pipe from one or more operators. Inspection activities will characterize anomalies 
and damage to the outer jacket, reinforcement layer, inner liner and the interface between pipe 
and connector. The type of features, anomalies, and damage to be examined in the program 
include: 
 

• Punctures 
• Tears or cracks 
• Gouges 
• Kinks 
• Crush damage (ovality anomalies and damage to inner liner and reinforcement) 
• Overloading of the reinforcement, including reinforcement failure 
• Disbonding or delamination of SCP reinforcement and inner liner layers 
• Pipe damage at connectors (i.e., cracks, gouges, tears, over compression of the pipe 

during installation, etc.) 
• Inner liner erosion 

 
Expected outcomes from this effort include: 
 

1. Understanding the capability of current NDE tools for quantifying the condition of SCP 
and RTP pipe, including detection, characterization, and sizing accuracy. 

2. Development of a best practice guide for implementing selected NDE methods as an in-
plant pipe manufacturing quality assurance – quality control tool. 

3. Better understanding of the NDE tools and methodologies that would be needed for field 
in-service inspection of SCP and RTP pipe. 

 
The initial activity in this program is a survey of publicly available technical literature from recent 
research on the development and application of various NDE methods for inspecting a wide 
range of polymer and composite materials. Potential insights gained from these corollary 
research initiatives may offer value to this program in fine-tuning the inspection methodologies, 
sensors, and data analysis approaches to be used in the upcoming laboratory NDE trials. 
 
This report documents the activities and findings of that literature review task. 
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3.0 Objectives 
 
Overall program objectives include: 
 

1) Evaluate selected NDE methods for detecting and sizing pipe body and pipe-to-
connector defects, damage, and anomalies in SCP and RTP pipes.  

2) Develop NDE inspection guidelines for new SCP and RTP pipe production QC methods 
and identify requirements for in-service field inspection. 

3) Characterize inner liner erosion performance and NDE detection of in-service erosion 
damage. 

 
 

4.0 Literature Review Process 
 
Numerous sources were used to identify and collect relevant research papers, project reports, 
and other public-domain materials describing development and application of various NDE 
methods for inspecting a range of polymer and composite materials. Sources included: two 
large electronic databases that contain more than 40 million global abstracts for materials 
science and engineering publications, the PHMSA website to gather publicly available published 
reports and other project files for related NDE projects funded by PHMSA, and EWI’s collection 
of published papers, journal articles and other publicly disseminated materials – published by 
EWI and other journal and conference sponsoring organizations such as ASME, ASNT, etc. 
under EWI authorship. 
 
This effort extended over four months leading to a collection of more than 200 abstracts with 
more than 70 papers and technical reports selected for review by the EWI project team. The 
focus of the review was concentrated on the inspection methods to be used in this program 
(various CT, UT, microwave and thermography techniques) where they were used on polymer 
or composite materials similar to those used in SCP and RTP pipe, whether they were 
monolithic or multi-material combinations. Literature that specifically addressed inspection of 
SCP or RTP pipe was very limited. This implies that little to no research has been performed to 
date on these specific types of pipes, or at least very little has been publicly disseminated from 
any studies on NDE characteristics of these types of pipes. Regardless, numerous papers and 
reports did offer useful insight that will be considered in the development of the inspection 
procedures to be used in this program.  
 
 

5.0 Brief Overview of NDE Methods of Interest to this Program 
 
For readers unfamiliar with NDE techniques, this section provides a very basic description of the 
underlying principles employed in the NDE methods and techniques to be used in this program 
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along with a list of advantages and disadvantages of each technique. Readers having more in-
depth NDE knowledge may wish to move to Section 6. 
 
The Objective of NDE Test Methods and Techniques 
 
Nondestructive testing (NDT) involves the application of NDE methods and techniques to 
quantify the condition of a material or component without destroying, cutting, or otherwise 
physically altering the object being investigated. Thus, NDT/NDE testing uses noninvasive 
techniques to determine the physical condition of a component or structure or to quantitatively 
measure certain physical characteristics of an object. A wide variety of NDE methods exist, but 
the most common use ultrasound, radiography, eddy current, thermal and acoustic emission 
methods, supplemented by less sophisticated methods such as visual and dye penetrant 
testing, which can only characterize surface features. 
 
A basic description of the underlying principles of the NDE techniques to be used in this 
program follows. 
 
Principles of X-Ray Computed Tomography (CT) Methods 
 
Computed tomography is a radiographic NDT technique used to locate and size internal 
features of a part in three dimensions. CT scanning was first developed and deployed in the 
medical field in the 1970’s. Since then, it has evolved for use in numerous industrial 
applications, including NDT/NDE testing of materials. CT methods use x-rays to penetrate an 
object from which the density of the material at any location can be measured. Defects, 
anomalies, and other features cause a local change in material density, which changes how the 
x-rays are absorbed as they pass through those features. 
 
A CT scan consists of a large number of 2D scans or images taken through the material, which 
when merged together form a 3D picture of the internal structure. Once these images have 
been reconstructed using sophisticated computerized methods, the structure of the part can be 
viewed through “virtual slices” taken through the object in any direction, allowing the internal 
structure, features, and flaws to be visualized and measured. 
 
Principle of Ultrasonic Test (UT) Methods 
 
While several approaches for implementing UT inspection exist, they are all based on the principle 
of exciting high frequency sound waves (i.e., ultrasound waves) into the material or part to be 
inspected. An ultrasonic wave is a mechanical vibration or pressure wave similar to audible sound, 
but with a much higher vibration frequency. For NDT purposes, the range is usually from 1 MHz 
to 30 MHz. 
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Special sensors called transducers or probes generate the ultrasonic sound wave and impart 
the wave into the couplant and testing material or directly into the material. The ultrasound wave 
moves along and through the material and is reflected when the wave hits a surface, such as 
the back edge of the component, or a defect embedded somewhere in the material. These 
features cause the sound wave to change direction and/or speed or intensity, and sensors 
placed on the test part can detect these changes in the sound wave propagation. Depending on 
the test requirements, these waves can be highly directional and focused on a small spot or in a 
thin line or limited to a very short distance. Thus, UT test techniques can be specifically tailored 
for characterizing the condition of a component based on what features are being sought or for 
the type of material and/or geometry of the part being inspected.  
 
Principle of Thermography Test Method 
 
Thermography NDE methods are based on the principle of generating a rapid heating of the 
surface of the material or part being inspected to produce a moving “thermal wave” in the 
material. This is often called infrared (IR) thermography. As the temperature of the part is 
increased, it gives off electromagnetic radiation – thermal radiant heating – which all heated 
objects will do. 
 
Infrared thermography is the process of using a thermal imager to detect radiation (heat) coming 
from an object, converting it to temperature and displaying an image of the temperature 
distribution. Images of the detected temperature distribution are called thermograms, and they 
make it possible to see heat-producing objects invisible to the naked eye. Physical defects and 
anomalies in the inspected part localize the heat allowing for detecting and sizing of these 
features. 
 
Principle of Microwave Test Method 
 
Similar to thermography methods, microwave inspection involves the generation of 
electromagnetic waves into a part, but at the microwave frequency realm. In microwave testing, 
the microwaves move through and interact with the part based on the dielectric properties of the 
material. Defects and anomalies cause the microwave to be reflected based on the size, 
location, and orientation of these features. Special sensors can monitor how the microwaves are 
influenced by these features in the part and allow determination of defect size among other 
physical characteristics. 
 
A list of advantages and disadvantages of these NDE methods and techniques is given below. 
Consideration of these advantages and disadvantages are important when planning NDE trials 
and defining the inspection protocols that should be used.  
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X-ray computed tomography (CT): 
 

Advantages: 
• Detection of small flaws 
• 3D viewing of parts and components 
• Accurate measurements of internal flaws and part features 
• Data files for measurement and retention purposes 

 
Disadvantages: 

• Slow 
• Limited part size and geometry 
• Requires access to both sides of pipe 
• High equipment cost 
• Large data file sizes 
• Not portable for field use 

 
Ultrasonic testing (Air Coupled) 

 
Advantages: 

• No couplant needed 
• Good inspection speed 
• Scan data files can be easily obtained 

 
Disadvantages: 

• Low portability 
• Pitch-catch probe arrangement required 
• Fixturing required to accurately align probes 
• Dead zones at inner diameter (ID) and outer diameter (OD) surface  

 
Ultrasonic testing (Conventional – single element) 

 
Advantages: 

• Widely used 
• Equipment readily available 
• Relatively low equipment cost 
• Portable 
• Good inspection speed 
• Good resolution 

 
Disadvantages: 

• Couplant needed 
• Typically used for manual scanning with no data file 

 
Ultrasonic testing (Time-of-flight-diffraction (TOFD)) 

 
Advantages: 

• Widely used primarily for weld inspection 
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• Equipment readily available 
• Relatively low equipment cost 
• Good inspection speed 
• Good resolution 
• Data file acquisition possible if encoded scanner is used 

 
Disadvantages: 

• Couplant needed 
• Not good for near (OD) surface detection 
• Pitch-catch probe arrangement required 
• Fixturing required to accurately align probes  

 
Ultrasonic testing (Linear phased array) 

 
Advantages: 

• Widely used 
• Equipment readily available 
• Portable 
• Good inspection speed 
• Good resolution 
• Electronic beam scanning, steering, and focusing 
• Data file acquisition possible if encoded scanner is used. 

 
Disadvantages: 

• Couplant needed 
• Equipment cost approx. 5x higher than conventional UT 
• Electronic beam scanning, steering, and focusing in one plane only 

 
Ultrasonic testing (2D matrix phased array) 

 
Advantages: 

• Equipment availability somewhat limited 
• Portable 
• Good inspection speed 
• Good resolution 
• Electronic beam scanning, steering, and focusing in multiple planes 
• Data file acquisition possible if encoded scanner is used. 

 
Disadvantages: 

• Couplant needed 
• Equipment cost approx. 8x higher than conventional UT 

 
Ultrasonic testing (Full matrix capture/total focusing method - plane wave imaging) 
 

Advantages: 
• Equipment availability somewhat limited 
• Portable 
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• Good penetration in non-metallic materials  
• Good inspection speed 
• Good resolution 
• Focusing at the receiver 
• Data file acquisition possible if encoded scanner is used 

 
Disadvantages: 

• Couplant needed 
• Equipment cost approx. 8x higher than conventional UT 

 
 
Thermography 

 
Advantages: 

• Good inspection speed 
• Data images or videos for record retention 
• Detection of subsurface changes in thermal conductivity  
• Measure emissivity variations at the surface  
• Can be non-contact method   
• Inspection area is limited by camera (large areas can be inspected at once) 
• Sensitive to delamination  

 
Disadvantages: 

• Emissivity differences can affect detection and repeatability 
• Environmental factors such as temperature and humidity could affect results. 
• Sensitive to surface reflections 
• Defect size detection limited by special resolution of lens and distance from target  
• Heat source may be directional – limited for use with flat surfaces  

 
Microwave 

 
Advantages: 

• Good inspection speed 
• Contact with component not necessary 
• Portable 
• Capable of detecting thickness of individual layers 
• Good detection of impact damage 
• Non-contact  

 
Disadvantages: 

• Microwaves do not penetrate conductors or graphite composites 
• Defect detection is orientation dependent  

 
 
  



 

Project No. 59408GTH Page 12 
 

6.0 Key Findings from Literature 
 
Highlights of relevant NDE research and notable findings from the literature review are 
summarized below. Some details and sources of literature reviewed are not included in this 
discussion. However, the most pertinent findings are discussed along with summaries of related 
research efforts that have particular relevance to this program. The discussion is organized by 
material type and includes key points found about the target NDE inspection methodologies in 
this program, which includes various UT methods, followed by microwave and thermography. 
 
Overview of NDE Methods and Materials 
 
More than 70 individual published papers and technical reports were collected for this review. A 
sizeable body of research exists for inspection of monolithic HDPE pipe and associated fusion 
welds, with limited research material available for inspection of SCP and RTP pipe. Inspection 
methods for monolithic HDPE pipe has relevance to this program considering that most SCP 
and RTP pipe has an inner liner and outer jacket consisting of monolithic HDPE. Several 
research papers were collected that describe developments for NDE inspection of various 
composite panels. A variety of composite materials and matrices are included. This research 
could help inform inspection practices that may be useful for SCP and RTP reinforcement layers 
and for inspecting through either the inner liner or outer jacket to interrogate the reinforcement 
layer. In addition, many of the research papers on NDE of composite materials address 
detection of damage similar to that expected in SCP and RTP pipe. For example, reinforcement 
filament or fiber damage and disbondment between the reinforcement and inner liner are likely 
to have similar characteristics to damage and disbondment in a wide assortment of other 
composite and multi-layered materials.  
 
Collectively, this body of literature does provide some insights as well as limitations that are 
likely to be encountered in this program as NDE methods are applied to the inspection of SCP 
and RTP pipe.  
 
The collected literature base describes research covering the following NDE techniques and 
materials or applications. 
 

1. HDPE pipe and fusion welds (electrofusion, butt fusion and saddle fusion joints) 
a. NDE methods: UT and PAUT, TOFD, FMC/TFM techniques 

2. SCP and RTP pipe 
3. Filament-wound glass reinforced epoxy pipe 

a. NDE Method: UT 
4. Adhesively bonded couplings 

a. NDE method: UT 
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5. Carbon fiber reinforced polymers 
a. NDE methods: UT and microwave 

6. Glass fiber reinforced polymer (GFRP) panels 
a. NDE methods: UT and air coupled UT (ACUT) technique; IR and active infrared 

thermography (AIRT) technique 
7. Filament wound glass epoxy composite pipe 

a. NDE method: ACUT 
 
Key findings based on material or application are summarized below. 
 
Key Findings from Recent Research on HDPE 
 
Over the last 15+ years, ultrasonic inspections of simple high-density polyethylene (HDPE) pipe 
used in the gas distribution industry have advanced with a focus on evaluation of the pipe base 
material, electrofusion (EF) lap, butt fusion (BF), and saddle fusion (SF) joints (welds). Much of 
this research centered around phased array ultrasonic testing (PAUT), which was pioneered 
and used with promising success during an open trial to detect and visualize defects in 
electrofusion lap joints in HDPE as reported by Lozev et al. 2005. Figure 4 shows fused and 
unfused areas in EF joints that were part of this study.  
 

 
Figure 4. Fusion Zones of Typical EF Joint 

 
To minimize the effects of beam skew and velocity variations in the joint, a linear PA probe was 
used. Several PAUT probes were used in a pulse-echo mode to transmit and receive high-
frequency longitudinal waves in the joints. Electronic scanning and focusing, using PAUT 
principles to obtain B-scans and sectorial (S-) scans, were deployed to ensure complete weld 
volume inspection, even in the presence of unpredictable beam skew. The use of dynamic 
depth focusing (DDF) minimizes the noise due to the EF joint structure, improves the imaging of 
the flaws and allows easier interpretation of the scan results. Artificial flaws were implanted in 
the welds using Kapton® tape, aluminum and steel foils, pipe compound and light dirt. These 
features were detected using 7.5- and 5-MHz PA ultrasonic probes. Test samples were 
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destructively sectioned to validate the PAUT results. Figure 5 shows the PAUT setup while 
Figure 6 illustrates the effectiveness of PAUT for imaging a joint containing intentional dirt to 
produce incomplete fusion. 
 

 
Figure 5. PAUT Inspection Setup 

 
Figure 6. PAUT Images of Detected Implanted/Seeded Light Dirt 
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Test samples were destructively sectioned and good agreement between PA and destructive 
testing (DT) was achieved. However, it was found that simulated flaws in the welds such as oil 
contamination, angular misalignment of the joint and poor joint quality associated with no joint 
edge scraping or cleaning of the pipe surface were not detectable with PA technology. 
Ultrasonic measurements of the flaw size in the longitudinal direction of the pipe were achieved 
with reasonable accuracy but in the circumferential direction, sizing was not possible without 
encoders.  
 
The phased array technique has been specifically optimized for the reliable detection of lack of 
fusion, lack of penetration and voids in HDPE electrofusion joints as described by Caravaca et 
al. 2007. An ultrasonic prototype was developed to provide inspection of electrofusion couplers. 
Also, an ultrasonic method was developed to determine whether the weld heating cycle was 
applied correctly to the electrofusion joint. The results of the extensive laboratory experiments 
and the field application of a prototype system were presented. 
 
Ultrasonic modeling and simulations were conducted to support advanced engineering 
applications of PAUT for inspection of HDPE BF and SF joints as reported by Lozev and 
Spencer 2007, and Lozev and Spencer 2008. Ultrasonic simulation and virtual optimization 
work was based on a two-step, semi-analytical approach using a software package for 
processing, imaging, and simulating ultrasonic data. Figure 7 provides a schematic of the setup 
approach. 
 

 
Figure 7. PAUT BF Interaction Model  

 
The simulation results were successfully validated using an optimized PAUT procedure during 
an open trial on PE BF joints with implanted and natural flaws. Figure 8 shows pipe cross-
sectional views indicating the type and location of some flaws. 
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Figure 8. PAUT Polar View Imaging of Flaw in BF joint 

 
The detection and sizing capabilities of current state-of-the-art phased-array PAUT techniques 
were defined for NDE of EF, BF, and SF joints in HDPE gas distribution pipelines as reported by 
Lozev et al. 2008. Figure 9 illustrates some of the PAUT techniques used in this study. 
 

 
a) 
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b) 

 
c) 

 
d) 

 
Figure 9. PAUT Techniques: a) Focused and Steered Normal Beam for horizontal/parallel 

Planar flaw detection; b) Tandem for Vertical Planar Flaw Detection; c) Focused and 
Steered Normal Beam for Planar horizontal/parallel flaw detection in SF joints from the 
rim; d) Focused and Steered Normal Beam for Vertical Planar flaw detection SF joints 

from the side. 
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PAUT flat bottom hole calibration approaches and scans illustrating several types of flaws in EF 
weld joints are shown in Figure 10 and Figure 11. 
 

 
Figure 10. PAUT EF Imaging of Calibration Flat Bottom Holes 
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a) 

 
b) 
 

Figure 11. PAUT EF Data Displays of LOF: a) – A, B, C, D-scans; b) – polar view  

 



 

Project No. 59408GTH Page 20 
 

PA procedures were then optimized, and the performance validated in the laboratory and in 
the field. Artificial defects consisting of aluminum disks with various diameters were 
implanted in the joints of polyethylene pipes to simulate lack of fusion (LOF). Blind tests of 
EF joints by multiple UT operators were performed for a probability of detection (POD) and 
sizing study. 
  
Detection performance with 90% POD and 95% confidence of a90/95 = 5.5 mm was 
demonstrated. “a90/95“ is the most quoted detection performance parameter in the literature. 
It means that 90% of the defect with this size will be detected and this is true in 95% of the 
inspections under similar conditions (equipment, operators, environment etc.). Sizing length 
error better than 10 mm at -95% LUS was achieved. “-95% LUS” is referred as “95% lower 
limit against under-sizing”.  
 
PAUT detection performance and sizing length error is shown in Figure 12.  
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     Figure 12. PAUT detection performance and sizing length error 

 
Typically lack of proper heating creates weak/cold EF joints with inadequate fused area, which 
is often considered as a weld flaw (defect). PAUT technology can image and measure the 
vertical height of the heat affected zone (HAZ) because of the differences of acoustical 
impedances in the base material of the fitting and in the cross-linked HAZ area. A D-Scan view 
was used to determine the vertical height of the HAZ. PAUT measurements were verified 
destructively by cross sectioning and visualizing the HAZ height using an EWI patented 
technique. D-scan views of two joint cross-sections are shown in Figure 13. 
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Figure 13. D-Scan view and cross sections of joint heated at 460 Sec. 

 
A linear correlation between cross sectioning results and PAUT predictions for vertical height of 
HAZ were also found. The results are shown in Figure 14. It was confirmed that D-Scan view 
can be used to accurately determine the vertical height of the HAZ and access EF joint quality. 
 

 
 

Figure 14. Correlation between cross sectioning results and PAUT predictions for the 
vertical height of EF HAZ 

 
An inspection system was developed with capability of detecting lack of fusion defects greater 
than 6-mm circumferential length with a 2 mm through wall height within HDPE pipework using 
phased array technology as described in MacLennan et al. 2012. This paper provided useful 
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insights with respect to challenges overcome during the development for manufacturing 
representative test blocks. PAUT results are compared with radiographs in Figure 15 illustrating 
the detection capability of PAUT. 
 

 

 
 

 Figure 15. Correlation between Radiography and PAUT 
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Pettigrew 2014 describes a large-scale pipeline NDE validation program that was undertaken to 
evaluate the use of ultrasonic TOFD complimented by PAUT for volumetric inspection of BF 
welds. In addition, PAUT was used for the volumetric inspection of EF welds during the same 
program. Figure 16 below provides images for some of the inspection set-ups.  
 

 
Figure 16. TOFD and PAUT inspection set-ups from Pettigrew 2014 

 
Figure 17 compares some of the BF PAUT and TOFD inspection results from the Pettigrew 
2014 study.  
 
Figure 18 (a), (b), (c) and (d) show several inspection images for various defects in EF joints in 
HDPE as part of the Pettigrew 2014 study. These results illustrate good ability to detect wire 
misalignment in the EF coupler, surface scratches on the pipe and volumetric features such as 
defects produced by sunscreen contamination in the joint and pipe misalignment in the coupler. 
Considering that the wires in the EF couplers are embedded, this suggests that PAUT should be 
promising for inspecting SCP and RTP reinforcement layers. The ability shown by Pettigrew to 
detect surface scratches and volumetric features also suggest UT may be effective at finding 
similar features in SCP and RTP pipe. However, development and optimization of inspection 
procedures specific to SCP and RTP pipe are anticipated. 
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Figure 17. BF PAUT and TOFD Inspection Results 
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(a) 
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(b)  
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(c) 
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(d) 

Figure 18. (a). Scans showing incomplete fusion from sunscreen contamination in the 
joint (b). Scans showing scratches and misalignment of the pipe in the coupler (c). Scans 

showing effect of heat time and peeling in the joint (d). Scans showing effect of voids 
and air bubbles 

 
A PAUT system capable of inspecting BF and EF joints in polyethylene pipes of diameters 
between 90 and 800 mm was described in Troughton et al. 2012, and Hagglund et al. 2014. 
These two different types of weld joints having different geometrical structures and fusion zones 
that vary in location, orientation, and size were examined with results reported in these papers. 
Several individual techniques were applied to fully cover the weld fusion zones. These 
techniques were configured in a simple and easily deployable system. The PAUT system 
utilized membrane water wedges for overcoming some of the problems related to the acoustic 
properties in plastic pipes. The details of the system were described, and its capabilities 
evaluated. Case studies showing on-site inspection work are presented, providing confidence in 
the inspection results. A set of linear, sector, and creeping wave scans from this work are 
shown in Figure 19.  
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Figure 19. EF and BF PAUT Results from large diameter PE pipes 

 
PAUT has been applied for investigation of the integrity of thick HDPE BF joints and mitered 
joints in Searfass et al. 2015. The scanning technique utilized a PAUT phased array pitch-catch 
scanning method and longitudinal, transmit-receive (TRL), matrix probes operating in a pitch-
catch configuration that provides full volumetric coverage of the fusion zone for the detection of 
inclusions and surface-breaking defects. The transmitting and receiving probes were placed 
adjacent to one another to scan the pipe using refracted longitudinal waves with a half path 
focusing method. Empirical results supported by numerical CIVA modeling were presented to 
demonstrate capabilities of this technique for detection of voids and inclusions. Additionally, the 
effects of temperature on focalization and the proper countermeasures were discussed. The 
ability of the developed PAUT technique to detect a 2.7-mm defect anywhere in the BF zone of 
a straight or mitered joint was demonstrated. Figure 20 shows an example of the PAUT TRL 
response for a surface breaking flaw on the inside diameter surface. 
 

 
Figure 20. Indication of a 2.7-mm inner diameter surface breaking defect using PAUT 
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A useful review of nondestructive examination technology for HDPE pipe and examples of 
PAUT results for EF and BF joints inspected per ASME Code Case N755 have been published 
by Kim et al. 2016 and Zheng et al. 2018. Figure 21 illustrates some of the results for an EF joint 
in HDPE having a variety of flaws or anomalies as well as for sound pipe having no indications. 

 
Figure 21. Typical PAUT results in an EF joint (a) metal wire dislocation, (b) void (c) poor 

fusion (d) cold weld (e) normal 
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Evaluation of the effect of 32-128 elements PAUT aperture on the detection of parent material 
inhomogeneities and planar flaws created using implanted stainless steel disks in HDPE BF 
joints using 2-MHz matrix probes and a transmit-receive longitudinal (TRL) technique was 
presented in Crawford et al. 2017. True-state information on parent material and joints with 
attempted fine particulate contamination and cold fusion/lack of fusion defects were obtained 
using RT or high-resolution CT examination and destructive testing for validation. The true-state 
data was successfully reconciled with PAUT data. Figure 22 provides a set of results 
documenting the aperture effect on the signal-to-noise ratio (SNR). 
 

 
Figure 22. Aperture Effect on PAUT TRL Technique Capability 

 
HDPE parent material and welds flaws were identified and NDE techniques have been reviewed 
in Egerton 2018. This work included modeling of ultrasonic array inspection of HDPE parent 
material, EF, and BF pipe joints of cooling water pipework with improvements of PAUT 
procedures proposed. 
 
The relationship between acoustic attenuation and dispersion of longitudinal waves using 
normal focused and steered beam in HDPE was obtained by numerical field simulation (Qin et 
al. 2019). The linear relation between peak offset and propagation distance was studied. An 
improved delay law was proposed to increase the intensity of the ultrasonic field. This improved 
delay law was compared with the conventional one by numerical simulation of the ultrasonic 
field and PAUT experiments, which showed that the improved delay law could increase the 
image sensitivity. Figure 23 illustrates the effect of the improved delay law using A-scans. 
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Figure 23. PAUT conventional and improved delay laws 

 
The use of TOFD for enhancement of HDPE pipe BF butt joints inspection for oil and gas and 
nuclear safety related cooling water applications was reported in Smith et al. 2019. Figure 24 
provides an example of the TOFD enhancement for lack of fusion and porosity defects in a 
pipeline. 
 

 
Figure 24. TOFD enhancement of HDPE in pipe BF butt joints showing lack of fusion and 

porosity 

 
Optimization of HDPE ultrasonic inspections was discussed with a summary of ASME Section V 
Article 4, and mandatory Appendix X requirements for all ultrasonic techniques required for 
examination of fusion joints of HDPE pipes by Reverdi 2020. The code specifies that all 
classical parameters related to calibration checks, sensitivity settings, sizing method, and scan 
plan be provided, and that the examination coverage should include the fusion face ± 8 
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millimeters (0.3 inches) on each side of the weld joint. Imaging examples of optimized TOFD 
and PAUT (with and without wedge) procedures were included. A no-wedge configuration 
allows detection of all the defects without any wedge echoes. Despite being at normal 
incidence, the no-wedge configuration allows detection of the top side drilled holes (SDH). The 
high attenuation leads to lower frequency content and the pitch of the probe becomes quite 
small compared to the wavelength. The configuration thus does not generate any grating lobes. 
Figure 25 provides an example of a no-wedge imaging result. 
 

 
Figure 25. PAUT no-wedge configuration imaging 

A new TFM technique called plane wave imaging (PWI) has been introduced. While the 
classical TFM reconstruction process uses the full elements of the probe, the FMC excitation of 
only one element may not be enough while inspecting thick and attenuative materials. Instead of 
firing the element one by one, during PWI process the system performs a sectorial scan with 
few angles for the emission and TFM for reconstruction. Firing all the elements at the same time 
sends more energy into the part leading to better sensitivity. 

The results of using PWI with a 35 to 85° sectorial scan and a step of 3° to inspect the 35-mm 
(1.4-in) HDPE sample have been presented with the gain used and scanning speed achieved. 
Figure 26 compares TFM and PWI for a side drilled hole while Figure 27 compares these 
methods for a notch. 

https://eddyfi.com/en/blog/increasing-productivity-and-sensitivity-with-total-focusing-method-and-plane-wave-imaging
https://eddyfi.com/en/blog/increasing-productivity-and-sensitivity-with-total-focusing-method-and-plane-wave-imaging
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Figure 26. TFM (left) vs. PWI (right) imaging of SDH  

 

 
Figure 27. TFM (left) vs. PWI (right) imaging of a notch 

 
The gain required for PWI is 17 dB less compared to FMC/TFM. The electric noise starts to 
appear when looking at the notch. The SNR measured for the tip diffraction is 13 dB while it is 
28 dB with PWI. This is particularly important when dealing with thick HDPE components. The 
overall energy level, thus sensitivity, depends on the number of angles used during the 
PWI/TFM process. It is therefore possible to improve even more by using more angles for the 
emission. The scanning speed was also improved by a factor greater than three times. 
 
Several standards and code documents provide useful guidance for inspection of PE weld 
joints. ASTM standard E3044 describes an approach to use either or both TOFD and PAUT on 
butt fusion joints (ASTM 2016). ASTM E3170/E3170M-18 is a Standard Practice for Phased 
Array Ultrasonic Testing Of Polyethylene Electrofusion Joints (ASTM 2018). ASME BPVC, 
Section 5, Mandatory Appendix X describes the requirements for the examination of butt fusion 
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welds in HDPE pipe using encoded pulse echo, phased array, or TOFD ultrasonic techniques 
(ASME 2021). These documents will be referred when EWI develops the laboratory inspection 
procedures in Task 3 of this program.  
 
NDE techniques with a focus on ultrasonic technology applied to HDPE BF joints uses, limits, 
and codes acceptance criteria has been reviewed (Svetlik 2019). This review is useful as a 
convenient reference for code acceptance requirements for HDPE inspection. These 
requirements can provide a baseline for the initial inspection procedure development efforts to 
be used in this program. 
 
Prowant et al. investigated UT of butt fusion joints on 12-in. diameter PE4710 pipe. Thermal butt 
fusion joints were made with the weld bead left in place. A TRL mode was used with two 128 
element PAUT probes in a side-by-side arrangement. A 2 x 128 2D matrix probe (2 MHz) was 
used with elements in a 32x4 arrangement and beam angles between 25 and 85 degrees. 
Apertures of 32, 64, and full 128 elements were evaluated. Flaws were implanted using 
stainless steel discs in the pipe wall at various depths. An integrated water column was used. 
The 64 and 128 element apertures had similar detection capability with 128 element apertures 
having the best SNR. The 32-element array SNR was worst. Flaws near the OD were most 
difficult to detect. 
 
Sheng determined that the attenuation coefficient of PE had an approximately linear relation 
with frequency and that phase velocity rose logarithmically with frequency. The effects of 
attenuation and dispersion on amplitude spectrum and waveform in time domain of the target 
signal were investigated. Frequency downshift and time delay shift had an influence on image 
resolution and focus capability and were believed to be a restriction of current inspection 
technology. This work also theoretically proved that lower testing frequencies (less than 2.5 
MHz) could improve the inspection effectiveness of the applied inspecting systems for HDPE 
pipes. 
 
When a broadband ultrasound pulse passes through PE pipe, the waveform of the pulse 
changes as a result of the attenuation and dispersion of PE causing different arrival times of the 
sound energy. As an example, over an inspection distance of 80 mm, the acoustic signal with 
an original center frequency of 5.0 MHz drops to 3.5 MHz - a decrease of 1.5 MHz, while that 
with 2.5 MHz drops to 1.65 MHz or a decrease of 0.85 MHz. Hence, lower frequency has a 
better inspection stability when acoustic attenuation is considered, which is consistent with the 
results of other field inspection data. 
 
Zhu, et al. 2014 investigated active infrared thermography for defect detection in PE pipes. Their 
experimental setup is shown in Figure 28. 
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Figure 28. Active thermography setup used by Zhu et al. 

 
The pipe defect pattern and corresponding thermography scans are shown in Figure 29 (a) and 
(b). 
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(a)  

 
(b) 

Figure 29. (a) Defect layout in pipe section (b) Thermography image of defect pattern 

Zhu et al. performed a similar set of trials on intentional defects in BF joints HDPE pipes. Figure 
30 (a) and (b) show the BF joint and corresponding scan results. These results illustrate the 
potential of active thermography for both pipe body and joint defect characterization. 
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(a) View of the BF joint bead (b) Thermography scan 

Figure 30. Active thermography inspection of defects in BF butt joints in HDPE pipe 

Sham et al. 2019 examined active and passive thermography for inspecting HDPE liners in 
underground sewer systems. They found that active thermography methods were best for 
finding unbonded or disbanded features (using hot air to heat pipes) while leaks (water 
seepage) were more easily found with passive methods. In addition, the paper documents that 
the minimum detectable size of defects depends on the spatial resolution of the infrared camera 
lens and the distance between the infrared camera and the target area. The minimum detection 
size of an infrared camera lens is determined by multiplying the instantaneous field of view 
(IFOV) by the distance in meters from the lens to the inspection surface. 
 
Pan et al. 2013 examined microwave methods for cold weld defects in HDPE fusion welds. The 
paper describes the microwave principal for non-metallic materials as follows: 
  

“The basic operating principle of microwave NDT for nonmetallic pipes is based on 
the backscattering of microwaves as they travel from one medium to another with 
different dielectric constant. A defect in a nonmetallic pipe can be regarded as a new 
medium with a different dielectric constant from the surrounding material. Hence it 
scatters the microwaves at a different rate and phase from the surrounding media.”  

 
By measuring the reflection coefficient of an HDPE weld sample at varied frequency points 
within a certain range, the most sensitive frequency at which the reflection coefficient exhibited 
biggest differences among the weld samples can be determined.  
 
The microwave test system used in this study includes a vector network analyzer (Agilent 
E8357A, maximum frequency = 20 GHz), rectangular waveguide, with a horn antenna. Figure 
31 shows the setup. 
 
Cold weld defects in the weld were sensitive to microwave at the frequency of 9.9 GHz, where 
the reflection coefficient S11 showed most significant differences between the good weld and 
the defect-containing welds. 
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Figure 31. Setup for microwave inspection of fusion welds in HDPE pipe 

 
Key Findings from Recent Research on Filament Wound Glass Reinforced Epoxy Pipe 
 
An ultrasonic conventional technique using a commercially available system having a 5-MHz 
broad band dual/twin crystal contact probe with the frequency characteristic of the flaw detector 
receiver–amplifier set to 2 MHz was used successfully to assess impact damage in filament 
wound glass reinforced epoxy pipe subjected to seawater at the rated internal pressure, 20 bar 
(2 MPa) at ambient temperature (Ashton et al. 2003).  
 
The ultrasonic method developed has been used to quantitatively examine impact damaged on 
pipes by three different nose-shaped indenters, both before and after exposure to seawater. 
Ultrasonic measurements of the extent of the damage have been compared with measurements 
taken from micrographs of sections of the damaged regions. See Figure 32 for examples of 
ultrasonic amplitude based and visual imaging of impact damage. Figure 33 shows ultrasonic 
time of flight imaging results of impact damage. These results demonstrate good ability to 
quantify this type of damage. 
 
The test results showed that impact damaged pipe exposed to seawater at the rated pressure 
for up to 6 months displayed no increase in the extent of the damaged region. Ultrasonic 
measurements of the extent and distribution of the damage through the pipe wall agreed well 
with measurements taken from micrographs.  
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Figure 32. Ultrasonic amplitude based and visual imaging of impact damage  
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Figure 33. Time of flight based imaging of damage by a conical-nosed indenter 

 
  
Key Findings from Recent Research on Filament Wound Glass Reinforced Epoxy Pipe 
 
A similar ultrasonic method as described on the previous page has been used to detect and 
quantify lack-of-bond defects in adhesively bonded couplings. 
 
Good agreement was achieved with the ultrasonic measurement of the lack-of-bond defects in 
the adhesively bonded couplings. The results have demonstrated that the ultrasonic method 
developed is an effective technique for the evaluation of impact damage in pipes and for the 
detection of lack-of-bond defects in couplings. Figure 34 illustrates the pipe coupling 
configuration while Figure 35 shows relative locations of buried defects between the coupling 
and pipe.  
 
These results suggest similar results may be possible for inspection underneath connectors on 
RTP and SCP pipe. 
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Figure 34. Schematic showing an adhesively bonded pipe coupling configuration 
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Figure 35. Schematic showing buried defects in an adhesively bonded pipe coupling 

 
 
Key Findings from Recent Research on Carbon and Glass Fiber Reinforced Polymers (CFRP 
and GFRP) 
 
The fatigue properties of carbon fiber reinforced polymers (CFRP) have been investigated using 
linear and nonlinear ultrasonic and microwave techniques as reported in Backe et al. 2012. 
Nonlinear ultrasonic spectroscopy is a technique with special sensitivity to incipient damage 
(micro-cracks, delamination etc.) and weak joints. This technique exploits the increase in 
nonlinearity of forces transferring ultrasound with a decrease in bond strength. The nonlinearity 
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in sound propagation causes higher and sub-harmonic generation as well as mixing of the 
excitation frequencies and a shift of resonances to lower frequencies with increasing excitation 
amplitude. The spectra of subsequently measured ultrasonic signals will allow observation and 
evaluation of damage development and progress. Figure 36 shows an example setup and 
amplitude response for a nonlinear UT system. 
 

 
Figure 36. Schematic sketch of nonlinear ultrasonic spectroscopy system 

 
The reflection and transmission behavior of microwaves (wave lengths in the range of decimeter 
to millimeter) is determined by the specimen geometry and its complex permittivity. Following 
the basic equations of the interaction between electromagnetic waves and conducting and 
nonconducting (dielectric) materials (Fresnel equations), the electric conductivity determines the 
imaginary part of the permittivity: Decreasing conductivity increases reflection and decreases 
transmission of microwaves. Figure 37 illustrates the setup for a microwave reflection technique. 
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Figure 37. Microwave measurement set-up using reflection technique 

 
The evaluation of impact damage in 2.5-mm thick CFRP composite structures based on fusion 
of results of ultrasonic testing and x-ray CT has been published in Katunin et al. 2020. In order 
to determine the estimation error a comparative analysis has been performed on NDT results 
obtained for artificially damaged carbon fiber-reinforced composite structures using two UT 
methods and x-ray CT. The latter method was considered here as the reference one, since it 
gives the best spatial resolution and estimation accuracy of internal damage among the 
available NDT methods. Fusing the NDT results for a set of pre-damaged composite structures 
with various energy values of impact and various types of impactor tips applied for introducing 
damage, the evaluation of estimation accuracy of UT was possible. The performed analysis 
provided a comparison between UT and x-ray CT NDT results and lead to a proposal of a 
correcting factor for UT results for impact damage in the analyzed composite structures.  
 
Air-coupled ultrasonic testing (ACUT) has been used to estimate internal defects (e.g., 
inclusions, delamination, excess resin or lack of) in composite glass fiber reinforced polymer 
(GFRP) panels (Quattrocchi et al. 2020). ACUT has been expended as a valid alternative to 
overcome the strong limitation of conventional ultrasonic testing in achieving an efficient contact 
between the transducers and the testing surfaces. Figure 38 shows the ACUT setup. 
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Figure 38. Air-coupled ultrasonic testing setup 

 
Simulated delamination of different sizes was analyzed as well as excess and lack of resin. 
Results highlighted that a good signal-to-noise ratio can be achieved for delamination greater 
than 15 mm with correct defect shape recovering, hence making ACUT an appropriate choice 
for the interactive engineering design and manufacturing of boats. Figures 39 through Figure 42 
illustrate some of the results from this study. 
 
Based on these results, ACUT may be promising for interrogating disbonding or delaminations 
and damage to reinforcement layers in RTP and SCP pipe. 
 

 
Figure 39. Influence of frequency on Air-coupled ultrasonic testing detection and imaging 
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Figure 40. Effect of beam focusing on Air-coupled ultrasonic testing detection and 

imaging 

 

 
Figure 41. Effect scanning steps and speed on Air-coupled ultrasonic testing detection 

and imaging 
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Figure 42. Effect of acquired ultrasonic signal gain on Air-coupled ultrasonic testing 

detection and imaging 

 
ACUT and active infrared thermography (AIRT) have been compared by performing 
experimental tests on two reference glass fiber-reinforced polymer (GFRP) composite panels 
(10 and 2 mm thick) with synthetic defects (Quattrocchi et al. 2021). Polytetrafluoroethylene 
(PTFE) and aluminum inserts with different sizes and located at various depths were used as 
artificial defects. The relative merits and drawbacks of the two techniques were highlighted in 
terms of defect size sensitivity, maximum depth that can be detected, and thermo-physical 
properties of the reflector. Figure 43 43 (a) and (b) illustrate the inspection setup. 
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Figure 43. Images showing the experimental setup of the ACUT (a) and AIRT (b) 

equipment 

 
ACUT were carried out in transmission mode using a control system (SecondWave™ M510, 
The Ultran Group) and two GMP™ transducers (NCG500-D25-P76, The Ultran Group), one 
working as a transmitter and the other as a receiver. A dedicated two-axis motorized stage was 
used for scanning the target surface with a defined scan rate, moving the transducers 
continuously along the x-axis and in a step-by-step mode along the y-axis. The control system 
used a tone burst coupled to a transducer with a matched frequency (narrow band). The 
transmitter had an active diameter of 25 mm and employed a focused ultrasonic beam. It was 
supplied at 375 V, with three bursts at a nominal frequency of 500 kHz. The receiver was 
amplified with a gain (G) of 70 dB and its output signal low pass filtered at 100 kHz and high 
pass filtered at 600 kHz.  
 
The infrared thermography was carried out using a cooled IR camera (Titanium SC7600, Flir 
Systems Inc.), equipped with a 640 × 512 pixels InSb focal plane array detector working in the 
mid wave infrared radiation (MWIR) (3.6–5.1 µm) spectral band (noise equivalent differential 
temperature (NEdT) < 20 mK at room temperature). The IR camera was coupled to a control 
unit (Edevis GmbH) used for lock-in synchronization and step-heating management. Thermal 
stimulation was carried out by means of a 1-kW halogen lamp. Tests were performed both in 
transmission mode and in reflection mode. The distance between the IR camera and the target 
panel was set to about 100 cm for the GFRP-1 panel and to about 75 cm for the GFRP-2 one, 
while the halogen lamp was positioned at about 30 cm from the panel. To exploit all the spatial 
resolution of the IR camera, the field of view was chosen to image four defects at a time, 
acquiring two images for the GFRP-1 panel and four images for the GPRP-2 one. For locki-in 
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thermography (LT), the halogen lamp was driven using a sinusoidal signal with a lock-in 
frequency (flock-in) between 0.01 and 1 Hz. Input powers ranged from 0.7 to 1.0 kW. Three 
cycles of heating, one of which was used for preconditioning, were employed. Tests were 
always performed at 100% power (i.e., 1 kW), heating the target surface for either 30 s (GFRP-
1) or 15 s (GFRP-2). For all the IR tests, the region of interest was about 170 × 140 mm2. Pulse 
thermography (PT) with flash excitation (both in transmission and in reflection mode) was also 
investigated, but since the results were particularly unsatisfactory, especially for the high 
thickness GFRP-1 panel, they will not be further discussed here. 
 
To make a comparison between ACUT and AIRT, the resulting images were evaluated both 
qualitatively and quantitatively, measuring the sizes of the defects, see Figure 44 and Figure 45.  
 
For measuring defect size, all the images were preliminary processed using a calibration 
procedure, consisting of a 20% increase in contrast and brightness of the raw image. Then, a 
segmentation algorithm was employed to define the edges of each defect and measure its size. 
Such an algorithm is based on a legacy filter, able to detect the defect extension by means of 
discrimination of the image grey levels. It works with a specific tolerance (20% threshold of the 
grey level) to calculate the number of consecutive pixels. A qualitative and quantitative analysis 
has been carried out to evaluate the ability of the two techniques in retrieving the actual size of 
the subsurface defects. 
 

 
Figure 44. ACUT imaging of GFRP panels 
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Figure 45. IR imaging of GFRP panels 

 
A quantitative analysis was carried out to assess the accuracy of ACUT and AIRT in recovering 
the actual sizes of the artificial defects. The results are summarized for two defect sizes in 
tabulated format for the GFRP-1 panel as shown in Figure 46. ACUT had sizing accuracy within 
+/- 20 percent, but with most measurements within +/- 12 percent of actual size. The scatter in 
ACUT sizing results were similar for both defect sizes, giving some indication of the reliability of 
this technique. AIRT had more scatter in sizing results, particularly in LT transmission and 
reflection modes. 
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Figure 46. Accuracy analysis of ACUT vs AIRT imaging 

 
The detection of multiple artificial inclusions in filament-wound glass epoxy composite pipe 
using the A0 Lamb wave mode, generated and received using non-contact air-coupled 
ultrasonic transducers, has been studied by Padiyar and Balasubramaniam 2014. A system 
using the proposed Lamb wave technique has been demonstrated using the setup shown in 
Figure 47. 

 
Figure 47. Lamb wave technique system 
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A two-step inspection technique was proposed based on this work. The first step consists of a 
single-sided global screening in the axial and radial directions of the pipe using the A0 mode for 
rapidly locating the defects. In the second step, a limited-area point-to-point air-coupled through 
transmission inspection for sizing the defects has been proposed. Figure 48 shows the 
transducer positioning approach. 
 

 
Figure 48. Air-coupled transducer configuration (a) radial (b) normal incidence through-

transmission 

 
Lamb wave-based inspections have been interpreted using a two-dimensional intensity profile 
(B-scans), which satisfactorily indicated the approximate locations of defective regions. Figure 
49 provides examples of the Lamb wave scan results. 
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Figure 49. B-scan results (a) segment 1; (b) segment 2; (c) segment 3 
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A conventional immersion pulse-echo ultrasonic C-scan has been carried out on the pipe, using 
a 2.25-MHz immersion transducer, to validate the results from the air-coupled C-scan inspection 
system. See Figure 50 and Figure 51. 
 

 
Figure 50. Normal incidence through-transmission C-scans using a 100 kHz air-coupled 

ultrasonic transducer (a) region 1; (b) region 2 
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Figure 51. Pulse-echo C-scans using a 2.25-MHz immersion transducer (a) region 1; (b) 

region 2 
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The inspection techniques (ultrasonic testing (UT), radiographic testing (RT), computed 
radiography (CR), digital radiography (DR), infrared (IR), microwave (MW), AE- acoustic 
emission) for GFRP repairs in oil and gas industry were reviewed and examples presented in 
Soares 2022. Figure 52 shows examples of some applications that were considered. Figure 53 
provides a histogram from one inspection trial giving a good correlation between AE signal 
amplitude and the number of features detected.  
 
 

 
  

 Figure 52. GFRP repair examples 

  
Figure 53. GFRP repair and AE inspection/monitoring showing amplitude vs number of 

events 
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Hassen et al. provided a summary of the detectability of features in glass fiber – polypropylene 
(PP) composites. Figure 54 identifies the type of artificial defects that were examined in this 
study while Figure 55 shows an example of one defect. 
 

 
Figure 54. Artificial defects examined in PP composites 

 

 
Figure 55. An example of an embedded defect that also produced fiber waviness 
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A listing of various inspection methods and their suitability for detecting flaws in fiber reinforced 
PP materials is given in Figure 56 where it was shown that PAUT, one of the methods of 
interest in this PHMSA program, shows good promise for detecting fiber discontinuities, both in 
terms of shape and size. These capabilities will be important for inspection of the reinforcement 
layers in RTP and SCP pipe. 

 
Figure 56. Comparison of various NDE methods for detecting defects in fiber reinforced 

PP composites 

 
Walaszek 2013 examined NDE methods for composite and metallic components. This was a 
broad study, but some elements have relevance to this program. One aspect is thermography of 
metallic components as it relates to some types of reinforcement in RTP or SCP pipe. One 
outcome of the Walaszek work evaluated different forms of heating for characterizing partial 
depth holes having differing depths and diameters in a metal plate as shown in Figure 57. The 
heating source was on the non-drilled surface (i.e., the surface opposite the holes).  
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Figure 57. Thermography experiments on drilled holes in a metal plate 

 
The results of this study were mixed as quoted by the author: 
 
“Thermal infrared testing is very sensitive to delamination on composite parts and needs some 
industrial validation on metallic parts to complete the promising results obtained by CETIM. The 
method gives a fast and noncontact global view of the surface and subsurface material 
compacity. Given the novelty of the application of thermography on metallurgical products, there 
is no normative text on the subject as yet.” 
 
Bouteille et al. 2012 examined the effect of induction heating for active thermography inspection 
of steel ball joints. This study also assessed the influence of the amplitude and phase of the 
thermographic response and found that the phase parameter was less susceptible to 
inhomogeneity of heating and geometric variability of the inspected part. Fine-tuning the phase 
response improved flaw detection. 
 
Meola et al. 2014 used flash thermography to evaluate porosity in carbon fiber reinforced 
polymers (CFRP). They found thermography viable as an alternative to UT for detection of 
porosity. This was effective with both unidirectional and symmetrical fiber orientation. 
Thermography was also found to be insensitive to surface finish, which can be a problem with 
UT depending on roughness. Results were validated by immersion UT and destructive 
sectioning. 
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Grosso et al. 2013 examined active thermography for inspecting adhesive joints in GFRP pipe. 
The samples were joined through concentric adhesive-bonds, on which some defects (lack of 
adhesion and lack of adhesive) were introduced in the adhesive area. Using a FLIR SC640 IR 
imager and external heat sources (two 1.5-kW halogen lamps or a heat blower), each sample 
was positioned 500 mm away from the camera-heaters set. Inspection of inner and outer 
surfaces of pipe were carried out to evaluate defect resolution and noise contrast limitations. It 
was found that if only the outer surface can be accessed, the depth of inspection had a 
limitation of 8 mm into the pipe wall. Furthermore, detection or resolution sensitivity decays 
exponentially with GFRP section thickness. Thus, for thicker pipes, it may be necessary to 
inspect from both the outside and inside surfaces. Obviously, for small diameter pipe, this will 
present limitations. 
 
Qu et al. 2020 presented a thorough review of a variety of thermography inspection techniques 
as shown in Figure 58 and Figure 59. This summary suggests that there is not one single 
thermography technique that is likely to be suitable for inspection of all three primary layers of 
RTP and SCP pipe (i.e., the inner liner, reinforcement layer and outer jacket). Different 
thermography methods may be required to fully interrogate RTP and SCP pipes if this method 
were to be widely adopted. However, thermography may have good capability for inspecting a 
particular region of these pipes (i.e., the interface between the outer jacket and reinforcement, 
or the reinforcement layer itself depending on outer jacket thickness). 
 
 

 
Figure 58. Comparison of various pulse thermal excitation techniques 
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Figure 59. Advantages and disadvantages of various thermography testing techniques 

 
Gomathi et al. 2022 characterized internal pitting and wall-loss defects in curved GFR 
components using a Pulsed Thermal NDE technique. This work investigated the ability of 
Pulsed Thermography to estimate wall-loss defects at various depths and sizes using 
simulations and experimental validation. The Pulsed Thermal and UT scans imaging results 
were compared, and a good agreement was reported. 
 
Haryono et al. 2018 compared microwave methods to PAUT for defect detection in glass 
reinforced epoxy (GRE) pipe and PVC pipe. An open-ended circular probe operating in K-band 
(18-26.5 GHz) was used. A series of pipe defects were examined with both techniques. The 
comparison was poorest in the GRE pipe where microwave methods were able to find all 
defects, but several were missed using PAUT.  
 
Rahman et al. 2020 examined three different microwave probes for inspecting GRFP and HDPE 
pipes and compared results with PAUT and ultra-high frequency (UHF) UT. The objective was 
to quantify the relative sensitivity to detecting holes and notches in pipe.  
 
The near field imaging probe for UHF consisted of a small, printed circuit board loop antenna, 
with images produced at 508.8 MHz. For microwave, the signal was a set frequency (24 GHz for 
K-band and 33.5 GHz for Ka-band) with the K-band used in a circular or rectangular wave 
guide. It was found that the rectangular wave guide had higher signal-to-noise ratio. The PAUT 
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equipment consisted of a Omniscan MX2 with linear PA probe operating at frequency of 3.5 
MHz (3.5L64-NW1) with 64 elements and an Aqualene wedge (SNW1-0L-AQ25). 
 
All the external defects were detected by the PAUT. The notches and holes are evident and 
distinguishable. However, the internal defects were not detected. 
 
The results are summarized in Figure 60 where it can be seen that in general the three 
microwave methods gave similar performance as PAUT and UHF methods, although PAUT was 
very slightly more sensitive overall. All the external defects were detected by the PAUT. The 
notches and holes are evident and distinguishable. However, the internal defects were not 
detected by any method.  
 

 
Figure 60. Comparison of microwave with PAUT and UHF UT in GRFP and HDPE pipe 

 
Amineh et al. 2020 presented results for wideband microwave imaging of nested piped PVC 
pipes (pipe-in-pipe-in-pipe) as illustrated in Figure 61.  
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Figure 61. Showing the concept for nested pipe inspection 

 
Near field microwave holographic imaging was used, which is similar to the microwave 
holography used in airports to screen passengers. The microwave frequencies were 6 to 14 
GHz with a commercial ultrawide band (UWB) antenna from SMAKN. A complex-valued S11 
parameter was measured with a Keysight E5063A vector network analyzer and an antenna 
positioned 1.5 mm from outer pipe.  
 
Beamspace transformation was necessary to distinguish defects from background noise. Linear 
transformation was also used to suppress effects of interferences (defects on the other pipes) 
that are outside each specific region when processing that region. This gave increased gain in 
the focused area of pipe with lower gain in surrounding areas. Figure 62 provides a scan image 
for two nested pipes showing reasonable resolution. 
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Figure 62. Wideband microwave scan for two nested PVC pipes 

 
Sutthaweekula et al. 2019 studied a microwave open-ended waveguide for detecting and 
characterizing flat bottom holes (FBHs) in coated GFRP pipes. The technique used principal 
component analysis (PCA) and synthetic aperture radar (SAR). PCA is a statistical approach 
extracting principal components as a set of eigenvectors from a multivariate dataset. SAR-
tomography or tomographic SAR is an imaging technique for reconstructing reflectivity profiles 
in the elevation (depth) by using several responses acquired with different probe positions. 
 
The method used in this study applied PCA to decompose the sampling data into various 
principal components (PC) to overcome the influence of gap variation caused by pipe curvature. 
A K-band (18–26.5 GHz) frequency was used. It was found that long pulse tomography was not 
as effective at resolving FBHs. PC feature and SAR tomography can be verified and give 
location and size of the defect, while the depth of the FHBs is estimated from relative time-of-
flight of the FHB reflected signals. Figure 63 illustrates the probe position relative to the FBH 
along with the physical parameters associated with pipe configurations. 
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Figure 63. Setup for sizing a FBH using microwave techniques on GFRP pipe 

 
Key Findings from Recent Research on SCP and RTP Pipe 
 
Ultrasonic papers published in the open literature for ultrasonic inspection of SCP and RTP, 
bonded and unbonded, are very limited. However, the following summary provides a close 
correlation for inspection trials on similar pipe configurations. 
 
An investigation of the effect of higher attenuation coefficient of polyolefin materials to the 
ultrasonic inspection was reported in Miao et al. 2015. The interference of a steel mesh skeleton 
embedded in plastic pipe reinforced by cross helically wound steel wires was considered. EF lap 
joints with reinforcement steel plate were tested. This type of pipe is termed plastic-steel-plastic 
(PSP) for an inner plastic pipe adhesively joined to a steel reinforcement layer which is 
adhesively bonded to an outer plastic pipe. Figure 64 shows a schematic of the pipe 
construction. 
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Figure 64. Structure of PSP Pipe 

 
PAUT focused and steered beam generated by customized 2-MHz, 32-element and 4-5-MHz, 
64-element probes were used for better detection of possible flaws in PSP pipe welded joints. 
Both 4-MHz and 2-MHz probe procedures were able to detect the electric wire while the 
ultrasonic waves pass through a circular hole in the steel plate, which can eliminate the 
interference of the steel plate. The 4-MHz probe procedure provided better imaging results. 
Figure 65 provides an example of linear and sector scan images. 
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Figure 65. PAUT detection results for a 2-MHz probe used in EF joint imaging through a 

circular hole 

 
 

7.0 Conclusions 
 
The results of the literature review strongly indicate that there will not be just one chosen NDT 
method that can be used for anomaly and damage detection in SCP and RTP pipe. The multi-
layered structural composition of these pipes combined with the variety of types of damage and 
anomalies that can occur will likely require multiple NDE methods to be used to fully interrogate 
and quantify damage through the entire RTP or SCP pipe system.  
 
The use of each NDE method is associated with limitations and restrictions not only due to the 
material properties and geometrical constraints but also with flaw type, damage or failure mode 
type and location. An awareness of the nature and location of potential flaws and damage 
modes present in the pipe should provide some insight for selecting of the best tailored NDT 
solution for each scenario. It is the goal of this program to develop and validate that insight and 
guidance. 
 
While limited literature exists that specifically addresses inspection of RTP and SCP pipe, some 
insights can be distilled from this literature search effort. The PAUT for EF joint inspection 
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procedures developed during EWI previous project work along with other published work are 
promising and can be used with some optimization for inspection of bonded SCP and RTP pipe 
base material if the liner and structural layers are mechanically and acoustically reliably 
bonded. PAUT probably will be able to detect planar fabrication flaws or erosion damage as 
small as 1 mm. POD a90/95 = 6-10mm and 95% LUS=8-10mm may be achievable by an 
experienced PAUT operator. PWI is a promising new approach.  
 
Also, the PAUT for BF and SF joints procedures developed in previous EWI projects and other 
published work are promising and can be used with some optimization for inspection of pipe-to-
connector assemblies. Air-coupled ultrasonic testing (ACUT), active infrared thermography 
(AIRT) and microwave (MW) are promising techniques for unbonded SCP and RTP pipe base 
material where the liner and structural layers are mechanically and acoustically not reliably 
bonded. AE may be a promising technique for short/long term monitoring of composite repairs. 
Thermography shows much promise for SCP and RTP pipe inspection, but use may be limited 
by material thickness and composition depending on pipe wall thickness. Microwave inspection 
will show defect size and shape accurately, but resolution may be difficult if density of features 
is similar to the base material. 
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9.0  Disclaimer 
 
EWI disclaims all warranties, express or implied, including, without limitation, any implied 
warranty of merchantability or fitness for a particular purpose.  
 
Under no circumstances will EWI be liable for incidental or consequential damages, or for any 
other loss, damage, or expense, arising out of or in connection with the use of or inability to use 
the report delivered under this engagement. This report may not be reproduced or disseminated 
to individuals or entities outside of your organization without the prior written approval of EWI. 
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