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The constraint-based assessment of the CTOD toughness requirement is discussed for welded joints of high-strength
high-strain line pipes with a high design factor. The biaxial loading caused by a high internal pressure and the strength
mismatch between the base and weld metals exert influences on the CTOD and stress fields of a crack in the pipe component.
Nevertheless, the pipe component suffers from a significant constraint loss compared with the fracture toughness specimen
with a deep crack. It is confirmed that the equivalent CTOD ratio, �, standardized in ISO 27306, for the CTOD correction
for constraint loss can be applied to high-strain line pipes except for a deep crack and sufficiently overmatch condition.
Using �, the CTOD toughness requirement for the pipe component can be relaxed to a large extent.

INTRODUCTION

Natural gas industries show a clear-cut trend toward the use of
high-strength large-diameter pipes for long-distance high-pressure
pipelines. This is to reduce the cost of gas transmission from
remote sources to market end-users with an efficient mass gas-
transportation. The construction cost of pipelines can also be
reduced by the use of high-strength steels because of the reduction
in pipe-wall thickness leading to less work time for pipe joining.
However, this scenario works with the development of an innova-
tive design for fracture avoidance of pipelines.

Long-distance pipelines are likely to be subjected to a large
ground movement if laid in a seismic area or in a permafrost area.
Considering a high cracking susceptibility of high-strength pipes,
attention should be paid to the increase in the crack driving force
in hostile environments. The crack driving force of pipelines will
also be increased by factors addressed below.

Long-distance pipelines employ a high gas-pressure, e.g. design
factor of 0.72SMYS or higher (SMYS: specified minimum yield
strength), to ensure high efficiency of gas transport from remote
sources to end-users. High internal pressure enhances a biaxial
stress state in the pipe wall. It has been demonstrated (Gordon
et al., 2007; Østby, 2007; Liu and Wang, 2007) that the biaxial
loading promotes crack-tip opening of a surface crack on the pipe
wall, compared with uniaxial loading.

Another factor to be considered is the strength mismatch in
welds. In most steel structures, the weld metal (WM) is designed
to have a slightly greater strength than the base metal (BM). The
overmatch principle is based on the concept of escaping strain
localization in welds that will cause fracture in the welds. Chal-
lenges for the manufacture of X100 line pipe (Liessem et al.,
2007) recommend sufficient overmatching as an essential chal-
lenge. However, it is known that the excessive strength overmatch
activates the stress field in the adjacent heat-affected zone (HAZ)
(Ruggieri et al., 1993; Toyoda et al., 1994), where toughness
embrittlement sometimes occurs during the weld thermal cycle.
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Such activation of the stress field in the HAZ causes the reduc-
tion of the fracture resistance of the HAZ (Koçak et al., 1988;
Minami et al., 1995a).

On the other hand, a crack in the pipe is less constrained than
the fracture toughness specimen of the 3-point bend or compact
type with a deep crack that is used for the fracture toughness
measurement of materials. This is due to the difference in the
yielding pattern around the crack-tip: The fracture toughness spec-
imen (3-point bend or compact specimen) is subjected to bending.
Hence, a neutral axis ahead of the crack-tip restrains the expansion
of the plastic region from the crack-tip, which generates a highly
constrained state near the crack-tip. This leads to a lower fracture
resistance of the toughness specimen than of the pipe component.
In order to escape an excessive conservatism, the constraint loss
in the pipe component should be taken into consideration in the
pipeline integrity assessment (Faucher et al., 1994; Chiesa et al.,
2001).

This paper discusses the CTOD fracture toughness requirement
for high-strength/strain line pipes with focus on the following
factors:

• Loss of plastic constraint in the pipe component
• Biaxial loading effect under high internal pressure
• Effect of strength mismatch in welds

PIPE MODEL AND WIDE PLATE

It takes much time to execute a 3D FE-analysis of a pipe com-
ponent with a crack. This paper is concerned with a large-diameter
pipe subjected to tension and internal pressure. In these condi-
tions, the stress field near the crack-tip will be simulated with a
wide plate model.

Fig. 1 shows the pipe model and wide plate used for the
FE-analysis. The models include a semi-elliptical surface crack
2c = 40 mm long and a = 3 mm deep. The surface crack of the
pipe model is located on the inner side of the pipe. The pipe wall
thickness t and diameter D are 15.6 mm and 762 mm (30 in),
respectively, which gives a large D/t ratio of 48.8. The pipe
geometry is representative of commercial line pipes. The wide
plate is as thick as the pipe wall.

The FE-analysis was conducted under 2 loading conditions:
uniaxial and biaxial. The biaxial loading of the pipe was applied
by axial tension with internal pressure, keeping the hoop stress at




