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Abstract

One of the major challenges in the design of ultra high grade (X100) gas pipelines is the identification of a
reliable crack propagation strategy. Recent research results have shown that the newly developed high
strength and large diameter gas pipelines, when operated at severe conditions, may not be able to arrest a
running ductile crack through pipe material properties. Hence, the use of crack arrestors is required in the
design of safe and reliable pipeline systems.

A conventional crack arrestor can be a high toughness pipe insert, or a local joint with higher wall thickness.
According to experimental results of full-scale burst tests, composite crack arrestors are one of the most
promising technologies. Such crack arrestors are made of fibre reinforced plastics which provide the pipe
with an additional hoop constraint. In this paper, numerical tools to simulate crack initiation, propagation
and arrest in composite crack arrestors are introduced.

First, the in-use behaviour of composite crack arrestors is evaluated by means of large scale tensile tests
and four point bending experiments. The ability of different stress based orthotropic failure measures to
predict the onset of material degradation is compared. Then, computational fracture mechanics is applied to
simulate ductile crack propagation in high pressure gas pipelines, and the corresponding crack growth in
the composite arrestor. The combination of numerical simulation and experimental research allows deriving
design guidelines for composite crack arrestors.
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1 INTRODUCTION: COMPOSITE CRACK ARRESTORS

The occurrence of a longitudinal crack propagating along a gas pipeline is a catastrophic event, which
involves both economic losses and environmental damage. Hence, the fracture propagation control is an
essential strategy to ensure pipeline integrity. Fracture control is a tough task, since it requires knowledge
of the interaction between the dynamic forces driving crack growth, and the resistance forces opposing
fracture propagation.

While brittle fracture control is typically achieved by ensuring that the pipeline is operated well above the
Ductile to Brittle Transition Temperature, the ductile fracture propagation can be avoided (or at least limited)
by increasing the minimum specified toughness of the pipeline steel. However, for ultra high pipeline grades
( X100), the identification of a reliable crack propagation strategy is not longer straightforward. Indeed,
despite excellent toughness values at lab scale (Charpy upper shelf energy and Battelle shear fracture
area), one can no longer rely on pipe body arrest [1-3]. As a result, additional mechanical devices such as
crack arrestors have to be mounted on the pipeline in order to stop a running ductile crack.

According to experimental results of full-scale burst tests, it is argued [4] that the most promising materials
are

I Steel sleeve arrestors, in particular tight sleeves, which are placed around the main linepipe with a
close fitting connection

I Composite arrestors, made of fibre reinforced plastics which provide the pipe with an additional
hoop constraint.
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In an accompanying paper [5], the requirements for material selection, testing and modelling were reviewed
for the design of crack arrestors for ultra high grade gas transmission pipelines. For composite arrestors,
uni-directional glass fibre reinforced epoxy was identified as the best balance between mechanical
properties and cost considerations. Traditional mechanical characterization was performed to determine the
orthotropic properties: both tensile tests, compression tests and three rail shear tests were conducted in
fibre direction and in transverse direction. The in-plane elastic properties were determined by a dynamic
identification technique using resonant frequencies as well. The elastic properties, obtained with this non
destructive testing method, are homogenised over the plate surface, and hence suitable as averaged input
values in finite element models for composite structures. Several micromechanical mixture rules to
calculate the elastic constants of the unidirectional laminate were proposed in [6]. The Hashin model, which
has been derived for unidirectional reinforced composites, shows the best agreement with the experimental
data.

In this paper, numerical techniques to simulate subsequent crack initiation, propagation and arrest are
introduced. First, the in-use behaviour of composite crack arrestors is evaluated by means of large scale
tensile tests and four point bending experiments. The ability of different stress based orthotropic failure
measures to predict the onset of material degradation is compared. Then, computational fracture
mechanics is applied to simulate ductile crack propagation in high pressure gas pipelines, and the
corresponding crack growth in the composite arrestor. For the finite element simulations of the composite
crack arrestor, the initial material properties obtained in [5] and listed in Table 1 are used.

Table 1: Stiffness and strength values used in the finite element simulations

E; E, =Es "12="13 " 23 G2 =Gy3 Gos
44 200 MPa 11 400 MPa 0.356 0.343 4 420 MPa 5027 MPa
X+ a Xo Ye R s
700 MPa 7.2 MPa 588 MPa 42 MPa 30.1 MPa 30.1 MPa

2 IN-SERVICE BEHAVIOUR OF COMPOSITE CRACK ARRESTORS

When a pipeline is being installed, the crack arrestor can be subjected to tensile loads and bending
stresses. In addition, during the operational life of the pipeline system, the composite crack arrestor is
exposed to environmental loads, low temperatures, external damage, fatigue, ...

In order to evaluate the in-service behaviour of composite arrestors, an extensive testing program was
undertaken, including three and four point bending experiments and tensile tests at different temperatures.
In addition, low cycle fatigue and ageing were studied as well. For these experiments, the behaviour of a
unidirectional reinforced crack arrestor was compared with an arrestor with a winding pattern including
inclined fibres, contributing to the axial reinforcement. The winding patterns are compared on Figure 1.

Figure 1: Different winding patterns for the composite crack arrestors
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2.1

Tensile tests

Tensile tests were performed on a medium scale S235 steel pipe (with length L = 4 m, outer diameter
D =220 mm and wall thickness t = 3.2 mm). The length of the composite crack arrestor was L, = 660
mm, and the thickness of the windings was t, = 4.8 mm. The tensile test setup is shown on Figure 2.
For the quasi-static tensile tests at lower temperatures (-30°C), a local cooling box is installed around
the crack arrestor.

CULLL L
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Figure 2: Tensile test setup for room temperature (left) and lower temperatures (right)

In order to enable a proper introduction of the load to the pipe, the ends were furnished with flanges,
which were fasted to a clamping support, like shown on Figure 3. During the experiment, the applied
force and the piston displacement were measured. In addition, several strain gauges (shown on
Figure 3) were attached to the steel pipe and the composite crack arrestor to monitor local
deformations.

Figure 3: Clamping support (left) and strain gauge arrangement (right)

On Figure 4, typical load-displacement curves for the tensile tests are shown. The blue curve shows
the response of a unidirectional reinforced crack arrestor at room temperature, while the red curve
corresponds to the same crack arrestor tested at lower (-30°C) temperature. The hysteresis in this
red curve indicates unloading during the experiment, in order to allow visual examination of the
composite surface.

For the unidirectional crack arrestor, failure is initiated in the first third of the test period. The strain

measurements on the crack arrestor surface indicate failure at a critical failure strain #; $ 0.08%,
which is in very close agreement with the coupon testing reported in [7].

The strain gauge measurements reveal that the crack arrestor material fails when the tensile strength
in transverse direction is reached. In some experiments, an increase in hoop strain could be
observed, which might indicate the end of contraction due to debonding.

The blue curve on Figure 4 corresponds to the tensile test at room temperature for a crack arrestor
with an inclined winding pattern. Here, unidirectional reinforcement is combined with layers of %20°
orientation.
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Figure 4: Load-deflection curves for static tensile tests on crack arrestors

Thanks to this axial reinforcement, the inclined winding pattern has a higher resistance to pure tensile
loading. The higher strain capacity of the inclined rovings is demonstrated in Figure 5 as well, where
the signals of the axial strain gauges are compared with the unidirectional crack arrestor. For the
unidirectional reinforcement, failure of the epoxy resin initiated at stress levels close to the yielding
point of the parent pipe.

Figure 5: Comparison of axial strains on unidirectional crack arrestor and inclined winding pattern

Although the strain gauges clearly indicated composite material failure, no macroscopic damage
could be observed after the experiments. Dye penetrant testing revealed the exact location of the
cracks due to tensile loading. On Figure 6, the results of such a dye penetrant inspection are shown.
The tested specimen is shown before (left) and after (right) a developer has been applied to reveal
the penetrant, and hence the location of the surface-breaking cracks.
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