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ABSTRACT: Butt fusion is an effective method for joining high density polyethylene (HDPE)

pipe on job sites. However, there is lack of  quantitative methods to evaluate pipe joint quality.

The objective of this study was to develop such a quantitative approach in order to determine the

effect of joint contamination on the quality of the fused joints. The study included testing a total

of 21 butt-fused HDPE pipe joints that were made under different dust conditions. The results of

the tests were then used to determine the effect of dust contamination on the quality of the fused

joints. Microscopic examination of the fracture surfaces of the test specimens showed that not all

the contaminants at the welding interface were squeezed out into the beads formed during the

fusion process. Four failure modes were identified and a failure criterion was established to

categorize the quality of a fused joint into four grades – bad, poor, good and excellent. Among

the properties of the materials considered, tensile energy to break (TEB) and maximum strain

were found to be the most acceptable parameters for distinguishing between different quality of

joints. Furthermore, the results showed that under optimum joining conditions, the quality of

butt-fused joints can be as good as that of the parent pipe.

Key words: polyethylene pipe, butt fusion, joint contamination, tensile energy to break, failure

criterion
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Introduction

High density polyethylene (HDPE) pipe is increasingly used for the construction and

rehabilitation of water, sewer and gas pipelines. An advantage of this material is the ability to

join pipe segments by heat fusion in the field rather than using the bell and socket joints that are

typical for PVC pipe.  The ability to fuse and form longer installation lengths means less

installation pits and less disruption to the public when trenchless technologies such as sliplining

and directional drilling are used.

In the fusion joining process, the welding surfaces of two pipe segments are properly trimmed

and prepared. Then, the fusion process consists of four steps: heating, heat soaking, heater plate

removal and joining-cooling (Plastics Pipe Institute 1993; Potente et al. 1988; ASTM D 2657-97

1997). Firstly, the welding surfaces are heated and melted during which the ends of two HDPE

segments are pressed against a common heater plate under a specified pressure. Secondly, heat

soaking continues the heating and melting but with a reduced pressure. Thirdly, the heater plate

is removed and the two molten pipe ends are brought together. Lastly, joining-cooling allows

contact of the two molten surfaces under a specific pressure to the moment the pressure is

completely removed. The proper times of these steps are dependent on the material, pipe

diameter and pipe wall thickness, and are well established (Barber and Atkinson 1974; Plastics

Pipe Institute 1993; Benkreira et al. 1991a; 1991b).

The quality of butt-fused joints of HDPE pipe depends largely on joining conditions and

procedures (Barber and Atkinson 1974; Pimputkar 1989). Although it is recognized that joints

made following standard procedures and in optimum environmental conditions have mechanical

properties approximately as good as those of the parent pipe (Bowman 1996; Munns and
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Georgiou 1999; Plastics Pipe Institute 1993), improperly-made butt fused joints may be the

weakest links in the pipelines (Cowley and Wylde 1978; Lu et al. 1992). Construction sites are

not always ideal environments and the standard joining procedures may not be followed. Wind

and other external factors may introduce contaminants such as dust, soil, water and grease to the

welding surfaces of the pipe, as well as to the surfaces of the heater plate. Dust deposits inside

the pipe near the pipe ends may be attracted to the welding surfaces because of electrostatic

potentials created by the rotating motion of the trimming plate during the preparation of the

welding surfaces.

The standard joining procedure requires cleaning of the welding surfaces just prior to the heating

step and the use of a clean heater plate (ASTM D 2657-97; Driscopipe 1997). However, it is

impractical to clean manually the surfaces of the heater plate while they are at hot working

temperatures. One of the methods suggested by Marshall (1991) is to make a dummy weld  (or

two dummy welds for pipe walls thicker than 20 mm) at the start of a welding session. This

method would be costly and reduce productivity if it is used often throughout a welding session.

Accumulated dust on the welding surfaces of the pipe during the heater plate removal step

cannot be cleaned. There is no means to clean a molten welding surface without disturbing it or

causing a drastic drop in its temperature. Other potential field problems include cold joints

resulting from excessively long removal time or inadequate heater plate temperatures and joint

misalignment (Bowman 1989; Marshall 1991).

These potential problems with HDPE fused joints have been recognized in the water industry and

have led to the formation of “The Thermoplastics Jointing Group” in the United Kingdom to

address the quality of butt-fused joints in the field (Buckler 1998). In assessing the quality of
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fused polyethylene (PE) pipe joints, the weld factor, f, is often used (Barber and Atkinson 1974).

This factor is defined as:

[1]

A weld factor of 1 or greater indicates that the joint is as strong as or stronger than the parent

pipe.  However, there is disagreement in the literature as to what parameter (or property) should

be used to best represent the strength of the joint and the pipe wall. Tensile yield stress (Bowman

1996; Wilson 1995), plastic deformation energy (Nishimura and Narisawa 1991), maximum

strain (DeCourcy and Atkinson 1977), and tensile energy to break (TEB) (Wilson 1995;

Hinchcliff and Troughton 1998) have all been used for this purpose. TEB, also known as

modulus of toughness, is the area under the stress- strain curve (Eq. 2) and is often expressed in

Joules per unit volume over the gauge length (refers to the narrowed section of a dog bone

shaped specimen) of the specimen:

[2]

where σ is the stress and ε is the strain. Plastic deformation energy is the TEB minus the elastic

energy, whereas yield stress is the stress at yield. Maximum strain is the strain at failure, a higher

value of maximum strain means a larger area (higher TEB) under the stress-strain curve.

wallpipetheofstrength

jointtheofstrength=f

∫= εσdTEB
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There are some reported studies on contaminated fused joints (Lu et al. 1992; Marshall 1991;

Reynolds et al. 1998; Watson 1988). Lu et al. (1992) used three types of contaminates –

Vaseline, graphite and Teflon in making their fusion joints under two welding pressures.

Notched specimens were then prepared from the joints and exposed to a constant low tensile

stress.  The resistance to slow crack growth was evaluated. They found that at the welding

pressure of 1.61 MPa, Vaseline and graphite had a negligible effect on the weld quality. On the

other hand, Teflon contaminated joints had greatly reduced lifetime, especially at the pressure of

0.31 MPa.

Marshall (1991) investigated inclusions within a weld, mechanical notching of welds, and dust

contamination. Inclusions were artificially produced by placing thin circular aluminum foil discs

varying from 0.5 to 8 mm in diameter. These discs were placed in the centre of the weld

following the removal of the heater plate. In another test, chalk dust was transferred from the

heater plate to the molten welding surfaces. Finger grease, water spray, and blowing crushed

chalk were used in the other tests. After examination of the chalk dust contaminated fracture

surface, Marshall found that not all the chalk dust particles had been displaced out of the welding

interface. The criterion used in this study for judging the quality of the welds was ductile/brittle

failure - a weld that failed in a ductile manner was considered satisfactory. Marshall concluded

that medium density polyethylene (MDPE) material was more tolerant to field welding

conditions than HDPE material and that thicker-walled pipe is more sensitive to defects than pipe

with a thickness of less than 20 mm.

In the study carried out by Reynolds et al. (1998), circular marks were made with stencils on the

welding surface. Test joints were then made with marks of talc, diesel, talc + diesel and talc +

silicone lubricant. The effect of these contaminants was evaluated by an “External Bead Test”
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that involved removing the bead, and then bending and twisting it to identify visually joint slits

or weak points.  Tensile tests were also conducted on the samples taken from the test joints.

Reynolds et al. concluded that the fusion process results in a stretching of the interface rather

than a complete displacement of the interface into the weld beads.

In the aforementioned studies, the type of contaminants are unrealistic and no consideration was

given to the likelihood of joint contamination by suspended dust particles. The study reported in

this paper was conducted on test joints that were made using clay and cement dust, both of which

are common on construction sites. These test joints were made under the dust conditions that

represent realistic site conditions caused by blowing wind. Specimens were then prepared from

these test joints and tested in the laboratory. The objective of the study was to determine

experimentally if the dust contaminants were all displaced into the beads and, if not, to determine

the effects of the dust contaminants on the quality of the butt-fused joints.

Tests using specimens from fused joints, though destructive, can be used to establish the optimal

welding conditions at a specific job site. For instance, prior to actual fusion and installation of

HDPE pipe, such tests can be carried out to determine the most appropriate timings of the four

fusion steps by testing joint specimens made with varying parameters. Also, different diameters

and wall thickness require appropriate adjustment of the fusion process. Even wind and dust

conditions can vary from site to site. Once a quality criterion (such as the one described in this

paper) is established, it can be used to judge the quality of other joints in subsequent tests.
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Experimental Work

Pipe Welding

Butt-fused test joints were made on a HDPE pipe, 455mm outside diameter and 22 mm thick, by

an experienced operator using a commercial fusion machine in a machine shop. The pipe was

manufactured with PE 3408 resin and had a diameter ratio (ratio of diameter to thickness) of 21.

Dust was dropped through a sieve in front of a fan at one end of the pipe during the removal

period in order to simulate a dusty and windy site condition with the wind tunnel effect (Figure

1).  The sieve removed large lumps of the dust particles so that a more uniform degree of dust

suspension could be achieved. Two types of dust particles were used  - dry clay powder and

cement powder, both of which are common dust particles on a job site. A USS #200 sieve was

used, for both clay and cement powders, to limit the particle size to less than 75 µm.  The cement

used was Type 10 cement and its particle sizes vary from 3.75 µm to 47.5 µm with an average of

12 µm (ASTM C 115-96a 1996). As expected, all of the particles of the cement powder passed

through the sieve. The clay powder used was Edmonton Clay. It had been fully dried and

pulverized for a previous study. The particle sizes of the clay had been found to vary from 0.6 to

1,300 µm (Rajani and Crawford 1996). With the sieve, the particle sizes of the clay powder were

limited to the range of 0.6 to 75 µm and the average particle size within this range was about

4 µm.  It was observed that the cement powder particles from a freshly opened bag were more

uniform in size than the clay powder. Some particles in the clay powder were stuck together. As

a consequence, when dropped through the sieve in front of a fan, the cement particles were

observed to stay suspended longer in the air than those of the clay.

Three pipe joints were made under each of six different dust conditions (Table 1). One set of test

joints were made under the standard (control) welding condition. For each condition, three joints
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(A, B and C) were made at a distance 450 mm apart, with joint A being the first one made. The

distance between the dropping point of dust and the fusing plane for the subsequent joints (joints

B and C) was increased intentionally by approximately 450 mm after each fusion. This increase

in distance was designed to vary dust intensity as large dust particles would not travel as far as

small ones. A total of 21 test joints were made with the following test variables:

• two dust types (clay, cement)

• three wind velocities (V1, V2, V3)

• three distances between the dropping point of dust and the fusing plane (joints A, B, C)

• one ideal condition (control)

Except for the various dust conditions, all the other welding parameters were maintained in the

standard ranges. The pressure during the joining-cooling step was 520 kPa (75 psi) for the first 2

to 3 minutes and then was reduced to 31 kPa (4.5 psi) for the remaining time.  The total joining-

cooling time varied between 15 and 26 minutes for most joints, except for three joints which

were cooled for more than 30 minutes (Table 1). The temperature of the heater plate was

measured with a portable laser thermometer just prior to the heating step and was observed to

vary by 10ºC across the plate surface, with the warmest location being at the bottom of the plate.

The ambient temperature varied between 14.3ºC and 19ºC and the relative humidity varied

between 27% and 38% during the test joint preparation.

Sample Preparation and Tests

A sample from each test joint was cut at the invert (the bottom position on the pipe’s

circumference) where the dust accumulation was observed to be the most (discussed further in

next section). The sample was then made into two dog bone shaped test specimens, which were

designed to include as much as possible the full thickness of the pipe wall (Figure 2). The width
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to thickness ratio was 2.5:1 over the gauge length, which was within the standard dimensions for

tensile test specimens as per ASTM D 638-99 (1999). These specimens were machined

specifically to have the fused joint in the middle of the gauge length. All the test specimens were

tested under the same tensile loading procedure on an Instron machine (Model 4500-4502)

located in a laboratory where the relative humidity was maintained between 45 and 55% and the

room temperature between 21º and 25 ºC.

Results and Discussions

Observed Dust Accumulation on Welding Surfaces

To inspect the welding surfaces for dust contamination during the fusion process is simply not

possible because of the short removal time.  Therefore, a qualitative test was carried out to

determine dust accumulation on the welding surfaces prior to the heating of the pipe welding

surfaces. In this test, the trimmed pipe ends were brought to within approximately 150 mm (6”)

of each other, a typical gap during the removal of the heater plate. The dust was then blown into

the pipe for 5 seconds, a typical removal time. A visual examination of the welding surfaces

showed that dust accumulation was clearly evident (Figure 3). Furthermore, non-uniform dust

distribution was observed across the pipe wall thickness and around the circumference of the

welding surfaces. Dust accumulated more near the invert than at any other location

circumferentially, and more on the inner section of the pipe wall thickness than on the outer

section.  This test was duplicated for each of the six different test conditions. The surfaces were

then cleaned with common tissues and a cleaning solution that is recommended for such

purposes.  Figure 4 shows those tissues, which serve as an indication of dust accumulation on the

welding surfaces during a normal removal time.
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Seletion of Quality Parameter

An assessment was made to determine which parameter was most appropriate for determining

the weld factor, f (Eq. 1). First, tensile yield stresses were examined. The tensile yield stresses of

the joint specimens varied from 21.1 to 22.3 MPa, with a mean value of 21.7 MPa. The mean

tensile yield stress of the specimens made from the parent pipe was 21.2 MPa (Table 2). The

tensile yield stresses were not significantly affected by the artificial dust conditions, despite the

distinct failure modes that were observed (Figure 5). Consequently, the calculated weld factors

using the measured tensile yield stresses varied little between 0.99 and 1.05. It was concluded

that tensile yield stress could not be used as sole parameter for quality discrimination of butt-

fused joints. The same conclusion was reached for yield strain and modulus of elasticity.

The measured maximum strains, or strains at failure, had a larger variation for different test

conditions. However, maximum strains cannot be used to distinguish between specimens that

have the same magnitude of strains but different stress levels. On the other hand, tensile energy

to break (TEB) takes into consideration both maximum strains and the magnitude of stresses,

providing a more complete picture. The TEB values (average of inner and outer specimens)

obtained in this study are given in Table 2. The TEB-based weld factors varied from 0.07 to

1.04.  The physical meaning of a weld factor of 1.04 is that the joint is 1.04 time (or 4%  )

stronger than the parent , whereas a weld factor of 0.07 means that the joint is only 0.07 times (or

93% less strong than) the parent pipe .   It was therefore decided to use TEB as a quality

parameter for investigating different qualities of the fused joints.

Failure Modes

Four distinct failure modes were observed in physical failure patterns (Figure 5) and in stress-

strain curves (Figure 6). These failure modes are described below:
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Failure Mode 1 – The specimen breaks at the fusion weld before “necking” started (see

Fig. 6). Failure was brittle and the maximum strain was less than 100 %. This type of

failure mode is considered to be produced by a “bad” joint.

Failure mode 2 – The specimen passed the yield point, and necking started and passed the

fusion weld. Failure occurred at the weld before necking reached the natural draw ratio

that is defined to be the point at the end of the necking zone (Peacock 2000). The

maximum strain varied between 100% and 500%. This type of failure mode is considered

to be produced by a “poor” joint.

Failure mode 3 – The gauge length of specimen was completely necked when failure

occurred at the weld. The maximum strain varied between 500% and 900%.  Joints that

fail in this mode are considered to be “good” joints.

Failure mode 4 – The gauge length of specimen was completely necked when failure

occurred away from the weld. The maximum strain was above 900%. This failure mode

is comparable to that of the parent pipe that has the same magnitude of failure strain.

Joints that fail in this mode are considered to be “excellent” joints.

The ductile or brittle mode of failure has been used as joint quality indicator (Marshall 1991).

Although the pipe is always designed not to exceed the yield point under the expected loading

conditions, the performance of polyethylene pipes is stress- and temperature-dependent (Nishio

1983) and creep failures may occur even under the long-term loading conditions that are below

the yield point (Lustiger 1983). Furthermore, the geometry of a fused joint is such that notches

form between the beads and the pipe walls. These notches can become the initiation points of

slow- growth cracks under long term creep loading conditions.  Therefore, an “excellent” joint is
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one that has ductility comparable to that of the parent pipe and will be expected to perform as

well during the entire design life of the pipe. It should however be pointed out that these failure

modes were established under short-term tensile loading. The long-term effects of the

contaminated joints can be best addressed with long-term and perhaps fatigue loading. Such

long-range research is suggested.

These four failure modes are also represented using both the weld factor based on maximum

strains and the location of rupture (Table 3). This proposed failure criterion can be used to

determine the quality of fused joints from which dog-bone shaped specimens are prepared and

tested. It should be pointed out that the amount of strain is also dependent on the thickness of the

specimen (Wilson 1995). Therefore, it is imperative to use specimens of consistent dimensions.

Quality Evaluation of Fused HDPE Joints

The inner and outer sets of joint specimens provided two sets of TEB values for each joint

(Figure 7). There are some variations in failure modes and in TEB values within each specimen

group, which are likely due to variations in joint quality and dust conditions. In general, the TEB

values of the inner wall joint specimens were 22% higher on average than those of the outer wall

joint specimens, despite the fact that more dust accumulation was observed, in the initial dust

test, towards the inner wall thickness than towards the outer. This difference of 22% between the

means was significant at the 95% confidence level (Student t test, a statistical test method) and

largely attributed to the TEB difference in the wall quality itself because the mean TEB of the

inner pipe wall specimens was 20% higher than that of the outer wall specimens. This finding is

contrary to the observation of Björklund and Janson (1981) that the quality of the outer wall is

generally better than that of the inner wall.  More comprehensive research on changes in
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materials and pipe manufacture technologies over the last two decades may help explain

variations in material quality across pipe walls.

The TEB values in Table 2 are the averages of the inner and outer specimens. Because the stress-

strain behaviors of these specimens were similar, either TEB or maximum strain can be used.

Table 4 gives the maximum strains, weld factors and the quality grades using the criteria given in

Table 3. Two out of three control joints are of excellent quality. The inner specimen of Joint 2A,

however, failed at the joint when the maximum strain was less than 100%. The joints that fall

into the category of bad quality include 3C, 4C, 8A, 8B and 8C, while those in the category of

good quality include 3A, 5B, 5C, 6C and 7A. The rest fall into the category of poor quality.

A t-test was carried out to determine if the control joint specimens and the parent pipe specimens

had the same mean at the 95% confidence level. The test showed that these two sets of data had

the same mean, indicating that the quality of the control joints was as high as that of the parent

pipe.  Another t-test was carried out to determine the significance between the TEB results from

the contaminated joints and those from the control samples.  The difference was indeed

significant at the 95% confidence level.

The mean TEB of the joints made with cement dust was 0.025 J/mm3, which was only half of the

mean TEB of the joints made with clay dust.  This may be explained by the fact that the cement

particles were observed to stay suspended in the air longer than those of the clay, making it more

likely to be blown onto the molten welding surfaces. Although the calculated t-value was 1.992,

very close to the critical t-value of 2.037 at the 95% confidence level, this difference in TEB

caused by the clay dust and cement dust was statistically insignificant.
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Two-way analysis of variance (ANOVA) was carried out to determine the effect of wind velocity

and dust type at the 95% confidence level. The data sets from the inner wall specimens and the

outer wall specimens were analysed separately (Tables 5 and 6). The effects of dust type, wind

velocity and their interactions were again not significant.  In other words, the three wind

velocities used in the experiment produced similar contamination on the joint surfaces. This

suggests that the experiment could be improved by using a larger range of wind velocities and

dust intensities, in order to determine at what velocity the effect of dust becomes negligible.

Microscopic Examination

In order to confirm the presence of dust particles on the fracture surfaces and to understand the

failure mechanism of contaminated joints, joint specimens that broke at the weld in a brittle

manner were examined under an optical microscope. Figure 8 is a picture of the magnified

fracture surface of the specimen from Test Joint 4C. Cement particles are seen as white dots on

the fracture surface, and some voids are also evident. Similar features are observed on specimens

contaminated with clay dust, as represented by the specimen from Test Joint 7A (Figure 9). For

comparison purposes, microscopic examination was carried out on some cross sections of

specimens that did not fail at the joint but were instead purposely sectioned for examination.

Figure 10 shows the cut surfaces of the specimens from Test Joint 2C (control joint) at the fusion

weld and away from the weld but within the heat-affected zone.  Although no artificial dust was

created during the welding process of this joint, some residual dust particles were still present on

the weld interface and can be seen in Figure 10a. These dust particles are believed to be the

ambient dust that was attracted to the welding surfaces naturally.  Some surface dust attracted to

the specimen during the microscopic examination can also be seen.   This latter type of dust is
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the only kind present on the cross-section away from the weld (Figure 10b). The microscopic

appearance of a pipe wall section is similar to that of Figure 10b.

These results show that the dust contaminants were not completely squeezed out of the joints

during the fusion process. Furthermore, voids present on the fracture surfaces of the

contaminated joints suggest that the trapped dust particles may act as void and later on as crack

initiating points when the pipe is subjected to loading. Long-term fatigue loading may cause

initiation of cracks from the trapped dust particles. In addition, the trapped dust particles may act

as a barrier to the mixing of the molten materials from both pipe ends, thus creating a weaker

plane (Bowman 1996). The denser the dust accumulation, the weaker the joining plane. It

follows that mechanical means (e.g. vibration) that promote mixing of the molten materials

would reduce the effect of dust contaminates. Further studies to relate the dust intensity on the

fracture surface and failure modes can help establish a correlation between these parameters.

Folkes et al. (1991) examined the shear flow of material during fusion joining using the scanning

electron microscopic technique (SEM). This method may be used to assess the effect of duct

contamination on the joint quality. None-destructive detection of dust particles at the joining

plane would then help determine the quality of a fused joint in the field. However, these are the

subjects of further investigations.

Conclusions

An experimental study has been successfully carried out to determine the effects of dust

contamination on the quality of butt-fused joints. A total of 21 test joints were made under the

dust conditions created using two common dusts – cement and dry clay. However, readers are

reminded of the relatively small sample size when interpreting the results of this study.
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Tensile tests were conducted on 42 specimens prepared from those 21 test joints. Fracture

surfaces of the joint specimens were examined under a microscope to determine the dust

accumulation on welding surfaces. The statistical analyses were carried out to study the effect of

dust type and the difference between inner and outer pipe wall specimens. Based on the results of

this study, the following conclusions can be drawn:

• Under optimum joining (environmental and operational) conditions, the quality of butt-fused

joints can be as good as that of the pipe wall.

• The contaminants at the welding interface are not completely squeezed into the beads during

fusion process. The remaining weld interface is stretched across the pipe wall thickness.

• Properties of the HDPE material, such as yield stress, yield strain and modulus of elasticity,

are not suitable for use as a joint quality parameter. Tensile energy to break (TEB) and

maximum strain were found to be the acceptable parameters to discriminate between

different quality of joints.

• Four modes of failure were defined using maximum strains. A failure criterion has been

established and can be used to categorize the quality of a fused joint into four grades – bad,

poor, good and excellent.

• The quality of fused test joints was adversely affected by dust contamination. The finer

cement dust produced weaker joints than the clay dust, though the difference was not

significant. The wind velocities used in the study did not cause any significant difference.

In the absence of a cost-effective, consistent, easy-to-use and non-destructive quality

assurance/quality control (QA/QC) method on job sites, the following practice is recommended
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for construction projects involving butt fusion of HDPE pipe in the field to ensure an acceptable

level of joint quality:

• Prior to actual installation, a test program should be implemented to establish a quality

criterion similar to the one shown in this paper. Tensile energy to break (TEB) or maximum

strain can be used as quality parameters. During field installation, tests should be conducted

using the established criterion on specimens that are prepared from randomly selected fusion

joints as a quality control method. If poor or bad joints result, joining parameters should be

adjusted and the joining environment should be assessed. Subsequent test joints should be

made after the adjustment.

• Dust can be attracted to the heater plate as well as to the welding surfaces during a fusion

process, and trapped dust will affect the quality of the joint. To ensure a good quality joint,

the surfaces of the heater plate should be cleaned at each joining cycle. The welding surfaces

should also be properly cleaned after trimming.

• To minimize the wind tunnel effect, the ends of the pipe segments that are being joined

should be covered until the joining-cooling step. Then, removal of the covers will benefit the

cooling process of the fused joints.

• In windy and dusty conditions, it is necessary to use special and effective shelters that will

prevent dust contamination on the welding surfaces.
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Table 1. Welding parameters for butt fused joints.

Condition Joint
Heater plate

temperature range
(ºC)

Heating

time
(min.)

Heater plate

removal time
(sec.)

Joining-

cooling time
(min.)

2A 205-215 4 n/a† 30+

2B 210-220 4 n/a 20control

2C 205-213 3 n/a 21

3A 210-215 3 8 17

3B 205-215 5 5 22

Cement dust

6.4 km/h

3C 210-220 4 6 17

4A 215-220 5 5 21

4B 210-220 3 5 30+

Cement dust

8 km/h

4C 215-220 5 5 22

8A 205-210 4 5 15

8B 205-210 4 5 18

Cement dust

9.6 km/h

8C 205-215 4 5 15

5A 210-215 4 5 15

5B 205-210 4 5 15

Clay dust

6.4 km/h

5C 205-210 4 5 17

6A 210-215 4 5 15

6B 205-210 4 5 30+

Clay dust

8 km/h

6C 205-210 4 5 16

7A 205-215 5 5 24

7B 210-215 4 5 26

Clay dust

9.6 km/h

7C 205-215 4 5 20

† - not available.
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Table 2. Mean yield stresses, weld factors and TEB values.

Weld factor, f

Specimen location Yield stress, MPa TEB, J/mm3
(based on yield

stress)

(based on TEB)

Pipe wall 21.2 0.132 - -

2 A 21.2 0.066 1.00 0.48

B 21.6 0.141 1.02 1.02

C 21.9 0.144 1.03 1.04

3 B 21.2 0.094 1.00 0.68

C 21.1 0.015 0.99 0.11

4 A 21.8 0.023 1.03 0.17

B 21.5 0.018 1.01 0.13

C 21.7 0.016 1.02 0.12

8 A 21.7 0.010 1.02 0.07

B 22.1 0.010 1.04 0.07

C 21.9 0.016 1.03 0.12

5 A 22.3 0.019 1.05 0.14

B 22.2 0.096 1.05 0.70

C 22.1 0.076 1.04 0.55

6 A 21.6 0.016 1.02 0.12

B 22.2 0.017 1.05 0.12

C 21.8 0.100 1.03 0.72

7 A 21.6 0.085 1.02 0.62

B 21.1 0.017 0.99 0.12

C 21.2 0.026 1.00 0.19
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Table 3. Failure modes, weld factors based on maximum strain and quality grades of

fused HDPE joints.

Failure mode fεmax Location of rupture Quality grade of fused joint

At weld Bad1 < 0.12

Away from weld Inconclusive (specimen defective)

At weld Poor2 0.12 – 0.56

Away from weld Good

At weld Good3 0.57 – 0.99

Away from weld Excellent

4 ≥1 At or away from weld Excellent
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Table 4. Maximum strains, rupture locations, weld factors and quality grades.

Weld factor, f
Specimen
location

Maximum
strain, %

Location of rupture (based on

max. strain)

(based on

TEB)

Joint quality
grade

Pipe wall 904 - - - -

2 A 442 Outer: Away from weld
Inner: At weld

0.49 0.48 Poor

B 912 Away from weld 1.01 1.02 Excellent

C 911 Away from weld 1.01 1.04 Excellent

3 B 626 Outer: At weld
Inner: Away from weld

0.69 0.68 Good

C 100 At weld 0.11 0.11 Bad

4 A 161 At weld 0.18 0.17 Poor

B 118 At weld 0.13 0.13 Poor

C 96 At weld 0.11 0.12 Bad

8 A 79 At weld 0.09 0.07 Bad

B 57 At weld 0.06 0.07 Bad

C 97 At weld 0.11 0.12 Bad

5 A 140 At weld 0.15 0.14 Poor

B 624 Outer: At weld
Inner: Away from weld

0.69 0.70 Good

C 512 Outer: Away from weld

Inner: At weld
0.57 0.55 Good

6 A 110 At weld 0.12 0.12 Poor

B 108 At weld 0.12 0.12 Poor

C 664 Away from weld 0.73 0.72 Good

7 A 556 Outer: At weld

Inner: Away from weld
0.62 0.62 Good

B 109 At weld 0.12 0.12 Poor

C 182 At weld 0.20 0.19 Poor
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Table 5. TEB values from inner wall specimens and results of the two-way  ANOVA to

determine the effect of wind velocity and dust type (95% confidence level).

(A) TEB values (J/mm3)

Wind velocity

Dust type
Joint

sequence
V1 V2 V3

Mean

A 0.026 0.018 0.128 0.057

B 0.115 0.018 0.017 0.050

Clay

C 0.075 0.114 0.029 0.072

A 0.052† 0.028 0.005 0.028

B 0.138 0.020 0.011 0.056

Cement

C 0.016 0.018 0.017 0.017

Mean 0.070 0.036 0.034 0.05

(B) Two-way ANOVA

Source of variation SS df MS F F critical

Dust type 0.00304 1 0.00304 1.44 4.75

Wind velocity 0.00496 2 0.00248 1.17 3.89

Interaction 0.00146 2 0.00073 0.35 3.89

Within 0.02544 12 0.00212

Total 0.03490 17

Note: df, degrees of freedom; F, Snedecor statistic; MS, mean square; SS, sum of

squares;
† - these data were missing and estimated using the Yates method (Steel and Torrie 1980)
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Table 6. TEB values from outer wall specimens and results of the two-way  ANOVA to

determine the effect of wind velocity and dust type (95% confidence level).

(A) TEB values (J/mm3)

Wind velocity
Dust type

Joint
sequence

V1 V2 V3

Mean

A 0.013 0.014 0.042 0.023

B 0.078 0.016 0.017 0.037

Clay

C 0.078 0.087 0.023 0.063

A 0.038† 0.017 0.016 0.024

B 0.050 0.017 0.010 0.026

Cement

C 0.014 0.014 0.014 0.014

Mean 0.045 0.028 0.020 0.03

(B) Two-way ANOVA

Source of variation SS df MS F F critical

Dust type 0.00175 1 0.00175 2.87 4.75

Wind velocity 0.00198 2 0.00099 1.63 3.89

Interaction 0.00008 2 0.00004 0.06 3.89

Within 0.00730 12 0.00061

Total 0.01110 17

† - these data were missing and estimated using the Yates method (Steel and Torrie 1980)
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