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Abstract 
Plastic pipes offer significant advantages over other materials for pipework applications. However, 
their use is being restricted by the lack of a reliable Non-Destructive Testing method for volumetric 
inspection, especially for safety-critical applications, such as in nuclear power stations. This paper 
describes a novel Phased Array Ultrasonic Testing (PAUT) system capable of inspecting butt fusion 
and electrofusion joints in polyethylene pipes of diameters between 90 and 800mm. The two 
different types of joints have different geometrical structures and the fusion zones vary in location, 
orientation and size. Several individual techniques need to be applied to fully cover the weld fusion 
zones, but still need to be comprised in a simple and easily deployable system. The developed 
PAUT system utilises membrane water wedges, overcoming some of the problems with the acoustic 
properties in plastic pipes. The details of the system are described and its capabilities are evaluated. 
Case studies showing on-site inspection work are presented, providing confidence in the inspection 
results. 
Keywords: Phased array ultrasound, Plastic pipe inspection, membrane wedge, butt fusion, 
electrofusion 
 
1.  Introduction 
Polyethylene (PE) pipes have been used for gas and water distribution for decades. Due to the 
material being immune to water corrosion and highly resistant to fouling, it is considered highly 
desirable to replace coated carbon steel with PE in safety-critical applications in nuclear power 
stations [1]. However, the regulatory bodies require the welded joints to be inspected volumetrically 
and currently such a system is not available. Consequently, there is a need for a reliable Non-
Destructive Testing (NDT) approach for the inspection of different PE pipe joints in various 
material grades and pipe sizes. The current best practice for inspection of welds in large diameter 
steel pipes uses ultrasonic testing. One of the main reasons why this is not implemented in the 
plastic pipe industry is because plastic is a difficult material to inspect due to its acoustic properties 
of high attenuation and low velocity. 
 
Several studies have been conducted to develop reliable NDT methods for the two main types of 
joint in PE pipes, electrofusion (EF) and butt fusion (BF). These two joints require different 
inspection methods. Phased Array Ultrasonic Testing (PAUT) has been considered to assess the 
integrity of EF joints [2]. However, these studies were limited to smaller diameter pipes. BF joints 
have been examined with several different techniques using conventional ultrasonic transducers [3, 
4]; including pulse-echo, tandem, creeping waves, and time-of-flight diffraction (TOFD). In recent 
years, work has been extended to also inspect BF joints using PAUT [5, 6]. A recent European 
funded project was conducted on the development of an automated NDT approach for testing 
welded PE pipe joints [7]. The project developed procedures, techniques and equipment for the 
volumetric examination of welded joints in PE pipes of diameters from 90mm up to 1m. Although 
useful developments were made, several additional tasks were unresolved for the system to be site 
deployable.  
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In this paper the progress in developing a site deployable scanner system for EF and BF joints in 
different pipe sizes are presented, together with inspection trial data and feedback from site 
inspections.  
 
2.  Joint Configurations 
Throughout the industries using PE pipes, EF and BF are by far the most widely used type of joints. 
Both types of joint have fusion zones between two PE materials, but other than that they have very 
little in common. An EF joint comprises two pipe ends attached inside a coupler sleeve called a 
fitting, see Figure 1(a). The fitting has wires around the bore of the sleeve close to the inner surface. 
When a current is applied to the fitting the wires heat the surrounding pipe and fitting material and 
two fusion zones are created between the fitting and the two pipes. The BF joint, see Figure 1(b), is 
created by using a heater plate to melt the ends of two pipes which are then fused together by a 
pressure applied for a certain time. The process creates a weld bead of excess pipe material on both 
inner and outer surfaces. In some countries, such as the UK, the outer weld bead is removed before 
the pipeline is buried. 
 

  
Figure 1. (a) A typical EF joint. (b) BF joint. 

 
For a system developed to inspect PE pipe joints, an essentiality is for it to be able to inspect both 
types. This requires versatility and flexibility in both the developed PAUT techniques, see Section 
3, and also the scanner system, see Section 4. For both EF and BF joints the primary area of interest 
is the fusion zone. For EF joints, the full volume of the coupler and the adjacent pipe up to the inner 
surface is of interest. For BF joints, a volume of material roughly equal to the bead size of the weld 
and for the full pipe wall thickness is of interest. Furthermore, for the system to be useful in all 
industries and countries, is should be possible to inspect BF joints with the bead still on the pipe. 
 
3.  Technique Development 
3.1 PAUT techniques 
The different types of joint require different inspection techniques. The techniques used for both 
types of joints are shown in Figure 2 and are briefly described below. 
 

  
Figure 2. (a) Linear scan for EF joints. (b) Sector (light) and creeping wave (dark) scans for BF joints. 

 
The inspection technique for EF joints is a 0 degree linear scan, focusing on the fusion zone 
between the fitting and the pipe; see Figure 2(a). The most critical factors for the inspection of EF 

(a) (b) 

(a) (b) 
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joints are the coverage and the resolution. The fusion zone is located below the wires and sufficient 
resolution for inspection between the wires is required. Generally, the resolution increases with 
increasing frequency. However, PE is a highly attenuating material and attenuation increases 
approximately with a power factor with frequency [8]. Thus, the frequency needs to be low for 
larger pipes (thicker fittings) to be able to achieve sufficient propagation distance of the sound. 
Furthermore, in larger fittings, the wire diameter and the wire spacing are also larger so the 
resolution is still sufficient. For smaller pipes both the wire diameter and spacing get smaller, and a 
probe with a higher frequency is required to be able to inspect the fusion zone. Figure 3(a) shows an 
example of the PAUT data acquired at one position on the pipe. 
 
For the inspection of BF joints two different techniques are used; sector pulse-echo (light); and 
creeping wave (dark); Figure 2(b). The techniques are complimentary in terms of coverage. The 
sector pulse-echo uses all the elements in the array to create an aperture, sweeping the beam from 
the lower angle to the higher angle. The technique gives an overview of the weld, and aims to cover 
most of the weld fusion zone, except for a few millimetres close to the outer surface. The creeping 
wave technique aims to cover the region close to the outer surface, which is the part of the weld not 
covered by the other technique. The configuration for the creeping wave technique uses a high 
angle sector scan, producing compression waves propagating immediately under the inspection 
surface, to detect surface-breaking and near-surface defects. A B-scan of the sector pulse-echo 
technique can be seen in Figure 3(b), where a pipe with flat-bottom-holes has been inspected. A B-
scan of the creeping wave technique can be seen in Figure 3(c), where a pipe with notches 
machined on the outer surface has been inspected. 
 

  
Figure 3. (a) Linear electronic scan for EF joints. (b) Sector scan for BF joints. (c) Creeping wave scan for 

BF joints. 
3.2 Sensitivity setting 
Before the inspections, the sensitivity setting is performed on a PE reference block using reference 
reflectors at relevant depths in relation to the joints to be inspected. The reference block in Figure 4 
use 3mm diameter side-drilled-holes (SDH) at different depths. The appropriate reflector is selected 
for the sensitivity setting, see Figure 5: 

• BF joints - the SDH at the depth closest to the pipe wall thickness. 
• EF joints - the SDH at the depth closest to the EF fitting thickness. 

 

  
Figure 4. Sensitivity setting block; (a) drawing; (b) image. 

(a) (b) 

(a) (b) 

(c) 
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Figure 5. Setup for setting the sensitivity; (a) EF joint; (b) BF joint. 

 
4.  Scanning System Development 
Phased array ultrasonic testing uses array controllers containing hardware and software to conduct 
the inspections. For on-site deployment, a number of portable systems are available. The basic 
requirements for the scanner system developed in this study is an instrument supporting 128 
element phased array transducers, addressing 32 elements at the same time.  
4.1 PAUT probes 
The phased array ultrasonic probes (transducer/wedge combinations) used for the inspections in this 
study are summarised in Table 1, and the assemblies can be seen in Figure 6. The probes for EF 
joints require 0° wedges, and the probes for BF joints require angled wedges. For EF joints, since 
no steering is required, the pitch can be large without significantly reducing the performance of the 
transducer. For the inspections on BF joints, angled beams are required and since the steering 
capability is limited with PAUT transducers, angled wedges are used to minimize the steering by 
the transducer elements. 
To perform the inspection on plastic pipes, novel membrane water wedges have been designed and 
manufactured. The advantages of using a water wedge are low attenuation and a velocity ratio 
enabling the steering of angled beams to the fusion zone. The angle of the wedges was optimised to 
minimize the electronic steering by the transducer elements. The membrane is a flexible material 
adapting to the pipe and fitting surfaces, and effectively contains the water. 
 

Table 1 Properties of the probes (transducer/wedge) 
 Frequency Elements Wedge material Orientation 
EF – small size 5MHz 128 Water Flat 
BF – small size 4MHz 32 Water Angled 

 

  
 

  
Figure 6. (a-b) 5MHz PA transducer in a membrane water wedge, used for the inspection of EF joints. (c-d) 

4MHz PA transducer in a membrane water wedge, used for the inspection of BF joints. 

(a) (b) 

(a) (b) 

(c) (d) 
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4.2 PE pipe joint scanning system 
The scanner system utilised for PE pipe joint inspections is flexible and adaptable for different pipe 
sizes and joint types. It comprises a main plate that is held in position around the pipe by several 
links and an adjustment mechanism. This flexible system allows the scanner to inspect pipes with 
an outer diameter from 90mm to 1m. The main plate contains the encoder and also the support for 
the probe holders. The probes for the two different joint configurations use the same probe holder. 
The scans are encoded, which means that data are taken based on position around the pipe. Figure 7 
shows the developed scanner with the probes on EF and BF pipe joints. 
 

  
Figure 7. The scanner system; (a) EF joint; (b) BF joint. 

 
5.  Evaluation of the System 
5.1 Flaw types and acceptance criteria 
The developed techniques and the scanning system have been evaluated on over 200 welded pipe 
joints with inserted artificial flaws. For it to be valuable to the industry, all relevant defects need to 
be detected. The defects of interest in PE pipe joints are lack-of-fusion (LOF) areas (embedded or 
fusion-zone breaking), contaminated areas, and cold welded joints. Defects like this can be caused 
by, for example, water droplets, grease, sand, dust, poorly prepared pipe surfaces (un-scraped), or 
incorrect welding parameters or procedures. Even though some of these defect causes can be 
eliminated, or at least reduced, by following a strict welding procedure, protection against all 
defects is impossible. 
 
Artificial defects were introduced into welded joints in PE pipes to imitate real pipe joint defects. 
The developed techniques have been evaluated on these samples to establish detection, location and 
sizing capabilities. The impact of these defects on the short and long-term performance of the joint 
was then assessed using mechanical testing, in order to develop acceptance criteria based on the 
ultrasonic data. Figure 8 shows a generic graph displaying the acceptance criteria. Basically, if an 
imperfection with certain significance is found (y-axis), a number on the joint integrity is given (x-
axis) that can be compared to the short and long-term performance. Although acceptance criteria for 
all pipe joints would be desirable, it will depend on at least the material grade and the welding 
procedure used. However, the procedure on how to develop the acceptance criteria could be a 
general method that can be adopted by the industry. 
 

(a) (b) 
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Figure 8. An example of a graph giving the joint integrity based on detected imperfections. 

 
The following sections describe specific trials and site inspections carried out with the developed 
system. 
 
5.2 EF joints from a failed gas pipeline 
There were some concerns regarding the joint integrity of some EF joints that had been in service 
for a number of years. Some of the joints had failed prematurely, and all other joints were taken out 
of service as a safety precaution. In total 16 EF joints in 450mm PE pipes and 9 EF joints in 250mm 
pipes were inspected with the developed PAUT techniques. The major issue with the pipes was 
misalignment in one half of the joint, leading to LOF areas. The samples also contained a large 
number of voids, although it should be noted that these types of flaw are not necessarily defects.  
 
Some of the samples were sectioned where indications had been found and subsequently tested to 
evaluate the performance of the joints and the inspection technique. Figure 9(a) shows the scan data 
indication of a void around a heating wire and this can clearly be seen in the sample sectioned from 
that position in Figure 9(b). 

  
Figure 9. (a) Scan data indicating a void around a heating wire. (b) Void in the sample. 

 
5.3 Newly manufactured pipework for a power station 
PE pipes with an outer diameter of 630mm and a wall thickness of around 60mm were used to 
manufacture new pipework for a power station. The pipework was manufactured with BF joints and 
the inner and outer weld beads were removed. In total, 8 welded joints were inspected. Figure 10(a) 
shows an example of a section of the pipework, containing three BF joints. Figure 10(b) shows a 
PAUT sector scan at one location around the pipe, detecting an indication in the joint. The 
indication was located at 240° in the circumferential direction from the top of the pipe with a 
circumferential length of 5.5mm. It was 20.9mm into the pipe wall with a through wall size of 
2.5mm. This joint was subsequently cut out and replaced. 

(a) (b) 
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Figure 10. (a) A section of the pipework containing three BF welds. (b) A sector scan of one of the welds 

indicating a defect in the joint. 
5.4 Gas pipeline on-site inspections 
Gas pipelines installed in the city centre of a major European city were inspected prior to being 
buried and put into service. A total of over 30 welds in 7 separate locations, with outer diameters 
ranging from 90mm up to 315mm, in both EF and BF, were inspected. Figure 11 shows some 
examples of excavations and pipe joints. 
 

  
Figure 11. Pipelines in two different excavations. 

 
5.4.1 Inspection reports 
All pipe joints were inspected with the developed PAUT inspection system and inspection reports 
were created. Figure 12 shows the C-scan of one side of one particular 315mm outer diameter EF 
joint, with indications marked. The location, size and classification of the indications in this joint 
are given in Table 2. A number of the indications are voids around the heating wires, other 
indications are voids in the fusion zone, and a few indications show LOF areas in the fusion zone.  

 
Figure 12. Inspection results of one side of a 315mm EF joint. 

(a) (b) 
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Table 2 Indication summary for one side of a 315mm EF joint 
 

Ind. 
No. Side 

Circumferential direction Axial direction (from mid dle) 
Type 

Start End Length Start End Length 
1 B 0mm 15mm 15mm Wire 8 Wire 8 3mm Void (wire) 
2 B 0mm 184mm 184mm Wire 7 Wire 7 3mm Void (wire) 
3 B 284mm 294mm 10mm Wire 6 Wire 6 2mm Void 
4 B 308mm 343mm 35mm Wire 4 Wire 6 10mm Void 
5 B 368mm 390mm 22mm Wire 5 Wire 7 10mm Void 
6 B 430mm 444mm 14mm Wire 4 Wire 5 3mm Void 
7 B 472mm 482mm 10mm Wire 4 Wire 5 3mm Void 
8 B 490mm 511mm 21mm Wire 5 Wire 6 4mm Void 
9 B 512mm 546mm 34mm Wire 4 Wire 4 3mm Void 
10 B 537mm 548mm 11mm Wire 6 Wire 8 7mm LOF 
11 B 562mm 604mm 42mm Wire 3 Wire 10 36mm LOF 
12 B 606mm 624mm 18mm Wire 4 Wire 6 8mm LOF 
13 B 685mm 711mm 26mm Wire 4 Wire 6 8mm Void 
14 B 822mm 869mm 47mm Wire 5 Wire 7 9mm Void 
15 B 888mm 1120mm 232mm Wire 8 Wire 8 3mm Void (wire) 
16 B 980mm 992mm 12mm Wire 6 Wire 7 3mm Void 

 
5.4.2 Destructive tests 
 
After the completion of the inspections three of the joints were cut out and sectioned based on the 
inspection reports. In Figures 13 and 14, sections of the joints are compared with the PAUT images. 
As can be seen, excellent correlation is achieved, in both the axial cross-sections and the 
circumferential area views (C-scans). 
 

 
Figure 13. (a) Photograph of the fractured interface of a 315mm EF joint.  

(b) C-scan image of the same area before sectioning. 
 

(a) (b) 



Copyright © TWI 2014 

  
Figure 14. Cross-sections and PAUT images of two different 315mm EF joints 

 
6.  Conclusions 
 
A PAUT system for the inspection of both EF and BF joints with outer diameters ranging between 
90mm and 800mm has been developed and evaluated, both in laboratory trials and during on-site 
inspections. The following conclusions can be drawn from the study: 
 

• Both EF and BF joints in PE pipes can successfully be inspected on-site in excavations or in 
trenches. 

• Initial analysis of each joint can be given immediately after inspection for immediate 
feedback and joints can be taken out of service based on this analysis. 

• There is excellent correlation between inspection results and sectioned samples. 
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