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a b s t r a c t

This paper presents the effect of fusion procedure on the fusion performance of the thermal butt fusion
in the safety class III buried HDPE piping per various tests performed, including high speed tensile
impact, free bend, blunt notched tensile, notched creep, and PENT tests. The suitability of fusion joints
and qualification procedures was evaluated by comparing test results from the base material and butt-
fusion joints. From the notched tensile test result, it was found that the fused joints have much lower
toughness than the base material. It was also identified that the notched tensile test is more desirable
than the high speed tensile impact and free bend tests presented in the ASME Code Case N-755-3 as a
fusion qualification test method. In addition, with regard to the single low-pressure fusion joint per-
formances, the procedure given by the ISO 21307 was determined to be better that the one specified in
the Code Case N-755-3.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, HDPE (high density polyethylene) has been applied to
the safety class III buried piping in service water and seawater
systems of nuclear power plants because of its excellent corrosion
resistance [1,2] in particular, among other things. As a consequence,
ASME B&PV Code Committee issued an ASME B&PV Code Case N-
755 for this purpose [3] and more recently a revised Code Case N-
755-3 was published that includes the requirements for the design,
manufacturing and installation of the safety class III buried HDPE
piping of nuclear power plants [4]. In regard to the use of this code
case for butt-fusion, the U.S. NRC has expressed some concerns
relating to the fusion performance as well as its qualification pro-
cedures [5,6]. To resolve these issues the work at the ASME B&PV
Code Committee continues to this date.

At the present time the Code Case N-755-3 only allows thermal
butt fusion for joining the safety class III buried HDPE piping. It
provides a procedure for the SHP (single high-pressure) while the
ISO 21307 [7] gives the description for SHP, SLP (single low-
pressure) and DLP (dual low-pressure) procedures applied to the
gas and water PE (polyethylene) pipes. In an attempt to develop a
global standard compensating the difference between the stan-
dards, Beech et al. [8e10] investigated variations of short- and
long-term performances of the HDPE fusion joints with three
fusion procedures (SHP, SLP, DLP) via performing various short- and
long-term performance tests. The performance tests showed that
the DLP fusion joints had best short-term performance while the
SHP fusion joints had worst long-term performance. Troughton
[11], using conditions somewhat altered from the standard fusion
procedure (WIS 4-32-08 [12]), showed that, of the three short-term
tests including three-point bend test, tensile test using a dumb-bell
specimen, and tensile test using a waisted specimen, only the
waisted specimen tensile test was able to differentiate between* Corresponding author.
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fusions made under the different joining conditions. In addition,
there was no correlation between results from short-term and
long-term tests or between results from specimen and whole pipe
tensile creep rupture tests. Although there were various kinds of
test conducted, the test results did not show consistency among
test methods and causes of the inconsistency were not explained
enough. In summary, it is difficult to find the previous studies that
have evaluated effect of the thermal butt fusion procedure, pre-
sented in the Code Case N-755-3, on the fusion performance
considering actual biaxial stress state of the HDPE piping. Although
there are a few studies related to suitability of the standard fusion
and qualification procedures presented in the Code Case N-755-3,
fully convincing conclusions were not drawn yet.

In this work, the butt-fusion procedure of the Code Case was
revisited by further evaluating fusion joints prepared by both the
Code Case N-755-3 and the ISO 21307 procedures. High speed
tensile impact, free bend, notched tensile, notched creep, and PENT
(Pennsylvania edge notch tensile) tests were utilized and their re-
sults presented to determine the suitability of the fusion and
qualification procedures of the Code Case N-755-3.

2. The standard proceudres for FUSION joining of PE pipes

2.1. Standard thermal butt fusion procedures

Mandatory Appendix I in the Code Case N-755-3 [4] prescribes
requirements for a standard FPS (fusion procedure specification).
The FPS, based on standard industry practice and testing as re-
ported in the PPI's technical report [13], includes specified re-
quirements for heater plate surface temperature, heater bead up
size, heater plate removal time, fusion pressure, cool-down time
under fusion pressure, etc. The requirements for the thermal butt
fusion in the Code Case N-755-3 are for SHP procedure.

Although there are several minor differences, the requirements
for a standard FPS in the Code Case N-755-3 are similar with those
of a SHP FPS in ISO 21307. The ISO 21307 presents three kinds of the
standard FPSs (SLP, SHP and DLP) for thermal butt fusion joining of
the PE pipes in gas and water distribution systems. The standard
FPSs can be applied to both MDPE (medium density polyethylene)
and HDPE pipes. The ISO 21307 prescribes the following three

fusion procedure:
Table 1 summarizes comparison results of the standard FPS

between the Code Case N-755-3 and the ISO 21307 excluding the
DLP procedure. Essential variables in Table 1 are described in Fig. 1.
From Table 1, it is identified that the requirement for the heater
plate temperature shows little difference between the Code Case N-
755-3 and the ISO 21307. For example, the requirement for the
minimum heat soak time is specified in the ISO 21307 while it
depends on the bead size after heating in the Code Case N-755-3.
Also, there are some differences in the maximum heater plate
removal time, the minimum cooling time in the machine under
pressure, etc.. In the ISO 21307, the fusion pressure of the SHP
fusion procedure is about three times higher than that of the SLP
fusion procedure. The Code Case N-755-3 specifies the fusion
pressure similar to that of the SHP procedure in the ISO 21307 but
allows wider pressure range than the ISO 21307. Considering that
the heater plate temperature and the fusion pressure are the most
critical process variables in thermal butt fusion joining of HDPE
pipes, it is worthy of notice that difference among the fusion
pressures in the standards is about three times.

2.2. Standard qualification procedures for fusion joints

Both the Code Case N-755-3 and the ISO 21307 require the
fusion performance tests as qualification for the butt fusion pro-
cedure. The Code Case N-755-3 requires high speed tensile impact
tests using smooth specimen and elevated temperature sustained
pressure tests in order to qualify the FPS and requires the free bend
test in order to qualify each fusion machine operator. Meanwhile,
the ISO 21307 recommends normal speed tensile tests using short
length specimen, hydrostatic pressure tests and high speed tensile
tests using smooth specimen as the quality control method for the
fusion procedure. Table 2 summarizes the fusion qualification test
methods presented in the Code Case N-755-3 and the ISO 21397.
From the table, it is found that environments and methods of the
high speed tensile and pressure tests are same in both the Code
Case N-755-3 and the ISO 21307. On the other hand, the Code Case
N-755-3 requires the free bend test but the ISO 21307 recommends
tensile test using the short length specimens. In addition, the Code
Case N-755-3 prescribes the acceptance criteria for all the test
methods while the ISO 21307 presents no specific acceptance
criteria.

3. Fusion performance tests

3.1. Fusion performance test methods

The study aimed to evaluate the effects of the SHP fusion pro-
cedure in the Code Case N-755-3 and the SLP fusion procedure in
the ISO 21307 on the fusion performance. HDPE pipes weremade of
the PE 100 P600 resin of Korea Petrochemical Industry Company,
Ltd., whose manufacturing data are presented in Table 3 [14]. Using
the HDPE pipes, total four kinds of the fusion joints were manu-
factured with different fusion pressure and heater plate tempera-
ture. Fig. 2 shows summarized range of the fusion process variables.
Four kinds of the fusion conditions graphically shown in Fig. 2 are
as follows:

� Fusion Condition-1: SHP & low temperature
(4.6 ± 0.4 bar(0.46 ± 0.04 MPa) & 208 ± 3.0 �C)

� Fusion Condition-2: SHP & high temperature
(4.6 ± 0.4 bar(0.46 ± 0.04 MPa) & 230 ± 3.0 �C)

� Fusion Condition-3: SLP & low temperature
(1.7 ± 0.4 bar(0.17 ± 0.04 MPa) & 208 ± 3.0 �C)

Nomenclature

t pipe thickness
P internal pressure
Rm mean pipe radius
shoop hoop stress
saxial axial stress

Abbreviations
ASME American Society of Mechanical Engineers
B&PV boiler and pressure vessels
DLP dual low-pressure
FPS fusion procedure specification
HDPE high density polyethylene
ISO International Organization for Standardization
PE polyethylene
PENT Pennsylvania edge notch tensile
PPI Plastic Pipe Institute
SHP single high-pressure
SLP single low-pressure
NRC Nuclear Regulatory Commission
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Table 1
Comparison of the essential variables in the fusion procedures between the ISO 21307 and the Code Case N-755-3.

Principal Variables Unit ISO 21307 CC N-755-3 (Single High-Pressure)

Single Low- Pressure Single High- Pressure

Heater plate temperature �C 200~245 200~230 204~232
Initial bead-up fusion jointing pressure p1 MPa 0.17 ± 0,02 0.52 ± 0.1 0.41~0.62
Minimum initial bead-up size mm 0.5 þ 0.1tna e e

Minimum heat soak time t2 sec (11 ± 1)tnb (11 ± 1)tn e

Minimum bead size after heating mm e 0.15tn þ 1 1.5~14c

Heat soak pressure p2 MPa 0~pdrag 0~pdrag 0~pdrag
Maximum heater plate removal time t3 sec 0.1tn þ 4 0.1tn þ 8 8~30d

Fusion jointing pressure p3 MPa 0.17 ± 0.02 0.52 ± 0.1 0.41~0.62
Maximum time to achieve interfacial pressure t4 sec 0.4tn þ 2 e e

Minimum cooling time in the machine under pressure t5 min tnþ3 0.43tn 0.5~1.5De

Minimum cooling time out of the machine t6 min tnþ3 �f e

a Maximum 6 mm.
b tn: Nominal wall thickness [mm].
c Depends on nominal outside diameter of piping. For the case with D/t¼ 10, the bead size of small diameter (D¼ 90mm) piping is 2times larger than the one of single high

pressure fusion in the ISO 21307, the bead size of large diameter piping (D¼ 800 mm) is same as the one of the single high pressure fusion, and the bead size of large diameter
piping (D > 800 mm) are smaller than the one of the single high pressure fusion.

d Depends on pipe wall thickness. Based on field fusion practice, it is generally 2times longer than single low pressure in the ISO 21307.
e D¼ outside diameter of piping (inch). 1.5D is applied when thewall thickness is greater than 2inch. In case of D/t¼ 10, it is 46% of the single high pressure in the ISO 21307.
f A cooling time out of the machine and before rough handling may be recommended, but in most cases is not necessary with these cooling times.

Fig. 1. Typical time/pressure diagram of a HDPE thermal butt fusion jointing cycle [7].

Table 2
Summary of the fusion qualification test methods for thermal butt fusion joint in the Code Case N-755-3 and the ISO 21307.

Code and standard Test method Parametersa Acceptance criteria

Specimen type Test environment Loading speed

ASME Code Case
N-755-3

High speed tensile impact test Smooth tensile specimen (Fig. 2(a)) 23 ± 2 �C 152 mm/s Ductile failure
Elevated temperature sustained
pressure testb

Pipe under internal pressure 80 �C, water e Same as straight pipe

Free bend test General bend specimen (Fig. 2(b)) room temp. e No crack or no failure
at fusion joint

ISO 21307 Tensile testc Short length tensile specimen (Fig. 2(c)) 23 ± 2 �C 5 mm/min Non
Hydrostatic pressure testd Pipe under internal pressure 80 �C e Non
High speed tensile teste Smooth tensile specimen (Fig. 2(a)) 23 ± 2 �C 152 mm/s Non

a On the basis of Dn ¼ 300 SDR11 (OD (outside diameter) ¼ 318 mm, t (wall thickness) ¼ 28.9 mm).
b ASTM D3035 or ASTM F714.
c ISO 13953.
d ISO 1167-1, -3 and -4.
e ASTM F2634.
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� Fusion Condition-4: SLP & high temperature
(1.7 ± 0.4 bar(0.17 ± 0.04 MPa) & 230 ± 3.0 �C)

The SHP and the SLP fusion joinings were performed according
to the requirements of the Code Case N-755-3 and the ISO 21307,
respectively. Detailed fusion requirements are summarized in
Table 4.

In accordance with the requirements in the Code Case N-755-3,
the high speed tensile impact and free bend tests were performed
as short-term fusion performance tests. In addition, considering the
previous experiences [8e11], the blunt notched tensile tests were
carried out as one of short-term fusion performance tests. Fig. 3(a)
and (b) depict configurations of the high speed tensile impact and
free bend test specimens, respectively. Fig. 4 (a) shows the blunt
notched tensile specimens used in this study, inwhich the notch tip
radii were established with 5 mm considering bi-axial stress states,
which will be discussed in Section 4 of this paper. The elevated
temperature sustained pressure test using pipe specimens, pre-
sented in the Code Case N-755-3, were not conducted due to lim-
itations of pipe materials, experimental equipment and testing
time. Instead of the pressure test, in this study, PENT (Pennsylvania
edge notch tensile) tests and notched tensile creep tests were

performed as long-term performance tests of the HDPE fusion
joints. Advantage of the blunt notched tensile creep tests will be
discussed in Section 4 comparing with the pressure test. The PENT
test is required as a long-term performance test of HDPE resin in
the Code Case N-755-3. As shown in Fig. 4(a), the notched tensile
creep test specimen has identical configuration to the notched
tensile test specimen. Fig. 4(b) depicts the configuration of PENT
specimen, in which a razor notch was machined in three faces of
the specimen.

Table 5 presents an overall test matrix for four kinds of the
fusion procedures of the HDPE pipes. The number of the high speed
tensile impact and free bend test specimens was complied with the
FPS qualification test requirement of the Code Case N-755-3 for
each fusion joining condition. The free bend test was carried out for
four kinds of the fusion joints with the different fusion conditions.
The high speed tensile impact and notched tensile test were per-
formed for the base material and the four fusion joints with three
displacement rates (5 mm/min, 50 mm/min, 152 mm/s) under
displacement control condition. Both the Code Case N-755-3 and
the ISO 21307 require that the high speed tensile impact test shall
be performed with the displacement rate of 152 mm/s. The
displacement rate of 5 mm/min is a requirement for the normal

Table 3
Resin material data.

Source Properties PE100 P600

Resin manufacturer's
testing or data
sheet

Cell classification 445574C bimodal
PPI pipe grade PE 4710
Melt index 0.07 g/10 min at 2.16kg/190 �C

16 g/10 min at 21.6kg/190 �C
Density 0.949
Tensile strength at yield 24.4 MPa

Pipe manufacturer's
testing

Melt index 15.24 g/10 min at 21.6 kg/190 �C
Density 0.952 g/cc
Ring tensile strength 25.4 MPa
Carbon black content 2.03%

Confirmatory testing Melt index 0.09 g/10 min at 2.16 kg/190 �C
Density 0.952 g/cc
Tensile strength at yield 10.5 MPa at 85 �C

Fig. 2. The interfacial fusion pressure and the heater plate temperature conditions for manufacturing the fusion joints.
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speed tensile test using a short specimen in the ISO 21307. The
notched tensile creep test was performed for the base material and
the four fusion joints in the air of 80 �C with the tensile stress of
8 MPa on the basis of net-section area. The PENT test was carried
out for the base material and the four fusion joints in the water of
80 �C with the tensile stress of 2.76 MPa on the basis of net-section
area. For reducing PENT test time, the test specimens were subject
to alternate loading with the loading ratio of 0.1 and the frequency
of 0.1 Hz.

3.2. Fusion performance test results

3.2.1. High speed tensile impact and free bend tests
The acceptance criteria of the high speed tensile impact test in

the Code Case N-755-3 are based on the failure mode of the test
specimen. To be accepted, the failure mode shall not be brittle in
the fusion interface. In this study, for all the fusion joint specimens,
the failure modes were ductile fracture which occurred at fusion
interfaces or base materials near the fusion joints. Fig. 5 depicts
representative examples of the ductile fracture. So, all the fusion
joints meet the acceptance criteria of the high speed tensile impact
test in the Code Case N-755-3. Fig. 6 shows engineering stress-
strain curves for the high speed tensile impact tests. As shown in
the figure, strength and elongation don't change significantly with
variation in the fusion condition.

The acceptance criteria of the free bend test in the Code Case N-
755-3 are that the specimens shall not crack or fracture. No crack
was found in all the fusion joint specimens. So, all the fusion joints
meet the acceptance criteria of the free bend test in the Code Case
N-755-3.

As a result, in the viewpoint of the short-term fusion perfor-
mance, both the SHP and the SLP fusion procedures are acceptable
to the safety class III buried piping of nuclear power plants ac-
cording to Code Case N-755-3. From the test results, it was
confirmed that short-term strengths of the HDPE butt fusion joint
are not lower than those of the base material under uniaxial stress
condition. However, these results cannot give an assurance that
other kinds of short-term performances (for example, ductility,
etc.) of the fusion joints are not worse than those of the base ma-
terials. For more investigation on the short-term performances, the
blunt notched tensile test results need to be examined.

3.2.2. Blunt notched tensile tests
The failure modes of the notched tensile test specimens were

classifiedwith three categories as shown in Fig. 7. The failuremodes
of all the base materials were the ductile fracture like Fig. 7 (a)
while those of all the fusion joints were semi-brittle or brittle
fracture like Fig. 7(b) and (c). Fig. 8 depicts engineering stress-strain
curves for the notched tensile tests. As depicted in Figs. 7 and 8,
unlike the high speed tensile impact test using smooth specimens,
it is identified that ductility of the fusion joint significantly de-
creases in the blunt notched tensile specimen. Fig. 9 indicates
variations of fracture strain energy for the base materials and four
kinds of the fusion joints. From the figure, it is found that fracture
strain energy of the fusion joint significantly decreases under all the
displacement rates comparing with those of the base material. In
general, the SHP fusion joints by the Code Case N-755-3 have lower
fracture strain energy than the SLP fusion joints by the ISO 21307 as
shown in Fig. 9. This tendency could not be indicated by the high
speed tensile test using smooth specimen and the free bend test
which are qualification tests of the Code Case N-755-3, as previ-
ously described in Section 3.2.1.

Consequentially, the notched tensile test is more desirable than
the high speed tensile impact and free bend tests presented in the
Code Case N-755-3 as a fusion qualification test method. This
finding is consistent with the Troughton's study result [11].

3.2.3. Blunt notched tensile creep and PENT tests
Variation of time-to-rupture vs. the fusion condition for the base

material and the different fusion joints derived by the notched
tensile creep test is presented in Fig. 10. From the figure, it is found
that the time-to-rupture of the fusion joints show very large scatter
within the same fusion condition. To minimize effect of the scat-
tering, rupture time of each fusion condition was averaged
excluding maximum andminimumvalues. On a basis of the average
values, the rupture times of the fusion joints are about 41% shorter
than those of the base material. The rupture times of the SLP fusion
joints are about 11% longer than those of the SHP fusion joints.

Fig. 11 shows variation of failure time vs. the fusion condition for
the different fusion joints taken by the PENT test. As shown in the
figure, the PENT test results show also significantly large scatter
within the same fusion condition. On a basis of the average failure
time, excluding maximum and minimum, the failure times of the

Table 4
Specification of the thermal butt fused piping for tests e requirements of fusion variables.

DN300, DR11: OD 319.7 mm (12.59 inch), t 31.2 mm (1.228 inch)
ID 257.3 mm, Cross section area 282.78 cm2

Variables Condition 1a Condition 2a Condition 3b Condition 4b

Heater plate temperature (�C) T 208.0 (±3.0) 230.0 (±3.0) 208.0 (±3.0) 230.0 (±0.0)

Drag pressure (bar/MPa) pdrag -/-
Initial bead-up pressure (bar/MPa) p1 p3
Initial bead-up size (mm) d1 �c �c �3.23 �3.23
Initial bead-up time (sec) t1 70d 60d 90d 90d

Bead size after heating (mm) d2 �6.0 �6.0 �5) �e

Heat soak time (sec) t2 328f 200f �328 �328
Heat soak pressure (bar/MPa) p2 pdrag
Heater plate removal time (sec) t3 �5.0
Fusion jointing pressure (bar/MPa) pint ¼ p3-drag 4.6 (±0.4)/0.46 (±0.04) 4.6 (±0.4)/0.46 (±0.04) 1.7 (±0.4)/0.17 (±0.04) 1.7 (±0.4)/0.17 (±0.04)
Time to achieve interfacial pressure (sec) t4 �12.9
Cooling time in the machine under pressure (sec) t5 �1080 �1080 �1860 �1860
Cooling time out of the machine (sec) t6 e e �1860 �1860

a Mainly based on the Code Case N-755-3. Some items are based on the SHP condition in the ISO 21307.
b Based on the SLP condition in the ISO 21307.
c Only identification of 360� bead formation by visual examination. There is no requirement for the initial bead-up size.
d Based on the initial bead-up size requirements and preliminary test results, unified initial bead formation time is applied.
e There is no requirement for the bead size after heating. Remove the heating plate based on the heat soak time.
f Based on the requirements for the bead size after heating and preliminary test results, unified heat soak time is applied.
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SLP fusion joints are about 67% longer than those of the SHP fusion
joints.

3.2.4. Summary of the test results
All the test results conducted in this study were summarized in

Fig.12. Maximum andminimumvalues were excluded in this figure
because of the large scatter mentioned previously. Considering
both the short-term fusion performance test results by the notched
tensile test and the long-term fusion performance test results by
the notched tensile creep and PENT tests, it can be said that the SLP
fusion joints by the ISO 21307 show better fusion performance than
the SHP fusion joints by the Code Case N-755-3.

4. Discussions

In an unrestrained pipe whose both ends are closed, internal
pressure makes hoop and axial stresses in the pipe, as follows:

shoop; press ¼
PRm

t

saxial; press ¼
PRm

2t

(1)

where shoop,press denotes a hoop stress by internal pressure, sax-

ial,press an axial stress by internal pressure, P an internal pressure,

Fig. 3. Geometries and dimensions of the fusion performance test specimens pre-
sented in the Code Case N-755-3 and the ISO 21307.

Fig. 4. Geometries and dimensions of the notched tensile/creep test specimens and
the PENT test specimen (unit: mm).
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Rm a mean pipe radius and t a pipe thickness.
If the pipe is restrained and external axial forces or bending

moments are applied to the pipe, additional axial stresses can be
induced to the pipe and fusion joints of the pipe, as follows:

saxial; force ¼ F
2pRmt

saxial; mom ¼ MRm

I

(2)

where saxial,force denotes an axial stress by external axial force,
saxial,mom an axial stress by external bending moment, F an external
axial force, M an external bending moment, and I the moment of
inertia of the pipe.

Therefore, total stresses in buried HDPE pipes and their fusion
joints, can be expressed as follows:

Table 5
Performance test matrix for HDPE butt fusion joints.

Classification Number of
base material
specimen

Number of fusion joint specimen

Fusion 1 (SHP - low
temperature)

Fusion 2 (SHP - high
temperature)

Fusion 3 (SLP - low
temperature)

Fusion 4 (SLP - high
temperature)

Qualification test by the
Code Case N-755-3

Free bend test e 4a 4a 4a 4a

High speed tensile impact
test (152 mm/s)

e 12b 12b 12b 12b

Short-term performance
test

Notched tensile test (152 mm/s) 3 4a 4a 4a 4a

Notched tensile test (50 mm/min) 2 2c 2c 2c 2c

Notched tensile test (5 mm/min) 2 2c 2c 2c 2c

Long-term performance
test

Notched tensile creep test 1 4a 4a 4a 4a

PENT test e 4a 4a 4a 4a

a Taken at intervals of circumference 90� for a joint.
b Taken at intervals of circumference 90� for three joints.
c Taken at intervals of circumference 180� for a joint.

Fig. 5. Typical failure modes of the high speed tensile impact test specimens.

Fig. 6. Engineering stress-strain curves derived from the high speed tensile impact
tests.

shoop ¼ shoop; press ¼
PRm

t

saxial ¼ saxial; press þ saxial; force þ saxial; mom ¼ PRm

2t
þ F
2pRmt

þMRm

I

(3)
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It is well-known that ductile fracture significantly depends on
biaxial stress states [15]. It is expected that the HDPE pipes have the
similar ductile fracture behavior under the biaxial stress state
(hoop þ axial) because of their good ductility. From Eq. (1), it is
found that the biaxial stress ratio, which means a ratio of a hoop
stress to an axial stress, is 2 for the HDPE pipe specimen for the
sustained pressure test. However the total axial stress can be
significantly higher than a half of the total hoop stress in the actual
piping systems of nuclear power plants as presented in Eq. (3).
Accordingly, the sustained pressure test cannot give an assurance
that the fusion joints do not fail during plant operation. The high
speed tensile impact test using smooth specimen applies only one-
directional stress (axial stress) to the fusion joints without trans-
verse (hoop) stress. So, these kinds of tests cannot take into account
the biaxial stress effect.

Considering the discussions above, the axial tensile or bending
tests for the HDPE pipes under internal pressure are the most ideal
test method for the fusion joint qualification. However, these full-
scale tests have the practical limitations that need lots of mate-
rials and large-scale test facilities. Due to these limitations of the
full-scale tests, in this study, the notched tensile tests were adopted

and performed. In general, the notched tensile test specimens even
under uni-axial loading have multi-axial stress state because of the
constraint effect by the specimen geometry. In order to identify the
biaxial stress state of the blunt notched tensile specimens, finite
element analysis was performed using the commercial program,
ABAQUS [16]. Three-dimensional finite element models were
developed as depicted in Fig. 13. The finite element models were 1/
8 symmetric because the test specimens and boundary conditions
were symmetric. The models consisted of 20-node quadratic brick,
reduced integration elements. To analyze the stress state in the
interested region of the test specimen, two directional paths were
established in the central part of the test specimen gauge region as
presented in Fig.13. The stress distributionswere calculated for two
cases of the notch tip radius, 5 mm and 10mm, and then the biaxial
stress ratio was derived from the calculated stress distributions to
figure the biaxial stress state out. Fig. 14 shows variations of the
derived biaxial stress ratio distributions vs. the notch tip radius. In
case of the notch tip radius of 5 mm, the biaxial stress ratios at a
central point of the specimenweremaintained at about 0.5 without
significant change during deformation process as shown in
Fig. 14(a) and (b). Comparing with the biaxial stress ratios for the

Fig. 7. Typical failure modes of the notched tensile test specimens.
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Fig. 8. Engineering stress-strain curves derived from the notched tensile tests.
Fig. 9. Fracture strain energy vs. the fusion condition.
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notch tip radius of 5 mm, those for the notch tip radius of 10 mm,
presented in Fig. 14(c) and (d), are lower and change significantly
during deformation process. In this study, based on the analysis
results for the biaxial stress ratio, the notch tip radius of the blunt
notched test specimen was determined to be 5 mm that can
simulate more large and steady hoop stress in the HDPE pipe fusion
joints. As shown in Fig. 14 (a) and 14 (b), the biaxial stress effects on
the fracture of HDPE fusion joints can be considered using the blunt
notched tensile specimens. Considering the biaxial stress state of
the buried HDPE piping system, the stress state of the blunt
notched tensile specimen has better similarity than that of the
smooth tensile specimen. Therefore, it can be said that the notched
tensile test is more desirable than the high speed tensile impact test
presented in the Code Case N-755-3 as a fusion qualification test
method. This finding is consistent with the Troughton's result [11].
Also, it is seen that there are big sharps in Fig. 14(a) and (c). This is
deemed to be caused by the reduction of the notch effect due to
large deformation. The big sharp also appears larger in the notch tip
area, especially because of the large strain at the notch tip.

5. Conclusions

From the investigation on the thermal butt fusion performance

Fig. 10. Variation of time-to-rupture by the notched tensile creep tests vs. the fusion
condition.

Fig. 11. Variation of failure time by the PENT tests vs. the fusion condition.

Fig. 12. Summary for the performance test results of the HDPE butt fusion joints.

Fig. 13. Finite element model for stress state characterization of the notched test
specimen.
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of the safety class III buried HDPE piping in nuclear power plants,
the following findings are derived:

� The SHP fusion joint by the Code Case N-755-3 and the SLP
fusion joint by the ISO 21307 meet all the requirements of the
high speed tensile impact and free bend tests, but the re-
quirements have some limitation to qualify the fusion
performance.

� In the notched tensile tests, the HDPE butt fusion joints have
significantly lower ductility than the base material.

� The notched tensile test is more desirable than the high speed
tensile impact and free bend tests presented in the Code Case N-
755-3 as a fusion qualification test method.

� The SLP fusion joint by the ISO 21307 shows better fusion per-
formance than the SHP fusion joints by the Code Case N-755-3.

� Based on the results of this study, it is expected that it can be
extended to study on the fusion properties of various PE pipes
used in various industrial fields such as water pipe and gas
pipeline.
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