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Abstract

Metal loss due to corrosion is a serious threat to the integrity of pressurised oil and gas transmission pipes.
Pipe metal loss defects are found in either single form or in groups (clusters). One of the critical situations
arises when two or more defects are spaced close enough to act as a single lengthier defect with respect to the
axial direction, causing pipe ruptures rather than leaks, and impacting on the pressure containing capacity of a
pipe. There have been few studies conducted to determine the distance needed for defects to interact leading
to a failure pressure lower than that when the defects are treated as single defects and not interacting.
Despite such efforts, there is no universally agreed defect interaction rule and pipe operators around the
world have various rules to pick and choose from. In this work, the effects of defects shape and location on
closely spaced defects are analysed using finite element analysis. The numerical results showed that defect
shapes and locations have a great influence on the peak stress and its location as well as the failure pressure of
pipes containing interacting defects.
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ABBREVIATIONS AN NOMENCLATURE

BC Boundary Condition

Circumf. Circumferential

Diag. Diagonal

E Young’s Modulus

Longit. Longitudinal

oD Pipe External Diameter

Poefect Failure Pressure of Single Defect
Pmutti Failure Pressure of Interacting Defects
S Space Between Defects

SMYS Specified Minimum Yield Strength
T Pipe Wall Thickness

uTsS Ultimate Tensile Strength

v Poisson Ratio

Etrue True Strain

Eeng Engineering Strain

Oeng Engineering Stress

ot"eun Engineering Ultimate Tensile Strength
Oeq Defect Equivalent Stress

Otrue True Stress

o"evn True Ultimate Tensile Stress

Oy Yield Strength

1 Introduction
As pipes age, they get more susceptible to corrosion leading to metal loss both internally and externally. In the
United States alone, there are more than 50% of the gas pipes reaching an age beyond 40 years [1]. Between
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2010 and 2013, pipe failures due to corrosion and material degradations resulted in financial loss of more than
$466 million of estimated total costs to gas pipes network operators [1]. Any unplanned shutdown to repair
critical or leaking defects on oil and gas transmission pipes costs millions of dollars which includes costs of
repair and loss of production among others. In 2012 alone, such an unplanned shutdown was carried out to
repair a leaking defect, costing a gas operator $2.9 million to repair a failed pipe and additional 76 million
standard cubic feet of natural gas was released and burned [2].

Metal loss in pipes due to corrosion is a serious threat to the pipe’s structural integrity. Fitness assessment of
metal loss in pipes has been researched since the 1970’s right up to the present time. In chronological order, a
number of examples are given in references [3-17]. Although extensive historical pipeline burst data exist in
the literature, these were done more than 40 years ago on single defects, and data presented are incomplete
due to the fact that earlier defect assessment procedures required only limited information on the defect
geometry (depth and length) and material properties (SMYS and UTS) [18]. One of the critical situations arises
when two or more defects are spaced close enough to interact, i.e. act as a single lengthier defect with respect
to the axial direction, causing major impact on the pressure containing capacity of a pipe [8, 19-21]. Out of all
the available defect assessment recommended practices, DNV-RP-F101 [22] is widely used for the assessment
of interacting defects where previously mentioned literatures show that this recommended practice gives
conservative results in terms of the estimated failure pressure as well as the interaction space between
defects.

While there is a general understanding of the assessment of single metal loss defects, further work remains to
be done to understand the more complex nature of defect interaction. Motivated by the existing work on
metal loss defect interactions, this work addresses a numerical investigation of the effect of defects shape and
location on closely spaced defects using finite element (FE) analysis. The main objective of this study is to
conduct a systematic parametric evaluation of the location and shape effects in APISL X60. The outcome of
this work is to develop simplified criteria on defect interaction rules aimed towards reducing conservatism to
assess the consequences of failure and determining the pressure containing capacity of pipe, thus impacting
directly on unplanned shutdowns, and the number of repairs to maintain the integrity of the pipes within the
envelope of health, safety and environment (HSE).

2 Nonlinear Finite Element Analysis (FEA)

Parametric investigations of the effect of shape and location of closely spaced defects were carried out using
the Abaqus 6.14 FEA software [23]. Artificial corrosion defects with the same length and width were used in
the models. The length to width ratio was kept the same (35 mm each) for all defects. The defect depth was
constant for all defects, as 50% of the wall thickness. However, further modifications of the defect depth and
spacing between defects were made to investigate the effects of interaction. For the sake of practicality and
to represent real-life defects, the dimensions were chosen to be in line with the pipeline operator forum (POF)
[24] for general corrosion, and as such these defect types can be detected and sized, and interaction roles can
easily be applied by the existing pipe inspection tools. Additionally, such general corrosion defects are widely
observed in service in the oil and gas pipes industry.
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2.1 Material properties

Ductile carbon steel is used in this study as it is a commonly used material in the oil and gas pipes. The pipe
material properties were based on existing literature, giving the true stress and plastic strain data for the X80
[20] and X60 [25] pipes. The material is modelled as an isotropic elasto-plastic material and true stress-true
strain data are employed within Abaqus. It is acknowledged that some anisotropic behaviour does exist in the
pipes as a result of the manufacturing processes; however, considering that the isotropic behaviour has
yielded accurate results in terms of predicting failure pressure as reported by many researchers in the past [8,
11, 15, 16, 26-28], only an isotropic hardening rule is used in this work. The true stress-strain values are
obtained from the engineering uniaxial stress-stress data using equations (1) and (2) which are only valid up to
necking where the loading situation is no longer uniaxial throughout the gauge length [29]:

Errue = IN(1 + €0ng) (1)

Otrue = Ueng(l + geng) (2)

where o,,, and &4 are the engineering (nominal) stress and strain respectively, while o and &y, are the
true stress and strain respectively. Both material nonlinearity and nonlinear geometry (NLGEOM parameter in
Abaqus) were invoked in the analysis. The stress-strain curves used in this study are presented in Fig. 1. Fig. 1.
True stress-plastic strain values for X80 [20] and X60 Pipes [25]
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The plasticity data were entered as discrete points on the stress-strain data, as required by the Abaqus FE
software [30]. The material data for X60 and X80 are presented in Table 1.

Table 1. Mechanical properties of the two materials used in the model validation and parametric study

Material E (GPa) v oy(MPa) """ (MPa) o™ (MPa)
API 5L X60 [25] 207 0.3 435 560 630
API 5L X80 [20] 200 0.3 601 684 746
800
700 e seweeennenserottt esesssssessnee
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—_ - - -7
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- APISL X80
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Fig. 1. True stress-plastic strain values for X80 [20] and X60 Pipes [25]
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2.2 Defects Details and Dimensions

Two types of defects on the outer surface of the pipe are modelled; circular defects and curved ‘boxed’
defects. The circular and boxed defect geometries have been chosen in order to make it practical to machine
these defects on actual steel pipes to facilitate future experimental burst pressure tests. For a pipe with a
nominal outside diameter of 508 mm, the defect depth tested is 50 % of the wall thickness for all the cases,
with a radius of 35 mm for the circular defects and a square of side 35 mm for the curved boxed shaped
defects. For the curved boxed defects, the radius of the groove throughout the defects edge is 5 mm, as
shown in Fig. 2. The curvature arc is created at a 45° degree from the corner of the defect. Fig. 3 shows a
schematic of a typical circular defect which was adopted for the models created in the study. The distance
between the defects is shown as (S) and is expressed as multiples of the wall thickness (t).

See Detail A

45°Ref c
@ 508 mm = =
8.9 mmt v
<
35 mm }]
: = N

(7))
17.5 mm

0

\
\

\ :

‘\,, see Detai\ B

Fig. 2. Detailed views of the curved boxed shaped defect

Fig. 3. Schematic view of the circular shaped defect
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2.3 Problem Definition

As indicated in Section 2.1, the pipe materials used in this work were composed of pipes made of API 5L X60
and X80 steel. Both of the materials were initially used to compare the present FE solutions to other published
FE solutions, and later X60 was used for the parametric study. Pipes are normally manufactured in average
lengths of 12 meters. However, the numerical simulation study uses pipe lengths of 1.8 m which has been
demonstrated in the literature to be sufficient to cater for the end effects [25, 31]. The 1.8 m pipe length is
chosen here as a practical pipe length to enable future experimental laboratory tests of pipe burst pressures.
The nominal outside diameter is 508 mm with wall thicknesses of 8.9 mm for X60 while X80 nominal outside
diameter is 458.8 with a wall thickness of 8.1 mm.

Symmetry conditions were applied to reduce the size of the model which results in better computational
efficiency. Fig. 4 shows the boundary conditions for both longitudinal and circumferential defects. For the
longitudinal and circumferential defects, half the pipe length was modelled due to symmetry, whereas for the
diagonal defects which are made with 45° angle, the full pipe length was modelled. This resulted in a quarter-
symmetry model for the longitudinal and circumferential defects and a half-symmetry model for the diagonal
defects.

To simulate a pipe with end caps and to restrain the pipe from expanding or contracting in the longitudinal
direction, plane strain conditions were assumed at the free end of the pipe, i.e. the pipe end was restrained in
the axial (Z) direction. To avoid rigid body motion, one node was fixed in all directions. No axial load was
applied and internal pressure loading was applied monotonically within Abaqus. This is in line with other FE
simulations in the literature [25, 31-36] .

Fig. 4. Model Boundary Conditions — Left image shows typical BC for longitudinal and circumferential defects
while the right one shows typical BC for diagonal defects

2.4 Finite element models and associated sensitivity studies

The FE analysis was carried out using the Abaqus FE software version 6.14 [23]. 3D models were created in
order to investigate the model mesh sensitivity. Different cases with the same pipe material, X60, were tested
at the defect locations in order to compare against experimental data from the literature [25]. The first case
was simulated with quadratic tetrahedron elements (C3D10 in Abaqus) at the defect base while the
surrounding zones were all meshed with quadratic hexahedron elements (C3D20R in Abaqus). The second
case was simulated using quadratic tetrahedron elements at the defect corner while all the surrounding areas
were all meshed with quadratic hexahedron elements (C3D20R in Abaqus). The third case was simulated using
guadratic tetrahedron elements throughout the model. The Fourth case was simulated with quadratic
hexahedron elements throughout the model. In all cases, a coarser mesh was used away from the defect
location to reduce the total number of elements and nodes. The mesh details for all the cases at the defect
region are shown in Fig. 5. The results obtained for all tested cases are summarised in Table 2 and further
shown in Fig. 6, keeping in mind that all input parameters are the same for all the cases. The experimental
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pressure [25] is also shown for comparison. The maximum von Mises stress value occurred at the defect
surface around the base of the curvature. The node selected for plotting the von Mises stress variation in
Figure 6 was chosen at the centre of the defect where the pipe wall thickness is smallest. The failure criteria
discussed in Section 2.5 are based on the variation of stress across the minimum wall thickness at the centre of

the defect.
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Table 2. FE mesh sizes and run time details
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Location where the
von Mises stress is
evaluated for all the
mesh sensitivity cases

Mesh Type

Mesh Case

No of model
elements

Analysis
Time
(hr:m)

Tet. quadratic elements at defect
base (all hex quadratic elements
at other areas)

75702

1:36

Tet. quadratic elements at defect
corner (all hex quadratic
elements at other areas)

118488

1:30

Tet. quadratic elements
throughout mesh

281972

2:06

Hex quadratic elements

throughout mesh

59173

1:09
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Fig. 6. von Mises stress values for different meshes at the node located at the centre of the defect of X60 pipe
showing the failure pressure value (shown in dark circle) from [25]

Fig. 6 shows that all 4 cases produce very similar von Mises solutions suggesting that if the mesh at the defects
is sufficiently refined, the choice of elements does not significantly affect the results. This conclusion has also
been backed by a study done by Wang et. al [37] who show that using quadratic tetrahedral or hexahedra
elements produced accurate results when the mesh is sufficiently refined. As a result, case 4 has been
adopted throughout this work.

A mesh density study considering Case 4 was also carried out where the number of elements was varied
through the thickness of the pipe. The study was conducted by placing 3 to 7 quadratic elements through the
wall thickness, as shown in Fig. 7 where the stresses were all taken at the node located at the centre of the
defect. The results show that increasing the number of elements beyond 3 elements across the wall thickness
has a very small effect on the stress values. At the node located at the centre of the defect, the von Mises
stress tends to flatten after reaching the yield point and then increases gradually as the pressure is increased.
This may be due to the post-yield stress redistribution around the node located at the centre of the defect.

Table 3 shows that as more elements are added across the wall thickness, the total number of elements in the
FE mesh increases substantially. The run time for the FE analysis increased from about an hour for 3 elements
across the wall thickness to more than 7 hours for 7 elements. It is worth mentioning that all the cases were
run on a High Performance Computing (HPC) facility using a single 8-core (Intel Sandybridge 2.6 GHz) machine
with 30 GB of memory.
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Fig. 7. Plot of von Mises stress variation with pressure for various elements placed across the wall thickness at
the node located at the centre of the defect

Table 3. Details of the mesh size vs the number of across the wall thickness

No. element No of model Analysis Time
through elements (hr:m)
thickness

3 59173 1:09

4 78859 2:00

5 98545 2:57

6 118231 5:01

7 137917 7:24

The outcome of this sensitivity assessment gives a clear direction that the number of through-thickness
elements should be kept as small as possible considering the required time to complete the analysis. The FE
solutions in this study are all based on 3 to 5 elements through the thickness. A study by Cronin [38] has also
shown that more than two elements across the wall thickness are sufficient for accurate analysis.

2.5 Failure Criteria

Pipe failure pressure is normally defined as a pressure above which the pipe will fail either through leak or
rupture. The majority of pipes in the oil and gas sectors are made of ductile steel and operate in such a way
that failure would occur in a ductile manner unless toughness is compromised leading to fracture. The failure
criteria used in this work follow the stress-based failure criterion which has been widely used and shown to
predict the collapse pressure of corroded pipes with good accuracy by various researchers [8, 11, 13, 16, 39-
42].

Although there is a general agreement on the use of the stress-based failure criterion for predicting the failure
pressure in pipes, there are various opinions regarding how the highest value of the true UTS within the
corroded area leads to failure. Adilson et. al [11] and Freire José et al. [20], considered two criteria for the
failure pressure to occur within the simulated model, one is local in which failure is reached when the von
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Mises stress at any point of the defect region attains the true UTS of the material, while the second one which
is global considers failure to take place when the nonlinear analysis algorithm in the FE software does not
attain convergence. Filho et. al [16] used a similar failure criterion as suggested by Adilson et. al [11] where
the pipe is considered to have failed when any element reaches stresses equal to the material’s true UTS
value. Bedairi et. al [25] stated that failure pressure within the FE model was reached when the von Mises
stress at the defect bottom reaches the true UTS of the material. Ma Bin et. al [34] considered failure to take
place once the von Mises equivalent stress at the mid surface of the corroded ligament reaches the true UTS of
the material. Fekte et. al [27] considered the failure pressure of the corroded pipes to occur when the von
Mises equivalent stress at the deepest point of the defect area reaches the true UTS of the considered pipe
material.

The choice of using a stress-based failure criterion also follows the pipe design codes such as ASME B31.4
[43]and ASME B31.8 [44] which are based mainly on stress-based designs considering various assumptions
such as plane stress using isotropic, linear elastic and homogeneous materials where displacements are very
small. The strain-based approach which postulates that failure occurs when the applied strain exceeds the
maximum strain value during burst was refuted by Chouchaoui [8] as it reveals large scatters in the prediction
of the pipe failure pressure. Additionally, failure of the local wall-thinned pipe under internal pressure is a
failure by load-controlled loading rather than displacement-controlled loading [13]. The stress-based failure
criterion, which is based on the von Mises criterion, suggests that failure is initiated when the stress at the
metal loss site reaches the pipe material’s true UTS. The stress-based failure criterion is used below to predict
yielding of the pipe material based on results obtained from the uniaxial tensile test data.

Failure criteria that are based on the von Mises stress at a single point (node) reaching the true UTS of the
material in the defect zone, would be highly sensitive to the degree of mesh refinement around the defect
region. Failure criteria based on the von Mises stresses at all points across the thickness of the pipe at the
defect region are less sensitive to mesh refinement. Therefore, two failure criteria are adopted in this work.
The first failure criterion is used for a single defect and it predicts that the failure pressure , Ppefect, OCCUrs when
the von Mises equivalent stress in the pipe wall ligament (line AB in Fig. 8) reaches a stress value between the
engineering ultimate tensile strength (UTS) and true UTS obtained from the uniaxial tensile test, rather than
reaching a single stress value. Therefore, in the FE analysis, failure is assumed to occur when all nodes on line
AB (rather than a single node) have reached a stress range between the engineering and true von Mises UTS
values. This is considered more effective than judging failure by a single node reaching the true UTS, which
may be sensitive to the mesh refinement around the highly stressed region around the defect.

A

R B B

P Defect

g EngUTS <0 o TrueUTS

eq (Line AB) =

Fig. 8. Failure criterion for a single metal loss defect
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The second failure criterion is used for interacting defects and it predicts failure pressure, Py, to occur when
the failure criterion above is reached on the spacing between the defects at or before reaching it in the
through-thickness ligament. In other words, the von Mises equivalent stress along the length between the two
defects (line CE in Fig. 9) reaches a stress value between the engineering UTS and the true UTS at or before the
through-thickness space denoted by the AB. Therefore, interaction will not occur if the von Mises stress only
reaches the true UTS value at any point along the line AB before line CE. In this case, failure will occur due to
the presence of a single defect, i.e. no interaction is assumed. As the FE analysis considers only a quarter of
the model for the longitudinally and circumferentially spaced defects, the results presented will show the
stresses on line CD which is a mirror image of line DE.

>

’I\’I"I\’I\’I‘B’I"I‘”l"l\’l"l"l\’[‘

I:z.l\.ﬂulti

Eng.UTS TrueUTS
o g =0 eq (Line CD) =0

And

TrueUTS
o eq (Line AB) =0

Fig. 9. Failure criterion for interacting metal loss defects

It is worth noting that FE software is unable to predict the real-life failure pressure of the pipe due to local
numerical instabilities that occur once the maximum UTS is reached. This is due to the fact that the true
stress-true strain curve used in Abaqus extends beyond the UTS value of the material obtained from a uniaxial
tensile test. In this study, an initial estimate of the failure pressure is used in the FE analysis and then gradually
increased until the relevant failure criterion is satisfied.

2.6 Finite element study

The models created in this work have been validated by comparing the predicted FE failure pressure to
experimental results from the literature. The cases stated in Table 4 are from studies conducted by Bedairi et
al.,, [25] and Freire José et al., [20]. In [25], a pipe grade of API 5L X60, outer diameter of 508 mm with a wall
thickness of 5.7 mm (0.224 inch) was used. A single defect was assessed in this case. In [20], pipe grade API 5L
X80, outer diameter of 458.8 mm with a wall thickness of 8.1 mm (0.319 inch) was utilised. Two interacting
longitudinal defects were studied in this case. Table 4 summarises the parameters used. The failure criteria of
both works have been highlighted earlier in the failure criterion section.
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Table 4: Model validation results

No Ref. Pipe Defects Details Published Published FEA Failure Percentage difference
Experimental FEA Failure Value in this

Burst Pressure work (MPa) Published Published

Pressure (MPa) Experimental FEA Failure
(MPa) Burst pressure Pressure

X60
OD: 508 mm
Bedairi t: 5.7 mm
1 etal., Defect type: Rectangular 9.59 9.42 9.4 2% 0.2%
[25] Defect Length: 200 mm

Defect Width: 30 mm
Defect depth: 45%

X80
OD: 458.8 mm
. t: 8.1 mm
Freire Defect type: Rectangular
2 | José, et ype: g 20.30 19.60 19.33 5% 2%
al,, [20] Defect Length: 39.6 mm

Defect Width: 31.9 mm
Defect depth: 5.32
Spacing: 20.5 mm

To further illustrate how the results in Table 2 are reached in this paper, test ID no. C1 by Bedairi et al., [25]
was used. A high pressure of 12 MPa (higher than the predicted failure pressure) was applied to the pipe. The
FE analysis was aborted due to numerical instabilities at a pressure of 9.873 MPa which is 5% higher than the
predicted burst pressure. The evolution of the von Mises stress as the pressure is increased is plotted at the 7
nodes placed across the pipe wall thickness (line AB) in Fig. 10. The location of AB where pressure vs stress
evolution is taken is further shown in Fig. 11. As expected, the highest von Mises stress is initially at point A on
the defect surface and then spreads across the pipe wall thickness as the pressure is increased. There is a very
slight difference between the final von Mises stress values on line AB. This is due to the post-yield stress
redistribution around the defect. As stated in the failure criterion for a single defect in Section 2.5, failure is
clearly seen to occur in the through thickness of the defect at a pressure of 9.4 MPa where the stress is
bounded by the engineering UTS value of 560 MPa and the true UTS value of 630 MPa.

700 T T T
600 “ H # # # # X .
r--_:---?-_--=----“------------:---:

500 = -
g |
= —w—P =04 MPa
o —H—DP =84 MPa
n 400 4
g 400 P-74MPa
k=] P=54MPa
(f: P=34MPa
9 i B P=14MPa
£ 300 = = Engineering UTS - 560 MPa
'2_ === True UTS - 630 MPa
<]
>

200 B

100 |~ 1

0 1 1 1 1 ] T
0 0.5 1 1.5 2 25 3 35
Distance across A-B (mm)

Fig. 10. von Mises stress curves at different pressure increments across the pipe wall thickness Line (AB) for
case no. lin Table 4
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Fig. 11. Stress contours around the defect area showing the location of line AB

2.7 Simulation Results for Interacting Defects

The effect of defect spacing between circumferential and boxed defects was investigated and the results are
presented in this section. All cases were modelled with C3D20R elements with varying number of elements as
shown in Table 5 for both the circular and boxed defects, with 4 elements across the wall thickness. Table 5
summarises the cases which were modelled in the study for the X60 pipe with an outer diameter of 508 mm
and wall thickness of 8.9 mm. The detailed discussions of the results are presented in the subsequent
sections.

Table 5. Summary of parametric models results (X60)

Defect type and Defect Dimensions
location i
Spacing Mesh Size | Predicted
Test as (total no Failure Defect
Case multiples ' interaction
of Pressure
No. of tand (Yes/No)
. elements) (MPa)
in (mm)
. Length | Width | Depth
Type Location (mm) (mm) | (mm)
1 Circular | Longit. 35 35 4.45 1t (8.9) 43314 18.00 Yes
2 Circular | Longit. 35 35 4.45 | 2t(17.8) 45946 18.40 Yes
3 Circular | Longit. 35 35 4.45 | 3t(26.7) 47826 18.40 Yes
4 Circular | Longit. 35 35 4.45 | 4t(35.6) 50990 18.60 No
5 Boxed Longit. 35 35 4.45 1t (8.9) 42095 17.20 Yes
6 Boxed Longit. 35 35 4.45 | 2t(17.8) 45815 17.40 Yes
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7 | Boed | ongit. | 35 35 | 445 | 3t(267) | 48791 17.60 Yes

g | B || ongit | 35 35 | 445 | 4t(356) | 52511 17.60 No

9 Circular | Circumf. 35 35 7.12 1t (8.9) 42652 16.80 No

10 Circular | Circumf. 35 35 4.45 (2'2;) 42486 19.40 No

11 | B Girumt, | 35 35 | 712 | 1(89) | 47150 15.00 No

12 | B Girumt. | 35 35 | 445 | OO 44984 | 1888 No
(4.45)

13 | Circular | Diag. 35 35 | 445 | 1t(89) | 191752 | 18.90 No

. . 0.5t

14 | Circular | Diag. 35 35 | 4.45 189256 | 18.90 No
(4.45)

15 | B g, 35 35 | 445 | 1t(89) | 157660 | 17.60 No

16 | B | pigg. 35 35 | 445 (2'2;) 154780 | 17.40 Yes

2.7.1 Effect of spacing on circular defects

2,711

Spacing in the longitudinal direction

Fig. 12 shows the stress contours and location of lines AB and CD where the stresses are plotted. Fig. 13 and

Fig. 14 present the stress evolution for circular defects spaced by one wall thickness at 50% wall loss. The

interaction criterion stated in section 2.5 (Fig. 8 and Fig. 9) clearly shows that the von Mises stress along line

CD reaches the failure criterion before the von Mises stress in the through-thickness line AB, i.e. the defects

will interact prior to the failure of the pipe due to a single defect.

Simulation cases for the X60 pipe were carried out until interaction has ceased to occur. The results of the

analysis in Table 5 show that the defect interaction (i.e. 100% of line CD reaching the failure criterion before

line AB) occurs for defect depths of 50% of the wall thickness for distances up to and including 3t.
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S, Mises
(Avg: 75%)

Fig. 12. Stress contours around the defect area showing the locations of lines AB and CD
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Fig. 13. von Mises stress curves at different pressure increments across the pipe wall thickness Line (AB)
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Fig. 14. von Mises stress curves at different pressure increments across the ligament between the two defects
(CD)

2.7.1.2 Spacing in the circumferential direction

Fig. 15 shows typical von Mises stress contours around the circular defects in the circumferential direction for
X60 with 8.9 mm wall thicknesses with 50% defect and 0.5t spacing. The FEA analysis considered quarter
symmetry and the figure shown has been produced using Abaqus mirror facility in the post processing module.
The FE analysis shows that, for defect depths of 50%, defects will not interact when spaced by 1t or more in

the circumferential direction.

Fig. 15. Effect of circumferential spacing on circular defects in X60 Pipes with 50% defect and 0.5t spacing

2.7.1.3 Spacing in the diagonal direction

The simulation results obtained for diagonal circular defects shows that defect interaction does not occur even
when the defects are spaced by 0.5t for a defect depth of 50%. In this case, the mode of failure will be local at
the centre of each of the two defects rather than a crack line joining the two defects.
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2.7.2 Effect of Spacing on boxed shape defects

2.7.2.1 Spacing in the longitudinal direction

Fig. 16 and Fig. 17 present the stress evolution for boxed defects spaced by 1t in the longitudinal direction with

50% wall loss.

Fig. 18 shows the stress contours and location of lines AB and CD where the stresses are

plotted. The results presented were further analysed by varying the defect spacing and investigating the

impact on defect interaction. Defect interaction in the longitudinal direction was present for spacing up to and

including 3t, similar to that seen for the circular defects.

700 T T T

600 —

500 = o

400

300

von Mises Stress (MPa)

200

100

25
Distance across A-B (mm)

4 45

=—H—P =172 MPa
=—H—P =16 MPa
=== P = 14 MPa

P =12 MPa

P=10MPa

P =8 MPa

P =6 MPa

P =4 MPa
—H#—P=2MPa
= = Engineering UTS - 560 MPa
=== True UTS - 630 MPa

Fig. 16. von Mises stress curves at different pressure increments across the pipe wall thickness Line

(AB)
700 T T T T T T T T
600 - -
______ e e ————
= 500 1 [—e—=r=172MPa
= —H—P =16 MPa
< —s—P = 14 MPa
o : P =12 MPa
o P =10 MPa
@ 400 i P8 MPa
» P=6MPa
= P=4MPa
b= i P = 2 MPa
= = = Engineering UTS - 560 MPa|
g 300 = 1 ——=—True UTS - 630 MPa
200 - -1
100 I I I I I I L L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Distance across C-D (mm)

Fig. 17. von Mises stress curves at different pressure increments across the ligament between the two defects
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Fig. 18. Stress contour around the defect area showing the locations of lines AB and CD

2.7.2.2 Spacing in the circumferential direction

The simulation results for the curved box shape defects, for a defect depth of 50% of the wall thickness, show
that defect interaction does not occur for defects spaced by 1t. The same parametric study was conducted for
a spacing of 0.5t which has shown that interaction does not occur and defects will fail individually.

2.7.2.3 Spacing in the diagonal direction
The simulation results for the curved box shaped defects analysed in this study were quite different than those
seen in the circular defects as defects appear to interact when they are spaced by 0.5t as shown in Fig. 19.
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Fig. 19. von Mises contour stress around the curved boxed diagonal defects for X60 pipe with 50% wall loss
defect and 0.5t spacing
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3 Conclusion

The numerical results in this study relating to metal loss defects for X60 and X80 pipes are presented. The
study aims to investigate the interaction effects of shape and location of closely spaced metal loss defects.
The failure criteria adopted in this study differentiated between failure of single and interacting defects. The
failure of a single defect is assumed to occur when the through-thickness wall ligament reaches a von Mises
stress range between the engineering and true ultimate tensile stress values.

Defect interaction is assumed to occur when the spacing between the defects reaches a von Mises stress range
between the engineering and true UTS values before it is reached in the through-thickness wall ligament.
Interaction leads to a rupture mode of failure, while its absence will lead to only local failure at each individual
defect. The stress distribution from the present FE analysis is comparable with the published results of Freire
José, et al., [20] which further strengthens the proposed failure criteria.

The FE parametric study was mainly focussed on X60 pipes and on defects penetrating 50% of the pipe wall
thickness. The results clearly show that circular shaped defects spaced longitudinally by a distance of 3t or less
will interact leading to a rupture failure mode rather than local failure at each of the defects. The case was
also the same for the curved boxed defects as interaction occurred up to 3t. The simulation work presented
shows also that circumferentially spaced defects for both of the defect shapes will not interact if spaced by a
distance of 0.5t or more. In other words, the pipe would fail from a single defect before defect interaction
occurs. Defects spaced diagonally behaved differently when spaced by 0.5t, as circular defects tended to fail
individually and those with curved boxed defects tended to interact when spaced by a distance of 0.5t or less.

It is clear from the outcome of the study that the distance between defects, especially those which are located
in the longitudinal direction, play a major role in the interaction and thus these defects should be treated as a
single lengthier defect and assessed as such. The results of the diagonal defects further demonstrate that the
shape of the defects plays a role in determining the pressure bearing capacity and mode of failure for closely
spaced defects. An experimental validation program will be carried out in the future to further validate the
work presented in this paper and will further pave the way for additional parametric cases with the objective
of reducing the existing conservatism in the existing pipe standards when it comes to the assessment of defect
interaction.
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