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Abstract

A fracture toughness transferability curve has been established for the X52 pipe steels
described by a linear relationship between the notch critical stress intensity factor and the average
value of T stress over the opening stress distribution. This curve is used to determine the fracture
toughness associated with the structure.

the characteristic length of the fracture process. Crack extension modelled by Finite Element
method using CTOA criterion coupled with the the node release technique is used to predict the
crack velocity, the arrest pressure and crack length. This method is compared with the different
Two Curves Methods Batelle, HLP and HLP-Sumitomo

1. INTRODUCTION

Gas pipeline fracture initiation is usually followed by extended running crack propagation.
Such disasters lead to significant financial loss, and should be avoided as much as possible or

confined to a short portion of the pipe. Therefore, Two important questions are whether and
when the fracture will initiated and self-arrest.

Fracture initiation occurs when the crack driving force overcomes the fracture resistance of
the material. This fracture resistance is expressed in terms of stress intensity factor, J energy
parameter or critical opening displacement.

Fracture are not intrinsic to material but depend on geometrical factors such as the specimen
geometry, thickness, surface roughness and length, defect geometry such as the relative length,
radius, or opening angle, loading mode, and environment. The fracture resistance to be used in a
structure Rgicr are deduced from the reference properties Ry and the transferability function f (p),
where p is the transferability parameter.

Rstruct = Rrer. T(P) (1)

For fractures emanating from a defect where fracture mechanics can be applied, the
transferability is treated with the concept of stress constraint. These transferability parameters
emanate from the defect tip distribution (notch or crack). If we compare the stress distribution
obtained in a reference situation (generally small scale yielding) with another general one, the stress
distribution is modified in two ways: there is a shift of the stress distribution and a small rotation.
These modifications of the stress distribution are considered as transferability problems. The shift of
the stress distribution is introduced into the plastic constraint, which is used as the transferability
parameter. In the literature, we can note the following constraint parameters: the plastic constraint
factor L [1], the stress triaxiality B [2], the Q parameter [3], T stress [4], and A; [5].

Even if brittle crack propagation can be successfully avoided by using high toughness steel,
the running ductile fracture remains the most important failure mode in modern gas pipelines [6]. It
occurs when driving force energy, caused by internal pipe pressure, overcomes the crack
propagation toughness.

In fracture mechanics, the crack resistance growth can be expressed by the experimental crack

growth resistance curve (R-Curve), crack tip opening displacement (CTOD) or crack tip

opening angle (CTOA) interconnected parameters based on the crack extension Aa. In terms
of a limit state design, the arrest pressure can be predicted by solving the equality between the
fracture toughness and component stress which depend on the pipeline dimensions, internal
pressure and material strength. This material resistance is balanced with a component stressing
which is determined involving specific pipe dimensions, pressure p and material strength. In terms
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of a limit state design, the arrest pressure can be predicted by solving the equality between the stress
state at crack tip:

<O'ij(p)) = <0ij,c(par)> (2)

where p, is the pressure at arrest. Condition of arrest can be transformed by the new following
condition :

CTOA (p) = CTOA (par) 3)

where CTOA is the crack tip opening angle induced by the current pressure and CTOA, the fracture
toughness.

In the standard codes for gas transmission pipelines, the toughness requirement for crack
arrest is based on models which express the fracture resistance and driving force in terms of the
fracture and gas decompression wave velocities. This approach involves the superposition of two
curves: the gas decompression wave speed and the ductile fracture propagation speed characteristic,
each as a function of the local gas pressure. For this reason, they are called Two Curves Method
(TCM).

In this paper, new approaches of predicting fracture initiation of a pipe under service pressure
are presented :

the material failure master curve fracture toughness versus constraint is used to predict stress
conditions of fracture initiation,

the crack arrest criterion, given by equation (2), is extended to the two-curve method through
an FE simulation model in conjunction with the node release technique.

2. CONSTRAINT

Constraint is considered as a modification of the defect tip distribution under the effects of
specimen or defect geometries or loading mode. Different constraint parameters are defined and
associated with the defect type or stress-strain behaviour.

For a notch with infinite acuity, Williams [7] has given a solution for elastic stress distribution as
the following series:

0ij = Ypei Re[Apr*f (0, 0)]i,j = 1,6 (4)

For a crack, Larson et al. [8] have suggested describing the elastic stress field at the crack tip by
three terms and introduce for the first time the T term as the second one of the series:

o :% £, (0)+ 76,16, + O(Vr) ©)

Therefore, ideally T stress is a constant stress which acts along the crack direction and shifts
the opening stress distribution according to the sign of this stress. For stress distribution emanating
from a blunted crack or notch, T stress is not constant along the ligament. This leads to consider a
conventional value defined as the effective T stress.

An example of the computed T stress distribution along the ligament for a Roman tile
specimen with a notch is given in Fig. 1. It can be seen that T is not really constant as it is in theory.
For short cracks, distribution of the T stress is stabilized after some distance. For long cracks, T
increases linearly with the ligament except in a region close to the crack tip. To avoid this
dependence of the T stress on distance, it is attractive to use a conventional definition of the
effective T stress.

3. DETERMINATION OF EFFECTIVE T STRESS
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The stress distribution ahead of a crack tip depends on the polar angle 6, as we can see in Eq.
(4). However for some particular 6 angles, the T stress is given by particular values of the
difference between the opening stress oy and the stress parallel to the crack oy (see Table 1).
Particularly for © = 0, the T stress is given by :

T= (O-xx “Oy )9=0 ®)

Table 1: T stress values according to polar direction 0.
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Fig. 1 : T stress evolution with distance for a Roman tile specimen. Values of T parameter
obtained by extrapolation or volumetric methods.

Maleski et al. [9] suggested representing the T stress evolution by a linear relationship with
distance x:

T (X) = Ter + y* (x/a)) ()

where y* is a constant and a is the crack depth. T is obtained by extrapolation x — 0. Using the
volumetric method, Hadj Meliani et al. [10] suggested defining the effective T stress as the
corresponding value in the T stress distribution for a distance equal to the effective distance X.
Figure 1 gives the T stress evolution with distance for a Roman tile specimen and the definition of
Ter. One notes that in this case the values of T¢s obtained by extrapolation or the volumetric method
are relatively close. In the following, the T parameter obtained from the critical stress distribution
is called TesC.

4. MATERIAL FAILURE MASTER CURVE

In [10], the Material Failure Master Curve (MFMC) of X65 pipe steel has been determined. It
represents the evolution of fracture toughness with constraint. Several specimens of four types,
namely CT, DCB, SENT, and RT, were extracted from a steel pipe of diameter 610 mm. The
geometries of these specimens were as follows: SENT specimen: thickness = 5.8 mm, width =
58.40 mm; CT specimen: thickness = 5.8 mm, width = 63.80 mm, height = 61 mm; DCB specimen:
thickness = 5.8 mm, height = 45.70 mm; RT specimen: thickness = 5.8 mm, width = 40 mm, length
= 280 mm. The specimens have a notch with a notch angle w = 0 and a notch radius p = 0.25 mm
and an a/W ratio in the range 0.3-0.6. The stress distribution used was computed by the finite
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element method at a load level corresponding to the fracture force. T, was determined by the
volumetric method. It can be noted in Fig. 2 that the fracture toughness decreases linearly with the
constraint according to

K

p.C =a Tef,c + K;?,C

(8)
where K is the fracture toughness corresponding to T, . = 0, which is considered as a reference.
a=-0.069 and K2, = 77.2 MPav/m for the AP1 X52 pipe steel.
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Fig. 2: Material Failure Master Curve K,,c—Tef 0of X65 pipe steel [10].

5. FRACTURE TOUGHNESS RELATED TO A STRUCTURE

The fracture toughness K¢ st related to a pipe made of APl 5L X65 with 355-mm diameter
and 19-mm thickness has been determined using the MFMC. This pipe exhibits a surface notch with
a notch angle ¢ = 0°, a notch radius p = 0.25 mm and a notch depth (a) to thickness (B) ratio equal
to a/B = 0.5. The loading curve Ky, = f (T) has been computed by the finite element method
assuming material elastic behaviour. This loading curve Ky, = f (T) intercepts the material master
curve at point (T*e, Kc suct) (Figure 3). The obtained value of T*¢ is -495 MPa. This methods
allows to choose a test specimen with a constraint close to the structure in order to minimize the
conservatism.
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Figure 3. Material failure curve for APl 5L X65 steel and loading curve Ky, = f (T) for a pipe
exhibiting a surface notch.
6. CRACK-TIP OPENING ANGLE (CTOA) OF API 5L X65

CTOA is conventionally defined as the angle comprise between two lines emanating from

crack tip and intercepting the crack profile at a conventionally distance Aa* with 0.5< Aa* < 1.5
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mm. The crack length Aa* depends on the condition of the crack surface. Several experimental
methods have been proposed for measuring CTOA, for example, optical microscopy [11], image
correlation [12], microtopography [13], the &5 technique [12] and interpolation from the force-
displacement curve [14].

Experimental determination of CTOA on API 5L X65 has been performed on A modified
Compact tension (CT) specimen. A commercial Digital Image correlation (DIC) camera and an
software analysis package with integrated length and angle measurement tools is used to measure
CTOA and crack extension Aa. The recording time is automatically available from the videotapes
where a digital stopwatch was used to synchronize the still images. All of this allowed the
correlation between test parameters such as load, displacement, crack length Aa and CTOA. The
recorded video was transformed into an image sequence file then 25 of this images are selected to
measure the evolution of CTOA as a function of crack extension Aa. According to ASTM (E 2472)
[15] requirements the CTOA measurements were made at a distance behind the crack tip ranging
between 0.5 and 1.5 mm.

A second method involve to reproduce experimental test by combining experimental load-
deflection data and finite element analysis then measure the evolution of a CTOA numerically
(Combining Numerical Method CN).
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Fig.4 the CTOA vs. crack extension for API5L X 65 pipe steel measured on a modified CT specimen with 6mm
thickness.

In Fig.4, the CTOA vs. crack extension data obtained from modified CT specimens using the
DIC method and CN method. As we observe, the DIC measured data do not exhibit the initial rapid
decrease in CTOA which correspond to instable crack growth, however they are quite comparable
to the CTOA measurements obtained using the CN method in the constant CTOA range where
stable crack growth occurs.

7. MODELLING CRACK EXTENSION IN A PIPE UNDER INTERNAL PRESSURE
Crack extension is modelled by the finite element method using the CTOA criterion coupled

with the node release technique. The node release technique algorithm has been presented in an
earlier study [16]. It is based on the assumption that cracks grow step by step, and each step has the
length of one mesh element. Boundary conditions were imposed on the pipe in order to make the
simulation as real as possible. They consisted of imposing symmetry along the crack plane and
constraining the closed part of the crack with fixed nodes in the circumferential direction. These
fixed nodes were then removed by the nodal release user subroutine to provoke crack extension.
Acting tractions on uncoupling nodes at the crack faces are reduced as the crack opens. This event
occurs when CTOA reaches its critical value, and then the representative node of the crack tip is
released and the new position of the crack is deduced. This algorithm requires several time
increments and a fine mesh (element size under 1.5 mm) around the crack tip for accurate
evaluation of the CTOA. In this approach, the evolution of the crack strictly depends on the mesh
element size around the crack tip, since it governs the amount of the crack advance. Moreover, the
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advancing process is not really continuous since a proper iteration scheme is necessary to evaluate
the dynamic crack growth accurately during the integration time.

Crack arrest in gas pipelines was performed with the release user subroutine, in conjunction
with the FEM Abaqus code. The computing phase begins by generating a 3D finite element implicit
dynamic analysis. Because of the symmetry of the crack planes, only a quarter of the pipeline was
analysed. A combined 3D-shell mesh was used to reduce the computing time. A total of 50976 eight
node, hexahedral elements were generated along the crack path and combined with 6000 shell
elements, as shown in Fig.5.

B shen clement
10 elemert

Fig.5 :Combined Shell-3D mesh for numerical simulation of running crack extension

Instantaneous internal pipe pressure was imposed along a certain distance behind the crack-tip
node. This distance was given by the cohesive zone model of Dugdale-Barenblatt [17]. The

distance is 2b = 3vR.t where R and t are outer radius and wall thickness, respectively (Fig.6).

Fig.6 .Zone length where gas pressure is imposed on coupled nodes.

Intensity of this pressure is given by the decompression wave. A simplified gas
depressurization model is adopted in this work and assumes that the gas decompression depends
only on time and distance from the crack tip. These assumptions are justified by the fact that crack
propagation cannot outrun the decompression wave. This means that the crack tip is always present
in pipe section affected by the decompression process. Secondly, the expansion of ideal gas is
isentropic, the pipe is considered as a large pressure vessel with constant volume. The drop pressure
ahead the running crack tip is given by equation as:

p(t) = po.exp(kt)

9)
where Kk is a constant k=-7.5 [18] that can be related to the gas parameters and initial conditions of
pressure and temperature.The simulation is performed on a pipe of 393 mm outer diameter, 19 mm
wall thickness an6 m length. The pipe was made of API 5L X65 steel with a critical CTOA of 20°
or API 5L X100 steel with a critical CTOA of 14°.

8. PREDICTION OF PRESSURE AND CRACK EXTENSION AT ARREST.
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Crack extension modelled by Finite Element method using CTOA criterion coupled with the
the node release technique allows to predict the crack velocity, the arrest pressure and crack length.
It has been applied for a pipe with wall thickness equal to t = 19 mm and external diameter OD =
355 mm made in APl L X65. The arrest pressure is obtained by using the CTOA Abaqus user
subroutine within a static analysis.
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Fig.7 : determination of arrest pressure by static analysis using CTOA Abaqus User Subroutine.

Here the arrest pressure is defined relatively to crack propagation and not arrest. Therefore it
is considered as the minimum pressure level to ensure the steady crack propagation. Above this
pressure par, the crack propagates in instable manner and along a long distance. Under this value,
the crack propagation will auto-arrest or propagates along a short distance. A numerical simulation
at initial pressure equal to po= 22 MPa, lower than the arrest pressure has been performed and
presented in fig 7. In this figure, one notes the absence of steady crack propagation and a quick
crack arrest after 9ms. The crack extension is less than 0.5 m.

Crack extension at arrest is obtained from the graph crack velocity half of the crack extension
to take into account the symmetry of the problem. For the above mentioned conditions of geometry,
material and initial pressure, the numerical simulation gives a crack extension of 42 meters which is
of the same order of magnitude than those obtained experimentally
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Fig. 8: graph crack velocity half of the crack extension, determination of crack extension at arrest
X65 pipe steel, initial pressure po=45 MPa .
9. DISCUSSION

In the following section, the Batelle TCM [19] HLP [20], HLP-Sumitomo [21] and CTOA
Two Curves methods are compared using the following data Dpwrt = 280 J for HLP and HLP-
Sumitomo and CTOA = 20°. The resulting crack velocity curves are reported in Table ¢ and Fig.8.
Therefore predictions of arrest pressure and crack extension are obtain and reported in Table 10
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Table 2 : Analytic and numerical equations of crack velocity curves from BTCM, HLP , HLP-

Sumitomo and CTOA models.

Model Analytic equation Numerical Equation for X65
1 1/6
BTCM [19] 5% (7, /6 V. =902 p, -1
V,=0379. — .[— -1 16.6 = 10°
HLP [20] 0.393 pO 0.39
V. = 0670~ (—d - 1) Ve =21+ 1os P
R, \P, '
HLP- o p b B Py 0.023
Sumitomo Vema '_; p_d B 1) Ty P
21 f\e
E:TEDA Py o
V., =290  ( -—1)
24 % 10

Table 3 : predictions of arrest pressure and crack extension from BTCM, HLP , HLP-Sumitomo and

CTOA models for API5L X65 pipe steel.

Model Arrest Crack extension at
Pressure arrest (m)
(MPOQ)
BTCM [19] 16.6 23.8
HLP [20] 15.84 40.7
HLP-Sumitomo [21] 15.86 39
CTOA 23 32.1

These results prove that:
e Results obtained in this study are in agreement with the results of HLP-Sumitomo model.
e The BTCM model underestimates arrest pressure and crack extension at arrest. This
inconvenient is not taken into consideration in the present CTOA approach which
represents probably a future way to predict crack-arrest in pipe lines.

e HLP’s equation overestimated the crack propagation velocity and its extension, this could be
explained by the fact that HLP Model has not been validated for smaller pipe diameter . HLP
parametric correction is therefore insufficient.

e One has to notes that HLP-Sumitomo model use not a material intrinsic curve of crack
velocity but a curve which depends strongly of pipe geometry (outer diameter and
thickness). HLP was extended with more parameters in the Sumitomo version. This
correction is doubtful since it is only based on pipe geometrical reference point (outer
diameter and thickness) instead of the material mechanical intrinsic properties, which
implies a deviation in smaller pipelines

e The presented CTOA approach results show a significant gap, over 35%, in the prediction of

the arrest pressure compared with those obtained by HLP methods This drawback is not taken

into consideration in the present CTOA approach which probably represents the best way to
predict crack-arrest in pipelines.

10. CONCLUSION

The new trends in pipe design against brittle fracture is to consider both initiation and propagation.
For initiation, real fracture toughness has to be checked by the way of two parameters fracture
mechanics. True fracture toughness during crack propagation is given by COA value during stable
crack extension corrected to take into account constraint effect associated with thickness.
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