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Executive Summary 
A range of methods exist for assessing the remaining strength of a corroded pipeline 
under static pressure loading and these have now matured to the extent that they are 
incorporated in regulations and standards. However, there is currently no guidance for 
assessing the performance of a corroded pipeline under cyclic pressure loading. This is 
of potential concern to operators where there are significant pressure variations, for 
example where there is a demand for linepack storage and in liquid pipelines. It is 
possible that a corrosion defect could be assessed as acceptable for the maximum 
operating pressure of a pipeline, but fail by fatigue due to internal pressure fluctuations.  

Advantica has been contracted by PRCI and DOT to develop an assessment method 
for pipelines containing corrosion defects which are subject to fluctuating pressure 
loadings. This forms the subject of the present report.  

The method involves estimating the stress raising effect of the corrosion defect to 
determine the enhanced cyclic stress range associated with the feature. This stress 
range is then used with a stress – life (S-N) curve to derive the fatigue life of the 
corrosion defect. This life can then be used to determine if the defect is acceptable, or 
the time until a repair is required.  

The following main conclusions can be drawn from this work: 

1. There is no available published method for assessing the life of volumetric 
corrosion defects in transmission pipelines under cyclic loading. An assessment 
method based on determining the stress raising effect of the corrosion defect 
combined with a S-N curve for parent plate material in a corrosive environment is 
proposed. 

2. A wide range of defect geometries have been analyzed to determine elastic 
stress concentration factors which can be used to determine the effect of cyclic 
loading. 

3. The assessment method derived has been validated for the following pipe and 
defect sizes: 

Pipe diameter (D) : up to 1270mm (50”) 

Wall thickness (t) : 9.5mm to 19.1mm (0.37” to 0.75”) 

D/t ratio : 40 to 100 

Corrosion length : 26mm to 1000mm (1” to 40”) 

Corrosion width : 26mm to 1000mm (1” to 40”) 

Corrosion depth : not greater than 60% of the wall thickness 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page iv 

4. The proposed approach has been validated by a small set of full-scale fatigue 
tests. The experimental results were generally consistent with the predictions, but 
with longer fatigue lives. 

It is recommended that the work completed in this project be extended to cover the 
following activity to enhance the method described in this report:  

1. The range of applicability of the assessment method should be investigated by 
considering the variation of stress concentration factor (SCF) with pipe geometry. 

2. Review of the experimental data from the X100 operational trial. 
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1 INTRODUCTION 
A range of methods exist for assessing the remaining strength of a corroded pipeline 
under static pressure loading and these have now matured to the extent that they are 
incorporated in regulations and standards. However, there is currently no guidance for 
assessing the performance of a corroded pipeline under cyclic pressure loading. This is 
of potential concern to operators where there are significant pressure variations, for 
example where there is a demand for linepack storage and in liquid pipelines. It is 
possible that a corrosion defect could be assessed as acceptable for the maximum 
operating pressure of a pipeline, but fail by fatigue due to internal pressure fluctuations.  

Advantica has been contracted by PRCI and DOT to develop an assessment method 
for pipelines containing corrosion defects which are subject to fluctuating pressure 
loadings. This forms the subject of the present report. 

The method developed is based on the approach to the fatigue design of welded 
structures in codes such as API RP 2A [1] and BS 7608 [2] and API 579-1/ASME FFS-1 
[3]. In these a set of stress – life, or S-N curves are presented in terms of the nominal 
stress range acting on a particular weld detail. If necessary the nominal stress range is 
magnified by a stress concentration factor to take account of the local structural 
geometry at the weld detail. The stress raising effect of the actual weld geometry is 
included in the S-N curve. For the present application the stress concentration is 
derived for the corrosion feature. This can then be used in conjunction with an 
appropriate S-N curve for the particular material and environment. 

Section 2 of this report reviews the available literature relevant to the project. The finite 
element analyses carried out to derive stress concentration factors are presented in 
Section 3. Two fatigue tests under cyclic pressure loading have been carried out on 
vessels containing machined simulated corrosion defects; this also provided 
experimental measurements of the stress concentration factors for comparison with the 
numerical predictions. The details of each test are given in Section 4. Predictions of 
fatigue life of the defects in the full scale fatigue tests are presented in Section 5. The 
discussion in Section 6 considers the fitting of a closed form equation to the numerical 
results, comparison of the numerical predictions and experimental stress concentration 
factors and the results of the cyclic pressure tests. Based on the work carried out, an 
outline of the proposed assessment method for corrosion defects subject to cyclic 
pressure loading is given in Section 7. Conclusions are given in Section 8 and 
recommendations in Section 9. 
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2 LITERATURE REVIEW 

2.1 Issues Associated with Fatigue of Corrosion Defects 
It was not possible to locate any public domain information on the behavior of volumetric 
corrosion (as opposed to stress corrosion cracking) defects in pipelines. However, it is 
intuitively obvious that the environment giving rise to the volumetric metal loss would 
have an effect on the fatigue performance of the exposed pipe surface1. The 
voluminous literature on metal fatigue recognizes that a corrosive environment will 
reduce the fatigue life of a component below the life which would be obtained in air. 
There are many factors that contribute towards this reduction, and a review of these is 
outside the scope of the present project. However, the factors can generally be grouped 
into two main areas, the effects on crack initiation and effects on crack propagation. 

A corrosive environment will reduce, or even eliminate entirely, the crack initiation 
period. It is generally accepted that the bulk of the fatigue life of smooth components at 
low to medium stresses is consumed by the initiation of a crack. The initiation period, 
and hence the fatigue life, is sensitive to factors such as surface roughness and residual 
stresses. In a corrosive environment pitting and other forms of surface attack provide 
initiation points for cracks and so the initiation period is largely removed. This gives rise 
to the fact that in many corrosive environments there is no fatigue limit. 

Once a crack has initiated, there will be a period of crack growth until final failure 
occurs. During this period a corrosive environment will cause accelerated crack growth. 
For example, in Section 8.2.3.5 of BS 7910 [4] a freely corroding seawater environment 
increases the crack growth rate by a factor of 4.4 compared with an air environment 
when using the “screening” crack growth curves. Fatigue crack growth data for X65 
linepipe exposed to sour crude oil showed similar levels of increase [5] [6] when 
compared to data obtained in air. 

This brief analysis shows that predicting the effect of a corrosive environment on fatigue 
life is complex. For pipelines with significant metal loss, there is a further complication. 
This is that the stress raising effects of the corrosion defect would reduce life as this 
area is exposed to higher stresses (in addition to the environment). This stress raising 
effect is still present, even if the underlying corrosion problem is resolved by coating 
repairs or the introduction of corrosion inhibitor. Hence it is considered that an 
assessment method for pipeline corrosion defects should include both effects. The 
approach taken in this project is to separate the two. The stress raising effect of the 
metal loss defect is considered by an estimation based on the geometry and elastic 
stress analysis. This is then combined with a fatigue life estimation which includes the 
effect of a corrosive environment.  

                                            
1 If remedial action is taken, for example coat and re-wrap or the introduction of an effective inhibitor 
system, then the corrosive environment would no longer be affecting the life. 
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2.2 Existing Assessment Methods 
A Code Case for the ASME Boiler and Pressure Vessel Code, N597-2 [7], was located. 
This is principally concerned with the assessment of nuclear power station piping which 
has suffered wall loss due to erosion or erosion – corrosion. The main loading is 
pressure or system loading, but there is a brief consideration of cyclic loading in 
paragraph –3625. If the loss in wall thickness is less than 25% of the nominal thickness 
and the loading is less than 150 full temperature cycles, the defect is considered 
acceptable. If this criterion is not met, a code pipe stress analysis is required using 
stress intensification2 factors revised to take account of the geometry of the thinned 
areas. No guidance is given on how these revised factors should be determined. 
Alternatively, a set of stress range reduction factors are given which assume that the 
stress intensification factors increase linearly over the fatigue life by a factor of 2. This 
degree of stress increase at the defect may not be large enough for some cases, and it 
is also not clear how this should be applied to plain pipe. Furthermore, this approach 
does not appear to take account of aggressive environments. However, it is consistent 
with the general approach taken in the present project of modifying the basic fatigue 
performance by a factor to take account of the stress raising effect of the feature. 

A search of the published literature using the “Compendex” database revealed a 
number of papers published in Japan concerning the assessment of thinned pipework. 
However, these were found to consider the behavior of power station piping under 
external seismic loads, with stresses exceeding yield, and were not relevant to 
corrosion defects in typical transmission pipelines.  

One paper was located which is relevant to the present work. This study by Kim and 
Son [8] used three-dimensional finite element (FE) analysis to calculate stress 
concentration factors for ellipsoidal defects located at the bore of pipes. The loading 
was either internal pressure or external bending moment. The results from this work are 
discussed in more detail in Section 6.3.1. 

2.3 Methods of Determining Stress Concentration Factors 
There are published collections of stress concentration factors (SCFs) and these were 
reviewed to determine if there were any available solutions which could be used. None 
were found to be suitable, as they mainly related to two-dimensional cases such as a 
hole in a plate or a notch in the edge of a strip. These are not directly relevant to the 
three-dimensional case of a groove or pit3 in a curved shell. Hence these could not be 

                                            
2 These are the ASME code stress intensification factors for pipework, and should not be confused with 
the stress intensity factor used in fracture mechanics analysis. 
3 Pits are defined as localized regions of metal loss, often referred to as circular patches. Grooves are 
defined as long elongated thinned areas caused by directional corrosion (or erosion). The length of the 
groove is much greater than the width 
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used for the determination of SCFs for volumetric defects. An equation derived using 
the finite element results was therefore considered. 

 

3 FINITE ELEMENT ANALYSIS 
SCFs have been derived using linear elastic FE analysis for a range of idealized 
corrosion defects. The analysis and results are presented in this section. Note that, 
although the analyses have been presented for specific dimensions typical of service 
pipelines, as the analyses are linear elastic the results can be applied to other 
geometrically similar cases. 

3.1 Geometry and Material Properties 
Three pipes were chosen with outside diameters (D) and wall thicknesses (t) of 
914.4 mm (36”) x 12.7 mm (0.5”), 508 mm (20”) x 12.7 mm and 1270 mm (50”) x 
12.7 mm, with D/t ratios of 72, 40 and 100, respectively. These were chosen to 
represent the typical range of geometries encountered in transmission pipelines. The 
majority of the analyses were carried out on the D/t=72 geometry, with a smaller range 
of cases being analyzed for D/t=40 and D/t=100 to investigate the effect of the D/t ratio 
on the SCF. 

Both the axial corrosion length (ACL) and the circumferential corrosion length (CCL) in 
Figure 1 vary from 13 mm (0.5”) to 500 mm (19.7”). The corrosion depths (CD) modeled 
were 20%, 40%, 60% and 80% of the pipe wall thickness. These were chosen to cover 
a range slightly deeper than the typical manufacturing under tolerance of 10% through 
to a depth of 80%, where assessment codes such as ASME B31G [9] require repair. It 
should be noted that only one quarter of the corrosion area is shown in Figure 1, 
therefore ACL and CCL represent half of the total axial corrosion length and half of the 
total circumferential corrosion length, respectively. The corrosion defects have been 
idealized as having a smooth transition radius and a flat bottom. 

The radius at the transition region around the corrosion edge in Figure 1 is r=t (i.e., 
r/t=1) for most of analyses. The effect of varying the radius r was investigated for 
914.4x12.7 mm (36x0.5”) pipes by reducing the transition radius to r/t=0.5. 

The assumed elastic properties were appropriate for a ferritic steel, a Young’s modulus 
of 210x103 N/mm2 (30,460,000 psi) and a Poisson’s ratio of 0.3. 

3.2 Finite Element Models 
The finite element (FE) models were constructed using the PATRAN 2001 r3 [10] mesh 
generating software and analyzed using the general-purpose FE code ABAQUS version 
6.4 [11]. Typical meshes generated for the assessment are shown in Figure 2 - Figure 6 
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with r/t=1, CD=0.4 and the corrosion size ACLxCCL=13x13 mm (0.5x0.5”), 13x500 mm 
(0.5x19.7”), 500x13 mm (19.7x0.5”) and 500x500 mm (19.7x19.7”), respectively. The 
models used quadratic cubic elements (20 node bricks), with the mesh design based on 
previous studies of the behavior of corrosion defects carried out by Advantica. Figure 2 
represents a small circular pit, whilst Figure 3 is a long circumferentially oriented 
groove, such as might occur with preferential corrosion at a girth weld. In Figure 4 the 
groove orientation is axial. A square patch is shown in Figure 5; this has radiused sides 
and corners. Figure 6 shows the mesh for a defect with a smaller transition radius, 
r/t=0.5 but with the other dimensions, (CD=0.4 and ACLxCCL=13x13 mm [0.5x0.5”]) 
identical to those in Figure 2. The smaller transition radius has resulted in short straight 
sections at the edges. 

A mesh sensitivity study using a finer mesh with 10 elements through the remaining 
ligament at the base of the corrosion defect showed only a 1% increase in the stress 
concentration factor, and so it was concluded that the mesh design was sufficiently 
refined. 

3.3 Loading and Boundary Conditions 
The internal pressure (p) was calculated to generate a hoop stress 1=hσ  N/mm2 (145 
psi) based on the internal diameter, 

tR
t

tR
tp h

−
=

−
=

σ  (1) 

where, R = Pipe outside radius (units: mm (“)) 

 t = Pipe wall thickness (units: mm (“)) 

In order to represent the pipe sections being ‘capped off’ downstream, a distributed load 
(q) was applied to the pipe surfaces, given by: 

( )
( )[ ] tR

tR
tRR

tRpq
−

−
=

−−

−
=

222

2

π
π . (2) 

Equation (2) shows that if the internal pressure is given by equation (1), the 
circumferential stress in the pipe will be 1=hσ  N/mm2 (145 psi) and the axial stress 
from equation (2) will be about 0.5 N/mm2 (72.5 psi) when R >> t. A limited number of 
analyses were carried out without this end load to investigate the effect of this load on 
the results, particularly for long circumferential grooves. 

Nodal restraints were applied to the symmetry faces so that the quarter model 
represented a complete pipe with the defect. Additional restraints were also applied to 
the bottom of the pipe to prevent rigid body movement. 
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3.4 Finite Element Results and Assessment 

3.4.1 Pipe: 914.4mm x 12.7mm 
A total of 222 analyses were carried out on the 914.4x12.7 mm (36x0.5”) pipe geometry. 
The maximum principal stresses from these analyses are listed in Table 1 - Table 7 as 
functions of the ACL, CCL and CD.  

Figure 7 shows that maximum principal stresses at locations away from corrosion are 
apparently in the range 0.54 N/mm2 to 1.12 N/mm2 (78.3 to 162.4 psi). This large 
apparent range is due to the automatic scaling of contour levels by the post-processing 
software. Further investigation shows that results were in the range 0.93 N/mm2 to 
1.1 N/mm2 (134.9 to 159.5 psi). The circumferential stress of the pipe with the internal 
pressure given by equation (1) is equal to unity, and hence provides confidence in the 
FE model. The highest maximum principal stress (HMPS) (8.7 N/mm2 (1261.8 psi) in 
Figure 7), which occurred in the corroded region, is defined as the stress concentration 
factor (SCF) for the corrosion defect. In most cases, the highest maximum principal 
stress occurred either around the centre of the corrosion shown in Figure 8 or around 
the corrosion transition region shown in Figure 9. 

3.4.1.1 Effect of corrosion size (length, width and depth) 
The SCFs in Table 1 to Table 4 are from FE analyses on corroded pipes with r/t=1 and 
with CD=0.2, 0.4, 0.6 and 0.8 wall thickness, respectively. These SCFs are also plotted 
in Figure 10 - Figure 13 as functions of the ACL and CCL. The figures show that, in 
general, the SCF increases with an increase of ACL but decreases with an increase of 
CCL until it reaches an approximately constant plateau value. However, for corroded 
pipes with a short ACL (13 mm or 20 mm, 0.5” or 0.75”), the SCF may decrease with an 
increase of ACL and increase with a decrease of CCL, as clearly shown in Figure 12 
and Figure 13. 

The SCFs are also plotted in Figure 14a – f with variation of the corrosion depth CD, 
showing that both the SCF and the gradient increase as corrosion depth becomes 
greater. 

3.4.1.2 Effect of ‘Capped End Force’  
For corroded pipes with a short ACL but long CCL (i.e. circumferential grooves), the 
distributed load defined by equation (2) due to the ‘capped end force’, may play a major 
role on SCFs. Local axial, hoop and radial component stresses have been extracted 
from the results at the location of the highest maximum principal stress. Table 8 lists 
these stresses for pipes with CD=0.8. It shows that 

• For ACL larger than or equal to 50 mm (2”), the maximum principal stress is 
approximately equal to the local circumferential stress. 
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• When ACL equals 13 mm and 20 mm (0.5” and 0.75”), the axis of maximum 
principal stress changes from the circumferential direction to the pipe axial 
direction with an increase of CCL, i.e., for CCL less than about 50 mm (2”), the 
maximum principal stress is approximately equal to the local circumferential 
stress. However, for CCL larger than or equal to 50 mm (2”), the maximum 
principal stress is approximately equal to the local axial stress. 

Local axial, circumferential and radial stresses for pipes with short ACL (13 mm and 
20 mm, 0.5” and 0.75”) and with CD=0.2 and 0.4 are also given in Table 9 and Table 10 
respectively. These tables show that 

• For CD=0.2 with both ACL=13 mm (0.5”) and ACL=20 mm (0.75”), the maximum 
principal stress in Table 9 is approximately equal to the local circumferential 
stress, hence the axis of maximum principal stress remains the circumferential 
direction with the increase of CCL. 

• For CD=0.4 with ACL=20 mm (0.75”), the maximum principal stress in Table 10 
is approximately equal to the local circumferential stress. However, for 
ACL=13 mm (0.5”), the maximum principal stress is approximately equal to the 
local circumferential stress only when the CCL is less than 50 mm, and for CCL 
greater than 100 mm (4”), the maximum principal stress is approximately equal to 
the local axial stress. 

SCFs from FE analyses with CD=0.8 and without the ‘capped end force’ acting on the 
end of pipes are given in Table 5 and plotted in Figure 15. It shows that the SCF 
increases with an increase of ACL and decreases with an increase of CCL even for 
short lengths of ACL=13 mm and 20 mm (0.5” and 0.75”). 

3.4.1.3 Effect of radius at the transition region 
SCFs with transition radius r=0.5t are given in Table 6 and Table 7 for CD=0.2 and 
CD=0.4, respectively. Comparing these values with the data for r/t=1 in Table 1 and 
Table 2 shows that the SCF is higher for the smaller transition radius, r. The increased 
percentage of SCF, when the transition radius r/t=1 decreases to a more acute 
transition radius r/t=0.5, is listed in Table 11. It shows that the maximum percentage 
increase is less than 10%. 

SCFs are also plotted in Figure 16 and Figure 17 for CD=0.2 and CD=0.4 respectively. 
The trend of the graph is similar to that in Figure 10 and Figure 11, except for the case 
with ACL=13 mm (0.5”) and CD=0.4 which shows that the ‘capped end force’ influence 
on the SCF is less when r=0.5t. 

3.4.1.4 Effect of a variation in wall thickness 
The SCFs in Table 12 are from additional FE analyses on the 914.4mm (36”) diameter 
pipe, which were undertaken to confirm whether pipe wall thickness had an underlying 
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effect on the calculated SCF. To complement the analyses on 12.7mm (0.5”) thick pipe, 
three additional wall thicknesses were considered, 9.5mm (0.37”), 15.9mm (0.63”) and 
19.1mm (0.75”), but the ratio of defect depth to wall thickness was consistent for the 
analyses. The results are presented in Table 12, which shows that any trends appear 
dependent more on the defect geometry with some defects showing an increase in SCF 
with an increase in wall thickness and others a decrease. All of the SCFs are within 
10% of the 12.7mm (0.5”) results. 

3.4.2 Pipe: 508mm x 12.7mm (20” x 0.5”) 
A total of 73 finite element (FE) analyses have been carried out on 508x12.7 mm 
(20x0.5”) pipes. The maximum principal stresses from these FE analyses are listed in 
Table 13 with the variation of ACL, CCL and CD. Table 13 shows that, in general, the 
SCF increases with an increase of ACL and decreases with an increase of CCL until it 
reaches an approximately constant value. 

3.4.3 Pipe: 1270mm x 12.7mm (50” x 0.5”) 
There are a total of 48 finite element (FE) analyses carried out on 1270x12.7 mm 
(50x0.5”) pipes. The maximum principal stresses from these FE analyses are listed in 
Table 14 with the variation of ACL, CCL and CD. Table 14 shows that SCF increases 
with an increase of ACL. 

3.4.4 Effect of pipe size 
SCFs from the three pipes (508x12.7mm (20x0.5”), 914.4x12.7 mm (36x0.5”) and 
1270x12.7 mm (50x0.5”)) with CCL=13 mm (0.5”) and 20 mm (0.75”) are plotted in 
Figure 18 to Figure 21 for CD=0.2 to 0.8 respectively. Table 15 and Table 16 show the 
increment/decrement percentage in the SCF for 508 mm (20”) pipe and for 1270 mm 
(50”) as compared with 914.4 mm (36”) pipe, respectively. It should be noted that some 
care is required in comparing the results for defects in different diameter pipes, as the 
fixed width defects will subtend different angles in pipes of different diameter and so 
would be expected to have different SCFs. 

3.5 Conclusions from the FE Studies 
The following conclusions can be drawn directly from the finite element analysis phase 
of the project: 

• In general, the SCF increases as the axial corrosion length increases, but 
decreases as the circumferential corrosion length increases until it reaches a 
constant value. 

• For corroded pipes with a short axial corrosion length the axis of the maximum 
principal stress may change, due to the ‘capped end force’ effect, from the 
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circumferential direction to the axial direction as the circumferential length rises. 
Where this condition occurs, the SCF will increase with increasing circumferential 
corrosion length. 

• The SCF increases with increasing corrosion depth.  

• The effect of reducing the transition radius was small, producing typically less 
than 10% change in the SCF. 

• Varying the wall thickness for a specific diameter has no consistent effect on the 
SCF. For the wall thicknesses analyzed, 9.5mm (0.37”), 15.9mm (0.63”) and 
19.1mm (0.75”), all of the SCFs were within 10% of the values for a wall 
thickness of 12.7mm (0.5”). 

• There was no consistent trend in the SCF with varying pipe diameter, but the 
effects were generally less than 10% when compared with the base case of 
D/t=72. 

3.6 Closed Form Equation to Determine SCFs 
The finite element analysis has generated “point” values of the SCF associated with 
corrosion defects for the specific dimensions modeled. For practical applications a 
method of obtaining SCFs for intermediate dimensions is needed. It was noted in 
Section 3.5 above that the effects of the transition radius and pipe D/t ratio were small. 
Therefore attempts to fit an equation to the SCFs were concentrated on the main set of 
results for D/t=72 (pipe diameter and wall thickness of 914.4mm (36”) and 12.7mm 
(0.5”)) and r/t=1, as presented in Table 1 to Table 4.  

To simplify the equation fitting procedure the SCFs results were split into two 
categories; those dominated by a hoop stress component and those dominated by an 
axial stress component. The changing relationship between the SCFs and defect 
geometry for the two categories is simpler to describe using two separate equations for 
each component. From the finite element results it can be seen that when the 
CCL≥50mm (2”) and the ACL≤20mm (0.75”) the SCF can be either hoop or axial driven, 
but outside of this region the SCF has been found to be dominated by the hoop stress. 
For an area of corrosion that has dimensions, ACL and CCL in the hoop/axial boundary 
region the highest SCF value returned from the two equations will provide the best 
estimate to its “actual” value. 

The basic form of each equation was determined by examining the graphical 
relationships between ACL, CCL and CD. Several equations were developed, each 
capable of predicting an SCF for the range of defects (ACL, CCL, CD) and pipe sizes 
(D, t and D/t) considered in the FE studies. The equations which provided the highest 
levels of accuracy are shown below: 

The hoop SCFs are calculated using the following equations: 
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for CCL>100mm (4”) and CD≤0.6 

where, D = Pipe outside diameter (units: mm) 

 t = Pipe wall thickness (units: mm) 

 ACL = Half axial corrosion length (units: mm) 

 CCL = Half circumferential corrosion length (units: mm) 

 CD = Ratio of corrosion depth to pipe wall thickness 

 A1 to A6 = Constants (calibrated to SI units, note units above) 

The constants A1 to A6 are, A1=1.40, A2=7.40,A3=-0.54, A4=-0.37, A5=0.28 and A6=1.18. 
A standard least squares approximation technique was employed to determine the 
equation constants A1 to A5, which provide a mean fit to the SCFs. Constant A6 is 
included in the equation to ensure that the calculated SCF is not under predicted. 
From the FE data it was noticed that beyond CCL of 100mm (4”) any further increase in 
SCF was negligible. To model this trend, two equations have been developed, one for 
CCL≤100mm (4”) and one for CCL>100mm (4”). 

The axial SCFs are calculated using the following equation: 
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for CD≤0.6 

where, B1 to B5 = Constants (calibrated to SI units) 

The remaining terms in Equation (5) are defined above for Equations (3) and (4). The 
constants B1 to B5 are: B1=-0.64, B2=0.58, B3=-2.29, B4=1.31 and B5=1.10. As noted 
above, the constants are calibrated to the parameters being input in SI units. 

The constants B1 to B4 provide a mean fit to the SCFs. Constant B5 is included in the 
equation to ensure that the calculated SCF is not under predicted. 

Equations (3) and (4) which described the hoop SCF trend have a maximum error of 
36% (over-prediction) and Equation (5) which describes the axial stress SCF has an 
error of 24% (over-prediction). Note, these errors relate to a pipe size (Dxt) of 
914.4x12.7mm (36x0.5”), and a maximum corrosion depth not greater than CD=0.6. As 
described above, the equations ensure that the SCF is not under predicted. The mean 
error for the SCFHOOP calculations is 14% with a standard deviation of 8.4%. This 
indicates that the error bounds are stretched by a small number of high inaccuracy 
points. Analyzing the data reveals that the upper bound errors are predominantly 
caused by an over estimation of defects that generate a relatively low SCF for deep 
defects, CD=0.6. 

The equations exhibit a strong correlation between corrosion depth and accuracy, with 
accuracy decreasing as the corrosion depth increases. The maximum errors for 
CD=0.2, 0.4 and 0.6 are 25%, 31% and 36% respectively. If a higher level of accuracy 
is to be achieved this could be done by categorizing the corrosion defect by depth in 
terms of shallow, medium and deep, and developing separate equations for each 
category. 

3.6.1 Equation Limitations 
Equations (3), (4) and (5) are valid for corrosion defects of depth not greater than 
CD=0.6. Finite element results have been generated for CD=0.8. However, inclusion of 
this data in the above equations resulted in a significantly higher level of error. Although 
the corrosion assessment methods for static internal pressure loading extend to defects 
of depth, CD=0.8, for a pipeline that is pressure cycled it was considered prudent to limit 
the allowable depth to CD=0.6. If corrosion damage deeper than this is identified 
consideration should be given to either undertaking a repair or performing a case 
specific assessment. An insight into the reason why the fitting is so difficult for deep 
defects can be obtained from Figure 14. These graphs show that for certain defect sizes 
there are significant changes in the relationship between depth and SCF beyond 
CD=0.6. Separate equations, potentially of a different form to those presented above, 
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would be required to enable the assessment of defects ranging in depth from 
0.6<CD≤0.8. Eliminating the data for defects greater than 60% in depth from the fitting 
procedure reduces the number of points available to perform a least squares solution. 
The intrinsic accuracy of a least squares solution is driven by the number and spread of 
data points available for the fitting process. This is not a concern for the hoop equation 
where 98 data points were available for CD≤0.6. However, there were only ten points 
available to fit the axial equation to the data. The minimum required for a least squares 
solution is 1+n, where n is the number of constants in the equation. Although the axial 
equation has more than the minimum number of points the data is still over a small 
range and will not have the inherent robustness of the hoop equation. Unfortunately the 
axial equation is only applicable over a small range of defect sizes so it is impossible to 
address this concern without further in depth FE analysis concentrating on that region. 

3.6.2 Effect of Pipe Diameter on Accuracy 
The SCF equations have been calibrated using data for a 914.4mm (36”) diameter pipe. 
As previously mentioned there is also a limited number of SCF data for a 508mm (20”) 
and 1270mm (50”) diameter pipe. All of the defects modeled for the 508mm (20”) and 
1270mm (50”) diameter pipe produced hoop dominant SCFs, which restricted a 
sensitivity study to investigate the effect of diameter on the hoop equation. If these extra 
data points are added to the existing 914.4mm (36”) data set the maximum percentage 
error in the hoop equation is increased to 43% (an increase in error of 7%). It was not 
possible to incorporate a term in the equations to account for the effect of diameter on 
SCF using a correction factor. Further FE analyses are recommended for smaller pipe 
diameters, less than 508mm (20”) to extend the SCF data base as the SCFs generated 
in this work from 3 different pipe diameters suggests a potentially complex relationship 
between defect geometry and pipe diameter. 

3.6.3 Effect of Wall Thickness on Accuracy 
All the data points used to derive the SCF equations had a constant wall thickness of 
12.7mm (0.5”). Additional FE data was generated for several defect sizes in a 914.4mm 
(36”) diameter pipe with a wall thickness of 9.5mm (0.37”), 15.9mm (0.63”) and 19.1mm 
(0.75”). The corresponding SCFs are presented in Table 12. Wall thickness has a 
similar inconsistent effect on SCF as diameter with some defects showing a proportional 
trend between wall thickness and SCF and others behaving inversely proportional. The 
equations proposed above only contain the wall thickness in one term and increasing 
the wall thickness will result in the calculated SCF being lower. This could cause a 
potential “stretching” of the error bounds in the SCF calculations for those defects which 
have an increasing trend between SCF and wall thickness. The SCF equations should 
be limited to pipe wall thicknesses from 9.5mm (0.37”) to 19.1mm (0.75”), until further 
FE studies are undertaken to extend these bounds. 
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4 CYCLIC PRESSURE TEST 
A limited test program was undertaken to provide validation of the FE analyses 
described in Section 3. This used two vessels, each containing four machined metal 
loss defects. Both vessels were then subjected to pressure cycling. Strain 
measurements were made at each defect and used to determine SCFs for comparison 
with the finite element results. In each of the vessels tests, three of the four defects 
failed and the fourth defect survived beyond the predicted life. This section describes 
the test program and the results obtained. 

4.1 Material 
Two pipes were selected for testing. Both pipes were 12m (39.4 ft) in length with an 
outside diameter of 323.9mm (12” nominal diameter). Details of each test pipe are given 
below: 

o Pipe 1: Constructed from Seamless line pipe of grade X52 material to API 5L 
[12], which has a specified minimum yield strength (SMYS) of 359 N/mm2

 
(52,000 psi) and a specified minimum tensile strength (SMTS) of 455 N/mm2 
(66,000 psi). The pipe nominal wall thickness was 8.4 mm (0.33”), giving a pipe 
diameter to wall thickness (D/t) ratio of 38.5. This is marginally below the lowest 
D/t ratio analyzed in the FEA. The pipe manufacturer was Dalmine. 

o Pipe 2: Constructed from HFI (High Frequency Induction welded) line pipe of 
grade X60 material to API 5L, which has an SMYS of 414 N/mm² (60,000 psi) 
and an SMTS of 517 N/mm² (75,000 psi). The pipe nominal wall thickness was 
15.9 mm (0.63”), giving a D/t ratio of 20.4. The pipe manufacturer was Corus. 
Compared with pipe 1, pipe 2 was chosen for the following reasons: 

o The D/t ratio was approximately half that of pipe 1. 

o Pipe 2 had greater strength than pipe 1. 

o Pipe 2 was manufactured using the HFI process, unlike pipe 1 which was 
seamless. 

The mill certificate for each pipe is provided in APPENDIX A. 

4.2 Test vessel design and construction 

4.2.1 Introduction of defects 
Each pipe had 4 defects machined along its length. The defects machined in pipe 1 
were identical in length and depth (i.e., proportion of the pipe wall thickness) to those in 
pipe 2. For ease of handling and machining purposes each pipe was cut in half 
(approximately 6m (19.7 ft) lengths). Each half contained 2 machined defects, spaced 
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such that when the two halves were rejoined, the defects were equally spaced along the 
length of the pipe, and offset to one another around the pipe circumference by 
approximately ¼ of the pipe circumference (note, the defects in pipe 2 were positioned 
approximately 120° either side of the HFI weld). The purpose of this offset was to 
mitigate against the possibility of a rupture from a failed defect propagating into an 
adjacent defect. 

The defect types and target dimensions are summarized below: 

Pipe 1 Pipe 2 

Defect Type CD 
L 

mm (“) 
R 

mm (“) 
W 

mm (“) 
r 

mm (“) 
W 

mm (“) 

1 Axial groove 0.2 400 
(15.75) 

8.5 
(0.335) 

10.1 
(0.398) 

16.0 
(0.630) 

19.1 
(0.750) 

2 Axial groove 0.4 400 
(15.75) 

8.5 
(0.335) 

13.5 
(0.531) 

16.0 
(0.630) 

25.5 
(1.004) 

3 Axial groove 0.6 400 
(15.75) 

8.5 
(0.335) 

15.5 
(0.610) 

16.0 
(0.630) 

29.3 
(1.154) 

4 Patch 0.6 400 
(15.75) 

8.5 
(0.335) 

140 
(5.512) 

16.0 
(0.630) 

140 
(5.512) 

Where t is the pipe wall thickness, CD is the ratio of defect depth (from the outer pipe 
surface) to pipe wall thickness, L and W are the defect length and width in the pipe axial 
and circumferential directions measured along the outer surface of the pipe, and r is the 
blend radius (which is approximately equal to the pipe wall thickness). 

The actual dimensions of the machined defects are compared with the target 
dimensions in Table 17 (see also APPENDIX B for the defect inspection certificate). A 
50x50 mm (2x2”) grid was marked onto the surface of the machined-out patch defect in 
both pipes. At each grid intersection, ultrasonic wall thickness measurements were 
undertaken to determine the variation in remaining ligament thickness. The remaining 
ligament thickness for each groove defect was determined by subtracting the actual 
depth of the defect (as measured using a depth micrometer) from the local wall 
thickness of the pipe which was measured using an ultrasonic thickness meter. 

After the defects had been machined, the surface of each defect was shot blasted. The 
pipe was then left outside for a period to permit the surface of the defects to corrode 
(this was to ensure that the number of fatigue cycles to crack initiation was truly 
representative of a corrosion defect and not unduly influenced by surface profile). The 
purpose of grit blasting the machined defects was to create a ‘highly active’ surface to 
promote accelerated corrosion. 
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4.2.2 Vessel fabrication 
The two halves of pipe 1 and pipe 2 were first butt welded back together. To enable a 
full-scale fatigue test to be undertaken, two dome-ended pup pieces were constructed, 
which were welded to either end of the test pipe to form a pressure vessel. The same 
set of test ends were used to test both pipes. 

The material used to construct the pup piece test ends was API 5L grade X52. The pup 
wall thickness measured 12.7 mm (0.5”). The domed ends were forged from P460 NL1 
plate [13] with the same wall thickness as the test end pipe pup material. Each test end 
had a 1” BSPT 6,000 psi rated thread-o-let welded to the outside diameter to allow for 
filling (and discharging) and venting of the completed vessel. 

The vessel was constructed from two test ends circumferentially welded to the test 
section, with the thread-o-lets positioned diametrically opposite to ensure removal of air 
during filling and venting of the vessel. 

An illustration of the test vessel is shown in Figure 22. 

4.2.3 Defect instrumentation 
Each defect was strain gauged prior to testing. The groove defects each had 3 strain 
gauges; one located central to the length/width of the groove, and one at either end 
approximately 2-3 mm (0.08-0.12”) from the blend radius. The patch defect had 4 strain 
gauges; one located central to the length/width of the patch, one located around the 
patch circumference approximately 2-3 mm (0.08-0.12”) from the blend radius (central 
to the patch length), one located along the pipe length approximately 2-3 mm (0.08-
0.12”) from the blend radius (central to the patch width), and the final gauge was located 
at a corner of the patch approximately 2-3 mm (0.08-0.12”) from the blend radius. The 
four strain gauges in the patch defect enveloped a quadrant of the patch, in the region 
where the thinnest remaining ligament was measured. 

At the location where each strain gauge was positioned, the surface rust was locally 
removed to reveal bright metal to aid adhesion of the strain gauge. 

Strain gauge rosettes were used at each location. Two types were used, 

Type 1. CEA-06-062WT-350: two elements 90° to each other, one stacked on top 
of the other (see Figure 23). 

Type 2. CEA-06-062UT-350: two elements 90° to each other, located side by 
side (see Figure 23). 

Strain gauge type (1) was used where space was limited, at the blend radii. Type (2) 
was used at the centre (length/width) of the groove and patch defects. The locations of 
the strain gauges are shown in Figure 24. 
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4.2.4 Test facility 
The test was carried out with the test vessel mounted on freestanding vee support 
frames with the thread-o-lets positioned at 12 and 6 o’clock around the pipe 
circumference. The vessel was connected to the hydraulic system and filled with water. 
Once the vessel was full and all air had been removed, a 160 Barg (2,320 psig) 
pressure transducer was connected to the upper thread-o-let of the vessel. 

The test was undertaken according to a generic burst test risk assessment, which 
included the use of an exclusion zone and of the placement of 1 ton sand bags at either 
end of the vessel to help contain debris should catastrophic failure occur. 

A data logger was used to log the output from the pressure transducer, and a ‘K’ type 
stainless steel sheathed thermocouple was used to measure ambient air temperature. 
The data was logged periodically at high frequency for a short time interval in an 
attempt to capture the minimum and maximum pressures associated with each 
pressure cycle. In addition, a strip chart recorder was used to continually monitor the 
pressure history during the test. The hydraulic power pack enabled a cyclic pressure 
rate of 5 to 6 cycles per minute. 

4.2.5 Test method 
Vessel 1 (pipe 1) was the first vessel to be tested. The vessel was initially pressurized 
to 16 Barg (232 psig), after an initial shakedown (i.e., 3 pressure cycles from 0–16–0 
Barg (0-232-0 psig)) to ensure that the strain gauges were working correctly and to 
enable calculation of the maximum permissible pressure that each defect could sustain 
without yielding the remaining ligament ahead of the defect. The strain gauge data were 
analyzed to determine the magnitude of hoop stress σh in the reduced ligament of each 
defect, using the following equation: 

( )ahh
E νεε
ν

σ +
−

= 21
 (6) 

where, E = Elastic modulus (210x103 N/mm² (30,460 kips)) 

 ν = Poisson’s ratio (assumed 0.3) 

 εh = hoop strain 

 εa = axial strain 

The maximum measured hoop stress from each defect was then compared with the 
material’s specified minimum yield strength (SMYS) of 359 N/mm² (52,000 psi) for 
vessel 1 (grade X52 material). For each defect the maximum pressure to give a hoop 
stress in the remaining ligament equal to SMYS was predicted by multiplying the initial 
‘calibration’ pressure (16 Barg (232 psig)) by the ratio SMYS/σh. These maximum 
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pressures corresponded to the planned maximum pressure in the pressure cycle for 
each defect. The intention was to cycle the vessel using the lowest of these maxima, so 
that the other defects would not be overstressed. After failure of the first defect, the 
maximum pressure could be increased if necessary to that calculated for the next 
lowest defect. 

Based on the progress and results from the test on vessel 1, the initial pressurization of 
vessel 2 (pipe 2), was 60 Barg (870 psig). This gave a maximum measured hoop stress 
in the most onerous defect (defect D3) equal to the materials measured yield strength 
(504 N/mm² (73,100 psi), see APPENDIX A) 

The characteristics of each test are described below: 

Vessel 1 (pipe 1) 

The minimum pressure in the pressure cycle was initially set at 10 Barg (145 psig), and 
the test started. The maximum pressure was set at 33.3 Barg (479 psig), based on the 
strain gauge readings for the most onerous defect, D3. The strain gauge readings from 
the first full pressure cycle were re-analyzed to confirm elastic behavior in the remaining 
ligament of defect D3 (i.e., linear pressure v strain load and unload history) and to 
confirm earlier calculations of maximum pressure for the other defects. 

After 98,951 pressure cycles of 23.3 Bar (334psi) range, the minimum pressure was 
decreased to 8.5 Barg (123 psig), the lowest achievable pressure whilst avoiding un-
necessary lag in the pressure reversal and ensuring optimum cyclic test frequency. This 
increased the pressure range. In addition, the maximum pressure for each defect was 
increased; the maximum pressure being of sufficient magnitude to give a hoop stress 
equal to the material’s measured yield strength of 390 N/mm2 (56,560 psi) (see 
APPENDIX A, Figure A1, Test N.R7133 Heat N.990178, transverse oriented tensile 
test). Testing resumed based on the updated minimum and maximum pressures. 

The minimum and maximum pressures in the pressure cycle for each defect are given 
in Table 18. 
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Vessel 2 (pipe 2) 

The minimum pressure in the pressure cycle was set at 8 Barg (116 psig), and the test 
started. The maximum pressure was set at 60 Barg (870 psig), based on the strain 
gauge readings for the most onerous defect, D3 where the hoop stress in the remaining 
ligament was approximately equal to the materials measured yield strength of 
504 N/mm² (73,100 psi) (see APPENDIX A, Figure A3). After 358,614 pressure cycles 
the test was stopped, a single pressure cycle of 0-60-0 Barg (0-870-0 psig) was applied 
and the strain gauge data recorded. The strain gauge data was re-analyzed and it was 
found that the peak pressure could be increased slightly to 66 Barg (957 psig). Testing 
resumed based on the updated maximum pressure. 

The corresponding calculated peak pressures for the other defects were also found to 
increase slightly. The difference between the latter and former calculations of peak 
pressure is likely to be due to the system not having shaken down to an elastic 
response before the application of the first pressure cycle. The results from this latter 
analysis were used to define the peak pressures for the other defects. 

The minimum and maximum pressures in the pressure cycle for each defect are given 
in Table 19. 

4.3 Test Results 
When a fatigue crack had grown through the pipe wall due to pressure cycling, the test 
was temporarily stopped, the vessel drained, and the defect area repaired. The fatigue 
life associated with that defect was then logged and testing was resumed once the 
vessel was re-filled. To enable the fatigue life of each defect to be determined, repairs 
were undertaken on each occurrence of a crack growing through the pipe wall. 

The repair method used was to flame cut out a pup piece containing the defect, of 
length just greater than the defect length and butt weld the two remaining pipe sections 
together. The procedure is shown schematically in Figure 25. 

The results of the two vessel tests are presented below. 

4.3.1 Vessel 1 (pipe 1) 
The test started with minimum and maximum pressures of 10.0 Barg (145 psig) and 
33.3 Barg (483 psig) (pressure range of 23.3 bar (338 psi)), where 33.3 Barg (483 psig) 
was predicted to give a hoop stress in defect D3 equal to the material’s specified 
minimum yield strength. After 98,951 cycles, the minimum pressure was decreased to 
8.5 Barg (123 psig) and the maximum pressure was increased to 39.9 Barg (579 psig) 
(pressure range of 31.4 Bar (455 psi). The increase in maximum pressure increased the 
hoop stress in defect D3 to equal the material’s measured yield strength. Defect D3 
endured a further 229,071 cycles before failure occurred. 
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Defect D2 was predicted to fail next. The minimum pressure remained at 8.5 Barg (123 
psig), but the maximum pressure was increased to 52.2 Barg (757 psig), giving a 
pressure range of 43.7 Bar (634 psi). The maximum pressure corresponded to a hoop 
stress in defect D2 equal to the material’s measured yield strength. In addition to the 
previous pressure regimes and corresponding number of cycles, defect D2 endured a 
further 447,344 cycles of 43.7 Bar (634 psi) pressure range before failure occurred. 

Defect D4 was predicted to fail next. The minimum pressure remained at 8.5 Barg (123 
psig), but the maximum pressure in the cycle was increased to 62.9 Barg (912 psig), 
giving a pressure range of 54.4 Bar (789 psi). The maximum pressure corresponded to 
a hoop stress in defect D4 equal to the material’s measured yield strength. In addition to 
the previous pressure regimes and corresponding number of cycles, defect D4 endured 
a further 100,575 cycles of 54.4 Bar (789 psi) pressure range before failure occurred. 

With only defect D1 remaining, the maximum pressure in the pressure cycle was 
increased to 94.3 Barg (1,368 psig), giving a pressure range of 85.8 Bar (1,244 psi) with 
the minimum pressure remaining at 8.5 Barg (123 psig). Again, the maximum pressure 
corresponded to a hoop stress in defect 1 equal to the material’s measured yield 
strength. In addition to the previous pressure regimes and corresponding number of 
cycles, defect 1 endured a further 370,419 cycles of 85.8 Bar (1,244 psi) pressure range 
before the test was terminated due to a failure in the pipework of the pressurization 
system. 

The test results are summarized in Table 20. 

4.3.2 Vessel 2 (pipe 2) 
The test started with minimum and maximum pressures of 8 Barg (116 psig) and 60 
Barg (870 psig) (pressure range of 52 Bar (754 psi)), where the peak pressure was 
predicted to give a hoop stress in the remaining ligament of defect D3 equal to the 
materials measured yield strength (504N/mm² (73,100 psi), see APPENDIX A, Figure 
A3). 

After 358,614 pressure cycles, the test was stopped, a single pressure cycle of 
0-60-0 Barg (0-870-0 psig) was applied and the strain gauge data recorded and 
reanalyzed. Based on the results of this latter pressure cycle, the peak pressure was 
increased to 66 Barg (957 psig) (58 Bar (841 psi) pressure range). After a further 
98,992 pressure cycles of 58 Bar (841 psi) pressure range the test was stopped. 
Although defect D3 had not failed, due to the number of pressure cycles already 
accumulated, the peak pressure was increased to 136 Barg (1,973 psig) (128 Bar 
(1,856 psi) pressure range), which gave a hoop stress in the ligament of defect D2 
equal to the materials measured yield strength. At this pressure the hoop stress in the 
remaining ligament of defect D3 was approximately 1.93 times the material measured 
yield strength. Despite exceeding the yield strength of the material, plasticity effects do 
not need to be considered in the analysis unless the stress range exceeds twice the 
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materials measured yield strength [14]. Defect D3 failed after 5,231 pressure cycles, in 
addition to the previous pressure regimes and corresponding number of cycles. Defect 
D4 then failed after a further 230,819 cycles. This was unexpected since analysis of the 
strain gauge data suggested that defect D2 would fail first. 

The peak pressure was increased to 200 Barg (2,900 psig) (192 Bar (2,784 psi) 
pressure range), which increased the hoop stress in the remaining ligament of defect 
D2 to approximately 1.40 times the materials measured yield strength. Defect D2 
endured a further 18,606 cycles in addition to the previous pressure regimes and 
corresponding number of cycles before failure occurred. 

The peak pressure was increased to the system limit of 250 Barg (3,626 psig), which 
was just short of the pressure required to give a hoop stress in the remaining ligament 
of defect D1 equal to the materials measured yield strength. After 9,019 pressure cycles 
of 242 Bar (3,510 psi) pressure range the test was terminated without failure of the 
defect. 

The test results are summarized in Table 21. 

4.4 Metallurgical Examination 
The pipe samples were examined visually using a stereo optical microscope to 
determine the location and size of through wall cracks present within the simulated 
defects.  The samples were sectioned to remove the cracks found; the cracks were then 
opened by cooling in liquid nitrogen and fracturing the remaining ligaments at the ends.  
After sectioning the cracks were examined by eye and using a stereo optical 
microscope.  The crack faces were examined as-opened and after cleaning of deposits 
using Clarke’s solution (inhibited acid). 

The features from each vessel test are described below. 

4.4.1 Vessel 1 (pipe 1) 
The crack faces as opened and after removal of surface deposits are shown in Figure 
26 for defect D3, Figure 27 for D2 and Figure 28 for D4. The crack surfaces were 
characteristic of low stress, high cycle fatigue crack propagation. Step markings on D3 
(Figure 26) along the outer surface suggested multiple crack initiation. Beach markings 
on cracks D2 and D3 were consistent with crack initiation at the outer surface and crack 
propagation across the remaining pipe wall ligament at the defect. In contrast, for defect 
D4 multiple crack initiation sites were observed on the inner pipe surface and the crack 
propagated across the remaining pipe wall ligament to the outer pipe surface. This is 
likely to be due to the increased surface roughness on the inner surface of the pipe 
compared with the smooth machined finish of the patch on the outer pipe surface.  

The cleaned crack surfaces were examined using a CAMSCAN S4 scanning electron 
microscope to confirm the mode of failure. The appearance of the crack faces towards 
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the outer and inner surfaces is shown in Figure 29 for defect D3, Figure 30 for D2 and 
Figure 31 for D4. The appearance of all crack faces was very similar, consistent with 
transgranular separation with crack propagation on multiple fine scale paths. Fine 
striations were also visible at high magnification. These observations are characteristic 
of low stress, high cycle fatigue crack propagation. On cracks D2 and D3, numerous 
secondary cracks were also visible towards the inner surface, orientated perpendicular 
to the direction of crack propagation. These secondary cracks are also characteristic of 
low stress, high cycle fatigue crack propagation, and are generally more apparent when 
crack propagation velocity is high. 

4.4.2 Vessel 2 (pipe 2) 
The crack faces as opened and after removal of surface deposits are shown in Figure 
32 for defect D2, Figure 33 for defect D3 and Figure 34 for defect D4. The crack 
surfaces were characteristic of low stress, high cycle fatigue crack propagation. The 
crack faces were mostly flat and appeared to have formed with little evident bulk plastic 
deformation in adjacent material. The cracks extended further along one surface than 
the other, with clearly defined curved boundaries within the wall thickness and faint 
concentric ‘beach’ markings present on the crack faces. The shape of the crack faces 
and pattern of beach markings on the D2 and D3 defects indicated crack initiation within 
the outer surface at the defect and crack propagation approximately directly across the 
wall thickness to emerge at the inner surface. For defect D4 the appearance of the 
crack faces and beach markings indicated initiation within the inner surface under the 
defect; the crack had initiated under one side of the patch defect and had propagated 
through the wall thickness to emerge at the outer surface within and at the top of the 
machined radius. Step markings present on all crack faces along the initiating surface, 
particularly apparent on the defect D2 crack face, are consistent with multiple crack 
initiation.  

The cleaned crack faces were examined using a CAMSCAN S4 scanning electron 
microscope to confirm mode of failure. The appearance of the crack faces towards the 
outer and inner surfaces is shown in Figure 35 for defect D2, Figure 36 for defect D3 
and Figure 37 for defect D4. The detail on the surface of the D4 defect crack face at the 
inner surface close to the initiation area was not clear due to deposits and mechanical 
degradation, and the images included in the Figure show an adjacent area where the 
crack was propagating in a direction approximately parallel to the surface. The 
appearance of all crack faces was essentially similar, and consistent with transgranular 
separation and crack propagation on multiple fine scale paths. Fine striations were 
evident in places at higher magnification, aligned perpendicular to the direction of crack 
growth. Towards the inner surface, i.e. approaching perforation, concentric markings 
were present on the defect D2 (in particular) and D3 crack faces; these appeared to be 
consistent with narrow bands of tearing, possibly due to increasing stress intensity 
associated with the growing crack and lack of restraint as the remaining ligament 
reduced. 
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4.5 Experimental Stress Concentration Factors 
Experimental stress concentration factors have been obtained from the strain gauge 
readings for comparison with the finite element predictions. Equation (6) was used to 
obtain the hoop stress range corresponding to the strain change during a pressure 
cycle. This stress range was then normalized by the corresponding nominal stress 
range due to the pressure swing calculated using the external diameter and the nominal 
wall thickness of the pipe (8.4 mm (0.33”) for vessel 1, 15.9 mm (0.63”) for vessel 2). 
The experimental SCFs are given in Table 22. This table also shows the actual 
measured wall thicknesses local to the defect. A comparison of the measured SCFs and 
the finite element predictions is given in Section 6.2, which also considers the 
significance of variations in wall thickness from the nominal when evaluating the SCFs. 

 

5 ANALYTICAL FATIGUE LIFE ASSESSMENT 
The procedures described in BS 7608 [2] have been used to calculate the fatigue life of 
the defects. The procedures are based on the quantitative relationship between fatigue 
strength (S) and the number of cycles (N) corresponding to a specific probability of 
failure. 

The analysis is based on the maximum local hoop stress range in the defect, which for 
these tests was determined from strain gauges located in the defect area. The fatigue 
life using this approach is given by, 

ro mLogSdLogCLogN −−= σ  (7)4 

where, N = Number of cycles to failure 

 Co = A constant relating to the mean Sr-N curve 

 d = Number of standard deviations below the mean 

 σ = Standard deviation of Log N about the mean line 

 Sr = Maximum local hoop stress range (units: N/mm2) 

 m = The inverse slope of the Log Sr versus Log N curve 

Despite the mild corrosion on the surface of the defects, for these assessments the 
Class B fatigue design curve was considered appropriate as it is considered 
representative of a plate with mill scale or an equivalent rough surface finish. The 

                                            
4 The equation taken from BS 7608:1993 contains a typographical error in the British Standard document. 
The original equation, expressed as log(N) = log(Co)-(d/σ)−m log(Sr) is shown in its corrected form above. 
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constants Co, σ and m are 15.3697, 0.1821 and 4.0 respectively. Logarithms are to 
base 10. 

For each defect, fatigue life has been calculated based on the mean S-N curve 
(representative of a 50% probability of survival), 1 standard deviation below the mean 
(representative of an 84% probability of survival) and 1 standard deviation above the 
mean (representative of a 16% probability of survival).  

As discussed in Section 4.3, each defect was subjected to two or more pressure ranges 
during the fatigue test. To enable a direct comparison with the predicted fatigue lives the 
equivalent number of pressure cycles (Neq) corresponding to the final test pressure 
range (ΔP) for each defect is determined from, 
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where, Neq = Number of cycles to failure of ΔP 

 ΔP = Pressure range for which N is to be calculated 

 ΔP1,2,3….n = Pressure range for stage 1, 2, 3…….n 

 N1,2,3….n = Number of cycles for stages 1, 2, 3…….n 

 m = The inverse slope of the Log Sr versus Log N curve (see [2]) 

The equivalent numbers of pressure cycles are presented in Table 23. 

5.1 Fatigue Life – Based on Experimental SCFs 
The predicted fatigue life of each defect, based on an SCF determined from the 
corresponding strain gauge data is given in Table 24 for Vessel 1 (Pipe 1) and Table 25 
for Vessel 2 (Pipe 2). The predictions are also compared with the equivalent number of 
pressure cycles for the corresponding defect. 

The results are also presented in Figure 41, compared with the mean and mean -1 
standard deviation Class B fatigue design curves. 

As can be seen for Vessel 1 with the exception of defect D3 (groove, CDmax=0.57), the 
actual fatigue life of each defect is equivalent to, or greater than the predicted fatigue 
life based on the mean +1 standard deviation Class B S-N curve (note, defect D1 did 
not fail). The actual fatigue life of defect D3 was equivalent to the predicted fatigue life 
based on the mean Class B S-N curve. 

As can be seen for Vessel 2, the actual fatigue life of defects D2, D3 and D4 is greater 
than the predicted fatigue life based on the mean +1 standard deviation Class B S-N 
curve. The test was terminated without failure of Defect D1. 
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5.2 Fatigue Life – Based on Predicted SCFs 
The predicted fatigue life of each defect, based on an SCF determined using the SCF 
prediction method (Section 3.6) the corresponding strain gauge data is given in Table 
26 for Vessel 1 (Pipe 1) and Table 27 for Vessel 2 (Pipe 2). The predictions are also 
compared with the equivalent number of pressure cycles for the corresponding defect. 

The results are also presented in Figure 42, compared with the mean and mean -1 
standard deviation Class B fatigue design curves. 

As can be seen for Vessel 1 and Vessel 2, the actual fatigue life of each defect is much 
greater than the predicted fatigue life based on the mean +1 standard deviation Class B 
S-N curve (note, defects D1 in vessel 1 and D1 in vessel 2 did not fail). 

The significant difference between actual and predicted fatigue life is due to the error 
associated with the method for predicting an SCF. As discussed in Section 3.6 the 
mean SCF curves are increased by constant A6 for the hoop SCFs and B5 for the axial 
SCFs. This is to ensure that the SCF is not under predicted (i.e., the error is always 
‘positive’, ranging from 0% up to 36%, the mean error being 14% with a standard 
deviation of 8.4%). Given that fatigue life is inversely proportional to the ‘m’ power of the 
stress range, Equation (7), a small error for SCF can have a significant effect on the 
calculated fatigue life. For example: 

• an error of +5% on SCF will reduce the predicted fatigue life by 18% 

• an error of +10% on SCF will reduce the predicted fatigue life by 32% 

• an error of +15% on SCF will reduce the predicted fatigue life by 43%, and 

• an error of +20% on SCF will reduce the predicted fatigue life by 52%. 

 

6 DISCUSSION 

6.1 Closed Form Equation to Determine SCF 
The Hoop and Axial SCF equations presented in section 3.6 are for defects of depth, 
CD≤0.6. Inclusion of the FE data for CD=0.8 significantly increases the ‘error’ bound of 
the SCF prediction method. Although the corrosion assessment methods for static 
internal pressure loading extend to defects of depth, CD=0.8, for a pipeline that is 
pressure cycled it was considered prudent to limit the allowable depth to CD=0.6. If 
corrosion damage deeper than this is identified in a pipeline subjected to pressure 
cycling consideration should be given to either undertaking a repair or performing a 
case specific assessment whereby the actual pipe geometry and metal loss dimensions 
are modeled using FE to obtain more accurate SCFs. 
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The two equations were primarily calibrated using FE data obtained using a 914.4mm 
(36”) diameter pipe. A limited data set was available for pipe diameters 508mm (20”) 
and 1270mm (50”). Selected defects were re-analyzed for the 914.4mm (36”) diameter 
pipe with a range of wall thicknesses, 9.5mm (0.37”), 15.9mm (0.63”) and 19.1mm 
(0.75”). All of the additional defects produced hoop dominant SCFs restricting a 
sensitivity investigation to the hoop equation. The diameter change resulted in a 7% 
increase in percentage error and the effect of the wall thickness variation is shown in 
Table 28. 

The diameter and wall thicknesses used cover a wide range of D/t values over which 
the equations have been found to be applicable. Although the equations have been 
shown to be acceptable for different diameters and wall thicknesses a method of 
quantifying their effects within the equations would be preferable. However, that would 
require significantly more FE data points than was available for this study. From the 
analyses undertaken, the equations are limited to the following: 

Pipe diameter : up to 1270mm (50”) 

Wall thickness : 9.5mm to 19.1mm (0.37” to 0.75”) 

D/t ratio : 40 to 100 

Corrosion length : 26mm (1”) up to 1000mm (40”) (13<ACL≤500mm, 
0.5<ACL≤20”) 

Corrosion width : 26mm (1”) up to 1000mm (40”) (13<CCL≤500mm, 
0.5<CCL≤20”) 

Corrosion depth : not greater than 60% of the wall thickness (CD≤0.6) 

6.2 Comparison of Strain Gauge and Finite Element Results 
This section presents a comparison of the experimental and numerical SCFs and also 
presents the results of limited further work carried out to investigate the effects of wall 
thickness tolerances in seamless pipe. 

6.2.1 Comparisons 
The experimentally determined SCFs have been compared against the proposed 
equation described in Section 3.6. The experiments described in Section 4 used a 
radius equal to the nominal wall thickness, i.e. r/t=1, and so this is an appropriate 
comparison. 

The calculated and experimental SCFs are shown in Table 29. It is apparent that the 
experimental values are consistently below the numerical predictions when the nominal 
wall thickness is used, with the discrepancy increasing as the defect becomes deeper. 
When the actual wall thickness local to the defect is used, the SCF varies slightly due to 
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the differences in CD. Although the equation provided consistently higher SCF results 
the values follow a similar trend to the experimentally derived SCFs.  

The pipe used to obtain the experimental SCFs had a diameter, 323.9mm (12.75”), 
significantly removed from those used in the FE analyses. The discrepancies highlight 
the difficulties encountered in maintaining high levels of accuracy for different diameters 
and wall thicknesses. Extensive FE analyses over a wide range of diameters would be 
required to ascertain if it is possible to derive a general equation for all pipe sizes 
without introducing unwanted complexity. 

It was speculated that one cause of the discrepancies between the experimental and 
numerical results was errors in the positioning of the gauge. The effects of averaging 
the strain over the active area of a strain gauge rather than taking point values were 
considered, as the grooves in the test vessel were relatively small. This study also 
considered the effect of the gauge being slightly offset circumferentially. The maximum 
difference, from the value at the centre point, was about 5.2% decrease in SCF and 
6.6% decrease in strain, when averaged over the area of the strain gauge and offset by 
1mm. Thus it was concluded that these errors are unlikely to account for all of the 
discrepancies. 

6.2.2 Effects of pipe dimensional tolerances 
Two-dimensional plane strain models were developed to investigate the effect of 
tolerances on wall thickness on the predicted SCFs. The models were based on Defect 
3 of the test vessel, with a groove 5.2 mm (0.205”) deep and a groove radius of 8.5 mm 
(0.335”). The pipe outside diameter was fixed at 323.9 mm (12.75”). 

Figure 38 shows stress contours from models of an offset bore. The bore diameter is 
305.7 mm (12.03”), giving a basic wall thickness of 9.1 mm (0.36”). The pressure is 
calculated to give a hoop stress of 1.0 N/mm2 (145 psi) based on these dimensions, and 
is the same in all three cases. In the top part of the figure, the bore is centrally located 
and the peak stress (equivalent to the SCF as the hoop stress is unity) at the bottom of 
the groove is 9.83 N/mm2 (1,425 psi). When the bore is located eccentrically giving the 
maximum thickness at the groove position, the SCF falls to 7.80. Note that the change 
in wall thickness is only about 8%, but the SCF has reduced by 21%. In the bottom part 
of Figure 38 the bore is offset in the opposite direction, so that the corrosion groove is 
now located at the minimum thickness. The SCF now increases to 12.8, an increase of 
31% compared with the value for a concentric bore.  

This analysis shows that eccentricity of the bore may have a significant effect on the 
stresses at the corrosion feature, beyond that due solely to changes in the wall 
thickness or the remaining ligament under the defect. In the case analyzed above the 
basic wall thickness changed by about 8% and the ligament under the defect by 18%, 
but the SCF increased by 30%. To investigate this effect further, this pipe geometry was 
analyzed without the corrosion groove, simulating a plain pipe with an eccentric bore. 
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The results are shown in Figure 39. It is apparent that, even in the absence of a 
corrosion defect, it would be possible to obtain large local increases in stress if the pipe 
bore is offset by amounts allowable for seamless pipe in the basic API 5L 
specification [12]. 

The effect of varying the wall thickness of the pipe is investigated further in the results 
shown in Figure 40. In this case the bore is concentric with the outer diameter, but is 
varied to modify the wall thickness. The internal pressure loading was adjusted to 
maintain the nominal hoop stress at 1 N/mm2 (145 psi) based on the outside diameter. 
The SCFs are shown in the figure. In this case the relative changes in the SCF are 
approximately the same as the changes in the remaining ligament under the groove, 
provided the analysis is based on the actual pipe wall thickness rather than a nominal 
value. 

Overall, it is considered that the analyses in this section have shown that typical 
manufacturing tolerances on wall thickness can have a significant effect on the 
estimated SCF, and hence on any calculated fatigue life. This effect is likely to be 
greatest for seamless pipe, where the bore may be eccentric relative to the outside 
diameter producing a varying wall thickness. Where the pipe is formed from rolled plate 
or strip there is likely to be less variation in wall thickness.  

It is recommended that the application of the method proposed in this report should be 
based on the actual wall thickness of the pipe joint in which the corrosion defect is 
located. If this is not possible, the minimum wall thickness should be used. 

6.3 General Remarks 

6.3.1 Validity of results 
The SCF equations, calibrated using the FE data, have been compared with the similar 
predictions by Kim and Son [8]. The Advantica results were calculated as described in 
Section 3.6 for comparison with the tabulated values in [8]. The Advantica results varied 
from those in [8]. There did not appear to be a consistent trend to the differences. 
However, there are differences in the geometries analyzed, as the present work has 
considered essentially rectangular defects with radiused corners and a constant 
reduced ligament over the main area of the defect. In contrast, the defects modeled in 
[8] were essentially ellipsoidal defects, so that the ligament was continuously varying. 
The work in [7] also did not include information regarding the pipe size used in the FE 
analysis, only giving the normalized defect sizes. As has been mentioned above, 
accuracy of SCF prediction could be reduced for pipes with geometry sufficiently 
removed from that used for this work, 914.4x12.7mm (36x0.5”). Thus, it is considered 
that the results in [8] are not at variance with those generated in the current work.  
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6.3.2 Effects of high SCFs 
A concern is that when the elastic SCF is applied to a large hoop stress range, or the 
elastic SCF is itself large, the resultant local stress range may exceed SMYS. As the 
high stress area is contained, rather than the plasticity extending through the cross 
section, shakedown to elastic cycling should occur as long as the stress range does not 
exceed twice SMYS. If the stress range does exceed twice SMYS, cyclic plasticity will 
occur which may lead to a low cycle fatigue failure. 

This effect is considered in Annex C of PD 5500 [14], where a plasticity correction factor 
is applied to stress ranges which exceed twice SMYS. The factor depends on the 
tensile and yield strengths of the material in addition to the stress range. As this 
correction is relatively complex, it is recommended that it is not used, and a simple 
criterion is adopted such that the local stress range in the corrosion defect calculated 
using the elastic SCF is limited to twice SMYS. 

6.3.3 Effect of corrosion length in the pipe circumferential direction 
The acceptance methods for static strength of corrosion defects such as RSTRENG 
[15][16] and the LPC-1 method [17] do not take account of the circumferential extent of 
the defect, as they require only the axial length and the defect depth. This work has 
shown that under cyclic loading the circumferential extent of the defect should be 
considered. The stress raising effect appears to be more onerous for deep, narrow axial 
defects, where there is effectively a long notch. As the circumferential size increases, 
the SCF drops to a plateau level. 

Thus, if there is linepacking the restrictions on circumferential size may be more 
onerous than if the pipeline is only subject to static pressure loading. It is recommended 
that the results obtained in this work be further analyzed to determine screening criteria 
to highlight the areas where acceptable defect sizes are obtained. 

6.3.4 Recommended Fatigue Assessment Code 
The approach developed in this project is to combine the stress raising effect of the 
corrosion defect with a S–N curve for the material and the environment. As discussed in 
Section 2.1, the determination of fatigue lives in corrosive conditions is complex. If an 
appropriate S–N curve is available for the material and the environment, this should be 
used. 

In most cases, it is unlikely that detailed guidance will be available. For ferritic steels, 
general guidance is available in BS 7608. This places different welded details into one 
of a set of S-N curves. These are presented in terms of the nominal stress range acting 
on a feature. For parent plate, the most appropriate class is B, described as “as rolled” 
plate or sections. This implies some surface roughness, which would be appropriate for 
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a corroded surface. The mean minus two standard deviations (i.e. approximately 1 in 40 
failure probability) S–N relationship for Class B is: 

154 10*01.1=NS  (8) 

where, S = stress range (N/mm2) 

 N = number of cycles to failure under constant amplitude cycling 
at stress range S 

Equation (8) applies to a non-corrosive environment. In freely corroding seawater, 
Section 4.3.3 of BS 7608 recommends that the calculated life is reduced by a factor of 2 
and there is no fatigue limit, so that all stress cycles are assumed to contribute to 
failure. The standard cautions that this correction may not apply to high strength 
materials with a yield strength above 400 N/mm2 (58,000 psi), this would affect pipeline 
steels of Grade X65 or above. However, the S-N curve approach of BS 7608 has been 
used for quenched and tempered materials up to 700 N/mm2 (101,500 psi) yield (e.g. 
RQT 701), and Section 1.1 of the standard states that the scope includes steels with a 
specified minimum yield strength up to this level. A review carried out for the UK Health 
and Safety Executive [18] suggests there is no significant difference in the corrosion 
fatigue behavior of steel structures and weldments up to 900 N/mm2 (130,500 psi) yield 
strength when compared with that of lower strength structural steels. Thus it is 
considered that the BS 7608 approach and S-N curves are currently the best available 
for assessing the base fatigue life. 

Further validation of the assessment method for high strength steel pipelines will be 
possible following completion of a full-scale operational trial of a 1220mm (48”) 
diameter, grade X100 pipeline section, which Advantica is undertaking on behalf of BP 
Exploration [19]. The test section comprises a number of simulated groove and patch 
metal loss defects, and is being subjected to pressure cycling over a two year period 
which will be equivalent to 40 years operation. The testing is due to be completed mid 
2009. 

BS 7608 also includes a “thickness correction”. This accounts for the fact that it has 
been shown by experiment and by theoretical fracture mechanics analyses that the 
fatigue life of a welded joint falls as the thickness increases. Hence a penalty is applied 
to the predicted life where the material thickness is greater than a reference thickness. 
For BS 7608 the reference thickness is 16 mm (0.63”), so that the thickness correction 
would be required for some heavier walled pipelines. A similar thickness correction is 
included in Annex C of the UK pressure vessel curve PD 5500 [14] but with a higher 
reference thickness of 22 mm (0.866”). Advantica’s opinion is that the correction is over-
conservative for volumetric corrosion defects, which are relatively smooth compared 
with the sharp notch at the toe of a fusion weld. Hence the use of this correction is not 
recommended.  
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This approach to setting the fatigue life could be considered conservative compared 
with the situation in a real pipeline, as the defect is introduced at full depth, with the 
highest SCF, at the start of life and the pressure cycling is applied to this full size. In a 
real pipeline the corrosion defects would be small during the earlier parts of the lifetime, 
and so the SCF and the resulting fatigue damage would be less during the earlier part 
of the life. However, the approach is appropriate for the situation where a defect is 
discovered by inspection and is being assessed at its current size for future operation. 

 

7 OUTLINE OF PROPOSED ASSESSMENT METHOD 
The proposed assessment method for volumetric corrosion defects subject to cyclic 
pressure loading is as follows. (It is assumed that a pressure-loading spectrum of 
pressure ranges and the number of occurrences of each range is available either from 
historical SCADA data or from predictions of the future operational regime of the 
pipeline.) 

1. Determine the diameter, actual wall thickness and grade of the joint containing 
the defect. 

2. Determine the maximum depth, the axial length and the circumferential extent of 
the defect. 

3. Using the SCF equations presented in Section 3.6 of this report, determine the 
elastic stress concentration factor. Care should be taken if the pipe dimensions 
deviate from those covered in this report. 

4. Calculate the hoop stress range for the largest pressure range in the loading 
spectrum. Multiply this range by the SCF determined in step (3) to determine the 
maximum elastic stress range for the defect. 

5. If the maximum elastic stress range for the defect calculated for step (4) exceeds 
twice the specification minimum yield strength for the pipe, shakedown to elastic 
cycling cannot be guaranteed and the defect is not acceptable. Remedial action 
is required, or the cyclic loading must be reduced by changing the operational 
parameters of the pipeline. 

6. Carry out a conventional fatigue analysis using the hoop stress ranges calculated 
from the pressure spectrum multiplied by the elastic SCF from step (3). The 
recommended method is that given in BS 7608, using the Class B fatigue design 
curve corrected for a freely corroding environment, if appropriate. 

7. Compare the calculated fatigue life with the required life of the pipeline to 
determine when repair is required. 
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8 CONCLUSIONS 
The following main conclusions can be drawn from this work: 

1. There is no available published method for assessing the life of volumetric corrosion 
defects in transmission pipelines under cyclic loading. An assessment method based 
on determining the stress raising effect of the corrosion defect combined with an S-N 
curve for parent plate material in a corrosive environment is proposed. 

2. A wide range of defect geometries have been analyzed to determine elastic stress 
concentration factors which can be used to determine the effect of cyclic loading. 

3. The assessment method derived has been validated for the following pipe and 
defect sizes: 

Pipe diameter : up to 1270mm (50”) 

Wall thickness : 9.5mm to 19.1mm (0.37” to 0.75”) 

D/t ratio : 40 to 100 

Corrosion length : from 26mm (1”) to 1000mm (40”) (13<ACL≤500mm, 
0.5<ACL≤20”) 

Corrosion width : from 26mm (1”) to 1000mm (40”) (13<CCL≤500mm, 
0.5<CCL≤20”) 

Corrosion depth : not greater than 60% of the wall thickness (CD≤0.6) 

4. The proposed approach has been validated by a small set of full-scale fatigue tests. 
The experimental results were generally consistent with the predictions, but with 
longer fatigue lives. 

 

9 RECOMMENDATIONS 
1. The range of applicability of the assessment method should be investigated by 

considering the variation of SCF with pipe geometry. 

2. Review of the experimental data from the X100 operational trial. 
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ACL (mm) 
CCL 
(mm) 13 20 50 100 200 500 

13 1.77 1.89 2.19 2.32 2.35 2.37 

20 1.66 1.76 2.03 2.19 2.25 2.30 

50 1.63 1.70 1.86 1.97 2.02 2.11 

100 1.60 1.67 1.79 1.84 1.85 1.90 

200 1.60 1.66 1.77 1.81 1.79 1.80 

500 1.66 1.70 1.82 1.86 1.82 1.80 

Table 1. SCF for 914.4x12.7mm (36x0.5”) pipe with CD=0.2 (r/t=1). 

 

 

ACL (mm) 
CCL 
(mm) 13 20 50 100 200 500 

13 2.16 2.59 3.68 4.39 4.70 4.90 

20 2.04 2.32 3.22 3.95 4.32 4.58 

50 2.04 2.22 2.69 3.13 3.35 3.64 

100 2.17 2.24 2.59 2.85 2.86 2.99 

200 2.21 2.21 2.58 2.84 2.83 2.80 

500 2.11 2.21 2.57 2.83 2.84 2.83 

Table 2.  SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.4 (r/t=1). 

 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page 35 of 106 

ACL (mm) 
CCL 
(mm) 13 20 50 100 200 500 

13 2.44 3.26 5.66 8.14 9.74 10.70 

20 2.18 2.58 4.22 6.24 7.67 8.70 

50 2.68 2.59 3.39 4.41 5.09 5.52 

100 3.64 2.78 3.39 4.29 4.59 4.61 

200 4.05 3.16 3.37 4.34 4.64 4.62 

500 3.95 2.99 3.33 4.30 4.62 4.59 

Table 3.  SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.6 (r/t=1). 

 

 

ACL (mm) 
CCL 
(mm) 13 20 50 100 200 350 500 800 

13 2.74 4.08 7.94 13.90 19.80 21.90 23.30 25.4 

20 2.31 2.79 5.11 8.87 12.70 13.70 14.60  

50 3.40 3.00 5.40 6.84 8.95 8.71 8.94  

100 5.43 3.62 5.34 6.34 8.69 9.10 8.77  

200 7.35 4.91 5.46 6.50 8.35 8.70 8.98  

500 8.43 5.13 5.42 6.69 8.55 8.77 8.70  

Table 4.  SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.8 (r/t=1). 
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ACL (mm) 
CCL 
(mm) 13 20 50 100 200 500 

13 2.70 4.17 7.98 13.90 19.80 23.30 

20 2.23 2.94 5.15 8.90 12.70 14.60 

50 2.13 2.68 5.40 6.76 9.10 8.98 

100 2.17 2.72 4.96 6.51 9.23 9.12 

200 2.22 2.80 4.95 6.56 8.97 9.75 

500 2.29 2.87 4.95 6.66 9.01 8.96 

Table 5.   SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.8 (r/t=1) and without 
‘capped end force’. 

 

 

ACL (mm) 
CCL 
(mm) 13 20 50 100 200 500 

13 1.83 1.96 2.25 2.39 2.44 2.49 

20 1.82 1.91 2.18 2.34 2.40 2.45 

50 1.78 1.84 2.00 2.11 2.16 2.25 

100 1.74 1.80 1.91 1.95 1.96 2.02 

200 1.73 1.79 1.90 1.93 1.91 1.91 

500 1.73 1.79 1.90 1.93 1.91 1.91 

Table 6.   SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.2 (r/t=0.5). 
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ACL (mm) 

CCL (mm) 13 20 50 100 200 500 

13 2.34 2.69 3.72 4.50 4.86 5.11 

20 2.22 2.47 3.30 4.04 4.43 4.75 

50 2.24 2.43 2.84 3.28 3.48 3.81 

100 2.27 2.45 2.81 3.09 3.08 3.20 

200 2.24 2.41 2.75 3.02 3.02 2.99 

500 2.24 2.40 2.76 3.04 3.04 3.02 

Table 7.   SCF for 914.4x12.7 mm (36x0.5”) pipe with CD=0.4 (r/t=0.5). 
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Stresses (N/mm2) Corrosion Defect 
Size 

ACL x CCL (mm) 

Max. Principal 
Stress 

(N/mm2) Axial Circumferential Radial 
13x13 2.74 1.33 2.71 0.03
13x20 2.31 1.56 2.29 0.01
13x50 3.4 3.39 2.00 0.01

13x100 5.43 5.43 2.86 0.02
13x200 7.35 7.34 3.91 0.02
13x500 8.43 8.43 4.37 0.10

20x13 4.08 1.26 4.08 0.00
20x20 2.79 1.21 2.79 0.02
20x50 3 HMPS occurs at the middle of corrosion corner

20x100 3.62 3.62 2.58 0.00
20x200 4.91 4.91 3.50 0.00
20x500 5.13 5.13 3.75 0.00

50x13 7.94 1.87 7.94 0.00
50x20 5.11 1.16 5.11 0.00
50x50 5.4 3.36 5.40 0.00

50x100 5.34 0.93 5.34 -0.02
50x200 5.46 1.18 5.46 -0.02
50x500 5.42 1.13 5.42 -0.02

100x13 13.9 3.53 13.87 0.00
100x20 8.87 2.07 8.86 0.08
100x50 6.84 1.95 6.84 0.00

100x100 6.34 1.85 6.34 0.03
100x200 6.5 2.06 6.49 0.06
100x500 6.69 1.95 6.68 0.09

200x13 19.8 5.88 19.82 -0.01
200x20 12.7 3.78 12.69 0.11
200x50 8.95 2.85 8.94 0.07

200x100 8.69 2.96 8.67 0.07
200x200 8.35 2.94 8.34 0.08
200x500 8.55 2.81 8.54 0.11

500x13 23.3 7.42 23.34 -0.01
500x20 14.6 4.89 14.63 0.12
500x50 8.94 3.08 8.92 0.07

500x100 8.77 3.21 8.76 0.08
500x200 8.98 3.30 8.97 0.09
500x500 8.7 2.92 8.68 0.10

Table 8.  Axial, circumferential and radial stress at locations of HMPS for 
914.4x12.7 mm (36x0.5”) pipe with CD=0.8 (r/t=1). 
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Stresses (N/mm2) Corrosion 
Defect Size  
ACL x CCL 

(mm) 

Max. Principal 
Stress 

(N/mm2) Axial Circumferential Radial 

13x13 1.77 0.87 1.76 0.04 

13x20 1.66 0.89 1.65 0.04 

13x50 1.63 0.93 1.62 0.04 

13x100 1.60 1.01 1.58 0.05 

13x200 1.60 1.01 1.57 0.06 

13x500 1.66 0.92 1.65 0.03 

20x13 1.89 0.88 1.88 0.04 

20x20 1.76 0.89 1.75 0.04 

20x50 1.70 0.92 1.69 0.04 

20x100 1.67 0.92 1.66 0.04 

20x200 1.66 0.91 1.65 0.03 

20x500 1.70 0.91 1.69 0.03 

Table 9.   Axial, circumferential and radial stress at locations of HMPS for 
914.4x12.7 mm (36x0.5”) pipe with CD=0.2 (r/t=1). 
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Stresses (N/mm2) Corrosion 
Defect Size 
ACL x CCL 

(mm) 

Max. Principal 
Stress 

(N/mm2) Axial Circumferential Radial 

13x13 2.16 1.14 2.15 0.04 

13x20 2.04 1.22 2.02 0.05 

13x50 2.04 1.51 1.98 0.04 

13x100 2.17 2.16 1.70 0.01 

13x200 2.21 2.20 1.73 0.01 

13x500 2.11 2.10 1.70 0.01 

20x13 2.59 1.17 2.58 0.03 

20x20 2.32 1.19 2.30 0.04 

20x50 2.22 1.40 2.10 0.07 

20x100 2.24 1.43 2.11 0.07 

20x200 2.21 1.39 2.09 0.07 

20x500 2.21 1.38 2.09 0.07 

Table 10.   Axial, circumferential and radial stress at locations of HMPS for 
914.4x12.7 mm (36x0.5”) pipe with CD=0.4 (r/t=1). 
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ACL (mm) 

CD 
CCL 
(mm) 13 20 50 100 200 500 

13 3.39 3.70 2.74 3.02 3.83 5.06 

20 9.64 8.52 7.39 6.85 6.67 6.52 

50 9.20 8.24 7.53 7.11 6.93 6.64 

100 8.75 7.78 6.70 5.98 5.95 6.32 

200 8.12 7.83 7.34 6.63 6.70 6.11 

0.2 

500 4.22 5.29 4.40 3.76 4.95 6.11 

13 8.33 3.86 1.09 2.51 3.40 4.29 

20 8.82 6.47 2.48 2.28 2.55 3.71 

50 9.80 9.46 5.58 4.79 3.88 4.67 

100 4.61 9.38 8.49 8.42 7.69 7.02 

200 1.36 9.05 6.59 6.34 6.71 6.79 

0.4 

500 6.16 8.60 7.39 7.42 7.04 6.71 

Table 11.   Percentage increase in SCF as transition radius decreases from r/t=1.0 to 
r/t=0.5. 

 

 

Diameter 
(mm) 

CCL 
(mm) 

ACL 
(mm) CD 

SCF 
t=9.5mm

SCF 
t=12.7mm

SCF 
t=15.9mm 

SCF 
t=19.1mm

914.4 50 100 0.4 3.08 3.13 3.10 3.13 

914.4 200 100 0.4 2.87 2.84 2.78 2.77 

914.4 20 50 0.6 4.18 4.22 4.34 4.50 

914.4 20 100 0.6 6.05 6.24 6.49 6.73 

914.4 50 100 0.6 4.54 4.41 4.36 4.28 

914.4 200 100 0.6 4.48 4.34 4.15 4.02 

Table 12 SCFs for differing wall thicknesses (t) for 914.4mm (36”) diameter pipe 
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ACL (mm) 

CD 
CCL 
(mm) 13 20 50 100 200 500 

13 1.70 1.84 2.12 2.22 2.26 2.30 

20 1.65 1.76 2.01 2.13 2.18 2.24 

50 1.64 1.71 1.85 1.90 1.94 2.02 

100 1.62 1.69 1.79 1.79 1.79 1.82 

200 1.60 1.67 1.78 1.78 1.78 1.77 

0.2 

500 1.63 1.69 1.81 1.82 1.81 1.84 

13 2.2 2.66 3.76 4.33 4.55 4.74 
0.4 

20 2.07 2.38 3.27 3.83 4.07 4.34 

13 2.52 3.4 6.01 8.16 9.1 9.97 
0.6 

20 2.27 2.74 4.59 6.3 7.06 7.9 

13 2.93 4.37 8.91 14.9 18.2 20.5 
0.8 

20 2.75 3.03 6.12 9.88 11.7 12.8 

Table 13.   SCFs for 508x12.7 mm (20x0.5”) pipe with r/t=1. 
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ACL (mm) 

CD 
CCL 
(mm) 13 20 50 100 200 500 

13 1.71 1.85 2.14 2.29 2.33 2.36 
0.2 

20 1.68 1.78 2.05 2.23 2.29 2.33 

13 2.16 2.58 3.67 4.42 4.80 4.99 
0.4 

20 2.03 2.30 3.18 3.97 4.43 4.68 

13 2.41 3.20 5.50 8.02 9.99 11.00 
0.6 

20 2.15 2.52 4.05 6.11 7.92 9.07 

13 2.76 3.98 7.51 13.10 20.20 24.70 
0.8 

20 2.59 2.79 4.70 8.35 12.90 15.40 

Table 14.   SCFs for 1270x12.7 mm (50x0.5”) pipe with r/t=1. 

 

 

ACL (mm) 

CD 
CCL 
(mm) 13 20 50 100 200 500 

13 -3.95 -2.65 -3.20 -4.31 -3.83 -2.95 
0.2 

20 -0.60 0.00 -0.99 -2.74 -3.11 -2.61 

13 1.85 2.70 2.17 -1.37 -3.19 -3.27 
0.4 

20 1.47 2.59 1.55 -3.04 -5.79 -5.24 

13 3.28 4.29 6.18 0.25 -6.57 -6.82 
0.6 

20 4.13 6.20 8.77 0.96 -7.95 -9.20 

13 6.93 7.11 12.22 7.19 -8.08 -12.02 
0.8 

20 19.05 8.60 19.77 11.39 -7.87 -12.33 

Table 15.   SCF percentage increase for 508x12.7 mm (20x0.5”) pipe over 
914.4x12.7 mm (36x0.5”) pipe for the same corrosion defect. 
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ACL (mm) 
CD 
(%) 

CCL 
(mm) 13 20 50 100 200 500 

13 -3.39 -2.12 -2.28 -1.29 -0.85 -0.42 
20 

20 1.20 1.14 0.99 1.83 1.78 1.30 

13 0.00 -0.39 -0.27 0.68 2.13 1.84 
40 

20 -0.49 -0.86 -1.24 0.51 2.55 2.18 

13 -1.23 -1.84 -2.83 -1.47 2.57 2.80 
60 

20 -1.38 -2.33 -4.03 -2.08 3.26 4.25 

13 0.73 -2.45 -5.42 -5.76 2.02 6.01 
80 

20 12.12 0.00 -8.02 -5.86 1.57 5.48 

Table 16.   SCF percentage increase for 1270x12.7 mm (50x0.5”) pipe over 
914.4x12.7 mm (36x0.5”) pipe for the same corrosion defect. 
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Defect dimensions 

Defect Type CD* 
L 

(mm) 
r 

(mm) 
W 

(mm) 

Pipe 1: 323.9mm x 8.4mm, seamless pipe, grade X52. 

D1 Groove 0.22  (0.2) 399.0  (400) 8.5  (8.5) 11.2  (10.1) 

D2 Groove 0.40  (0.4) 404.5  (400) 8.5  (8.5) 13.9  (13.5) 

D3 Groove 0.57  (0.6) 405.8  (400) 8.5  (8.5) 16.2  (15.5) 

D4 Patch 0.68  (0.6) 398.5  (400) 8.5  (8.5) 137.8  (140) 

Pipe 2: 323.9mm x 15.9mm, HFI pipe, grade X60. 

D1 Groove 0.19  (0.2) 399.0  (400) 12.7  (16.0) 16.7  (19.1) 

D2 Groove 0.39  (0.4) 399.0  (400) 12.7  (16.0) 21.8  (25.5) 

D3 Groove 0.59  (0.6) 400.0  (400) 12.7  (16.0) 24.0  (29.3) 

D4 Patch 0.59  (0.6) 399.0  (400) 12.7  (16.0) 136.0  (140) 

Notes: CD* is the ratio of maximum measured defect depth measured (see Appendix B) to pipe wall 
thickness, d is defect depth, L and W are defect length and width in the pipe axial and circumferential 
directions respectively (measured along the outer surface of the pipe) and r is the blend radius. 

Table 17.   Comparison of target and actual defect dimensions. 
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Pressure limits 
Pressure 

range Stress range 

Defect 
Pmin 
bar 

Pmax 
bar 

ΔP 
bar 

Δσ 
N/mm² 

D1 – Groove 
(CDmax=0.22) 8.5 94.3 85.8 336 

D2 – Groove 
(CDmax=0.40) 8.5 52.2 43.7 318 

D3 – Groove 
(CDmax=0.57) 8.5 39.9 31.4 283 

D4 – Patch 
(CDmax=0.68) 8.5 62.9 54.4 319 

Note: The vessel was initially pressure cycled between Pmin and Pmax limits of 10.0 and 33.3 Barg for 
98,951 cycles before the limits were adjusted to those shown above. The stress range is calculated from 
the strain gauge data. 

Table 18.   Vessel 1 (pipe 1): Minimum and maximum pressures in the pressure cycle 
for each defect. 

 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page 47 of 106 

Pressure limits 
Pressure 

range Stress range 

Defect 
Pmin 
bar 

Pmax 
bar 

ΔP 
bar 

Δσ 
N/mm² 

D1 – Groove 
(CDmax=0.19) 8.0 250.0 242.0 482 

D2 – Groove 
(CDmax=0.39) 8.0 200.0 192.0 709 

D3 – Groove 
(CDmax=0.59) 8.0 136.0 128.0 981 

D4 – Patch 
(CDmax=0.59) 8.0 136.0 128.0 388 

Note: The vessel was initially pressure cycled between Pmin and Pmax limits of 8.0 and 60.0 Barg for 
358,614 cycles before the limits were adjusted to those shown above. The stress range is calculated from 
the strain gauge data. 

Table 19.   Vessel 2 (pipe 2): Minimum and maximum pressures in the pressure cycle 
for each defect. 

 
 

Number of cycles for a given pressure range (ΔP) 

Defect 23.3bar 31.4bar 43.7bar 54.4bar 85.8bar 

D1 – Groove 
(CDmax=0.22) 98,951 229,071 447,344 100,575 370,419 

D2 – Groove 
(CDmax=0.40) 98,951 229,071 447,344   

D3 – Groove 
(CDmax=0.57) 98,951 229,071    

D4 – Patch 
(CDmax=0.68) 98,951 229,071 447,344 100,575  

Table 20.   Vessel 1 (pipe 1) results: Number of cycles of each pressure range for 
each defect. 
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Number of cycles for a given pressure range (ΔP) 

Defect 52 bar 58 bar 128 bar 192 bar 242 bar 

D1 – Groove 
(CDmax=0.19) 358,614 98,992 236,050 18,606 9,019 

D2 – Groove 
(CDmax=0.39) 358,614 98,992 236,050 18,606  

D3 – Groove 
(CDmax=0.59) 358,614 98,992 5,231   

D4 – Patch 
(CDmax=0.59) 358,614 98,992 236,050   

Table 21.   Vessel 2 (pipe 2) results: Number of cycles of each pressure range for 
each defect. 

 

Defect Experimental 
SCF 

Minimum 
local wall, 

mm 

Maximum 
local wall, 

mm 

Location of 
maximum 

stress 

Vessel 1 (pipe 1): 323.9mm x 8.4mm, seamless pipe, grade X52 

D1 – Groove 2.15 8.9 9.1 Centre 

D2 – Groove 3.87 8.6 8.7 End 

D3 – Groove 5.07 9.1 9.8 Centre 

D4 – Patch 3.22 8.9 9.2 
Centre of short 
(circumferential) 
side 

Vessel 2 (pipe 2): 323.9mm x 15.9mm, HFI pipe, grade X60 

D1 – Groove 2.03 16.5 16.6 Centre 

D2 – Groove 3.74 16.4 16.5 Centre 

D3 – Groove 7.76 16.4 16.5 Centre 

D4 – Patch 3.07 16.4 16.6 Centre 

Table 22.   Experimental SCF results based on nominal wall thickness. 
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Defect 
Pressure Range (ΔP) 

(Bar) 
Equivalent Cycles 

(Neq) 

Vessel 1 (pipe 1): 323.9mm x 8.4mm, seamless pipe, grade X52 

D1 – Groove (CDmax=0.22) 85.8 421,423 

D2 – Groove (CDmax=0.40) 43.7 516,402 

D3 – Groove (CDmax=0.57) 31.4 259,071 

D4 – Patch (CDmax=0.68) 54.4 315,614 

Vessel 2 (pipe 2): 323.9mm x 15.9mm, HFI pipe, grade X60 

D1 – Groove (CDmax=0.19) 242 35,957 

D2 – Groove (CDmax=0.39) 192 67,987 

D3 – Groove (CDmax=0.59) 128 19,172 

D4 – Patch (CDmax=0.59) 128 249,991 

Table 23. Equivalent pressure cycles. 
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Defect 
ΔP 
bar Neq NBS7608 (Class B) Comment 

D1 – Groove 
(CDmax=0.22) 85.8 421,423 

+1SD:
Mean:
-1SD:

280,629
184,516
121,320

No failure of defect 

D2 – Groove 
(CDmax=0.40) 43.7 516,402 

+1SD:
Mean:
-1SD:

346,338
227,720
149,727

Neq >> Mean +1SD

D3 – Groove 
(CDmax=0.57) 31.4 259,071 

+1SD:
Mean:
-1SD:

552,957
363,573
239,051

Neq ≡ Mean – 1SD 

D4 – Patch 
(CDmax=0.68) 54.4 315,614 

+1SD:
Mean:
-1SD:

345,157
226,943
149,217

Neq ≡ Mean +1SD 

Notes: ΔP is the pressure range for the final stage of the fatigue test for the individual defect, and Neq is 
the number of equivalent pressure cycles of the reference pressure range. 

Table 24.   Vessel 1 (pipe 1): Comparison of actual and predicted fatigue lives 
(experimentally determined SCFs). 
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Defect 
ΔP 
bar Neq NBS7608 (Class B) Comment 

D1 – Groove 
(CDmax=0.19) 242 35,957 

+1SD:
Mean:
-1SD:

65,912
43,338
28,495

No failure of defect 

D2 – Groove 
(CDmax=0.39) 192 67,987 

+1SD:
Mean:
-1SD:

14,092
9,265
6,092

Neq >> Mean +1SD

D3 – Groove 
(CDmax=0.59) 128 19,172 

+1SD:
Mean:
-1SD:

3,849
2,531
1,664

Neq >> Mean +1SD

D4 – Patch 
(CDmax=0.59) 128 249,991 

+1SD:
Mean:
-1SD:

157,130
103,314
67,929

Neq >> Mean +1SD

Notes: ΔP is the pressure range for the final stage of the fatigue test for the individual defect and Neq is 
the number of equivalent pressure cycles of the reference pressure range. 

Table 25.   Vessel 2 (pipe 2): Comparison of actual and predicted fatigue lives 
(experimentally determined SCFs). 
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Defect 
ΔP 
bar Neq NBS7608 (Class B) Comment 

D1 – Groove 
(CDmax=0.22) 85.8 421,423 

+1SD:
Mean:
-1SD:

14,480
9,521
6,260

No failure of defect 

D2 – Groove 
(CDmax=0.40) 43.7 516,402 

+1SD:
Mean:
-1SD:

10,874
7,150
4,701

Neq >> Mean +1SD

D3 – Groove 
(CDmax=0.57) 31.4 259,071 

+1SD:
Mean:
-1SD:

7,532
4,953
3,256

Neq >> Mean +1SD

D4 – Patch 
(CDmax=0.68) 54.4 315,614 

+1SD:
Mean:
-1SD:

15,795
10,385
6,828

Neq >> Mean +1SD

Notes: ΔP is the pressure range for the final stage of the fatigue test for the individual defect and Neq is 
the number of equivalent pressure cycles of the reference pressure range 

Table 26. Vessel 1 (pipe 1): Comparison of actual and predicted fatigue lives 
(predicted SCFs). 
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Defect 
ΔP 
bar Neq NBS7608 (Class B) Comment 

D1 – Groove 
(CDmax=0.19) 242 35,957 

+1SD:
Mean:
-1SD:

16,661
10,955
7,203

No failure of defect 

D2 – Groove 
(CDmax=0.39) 192 67,987 

+1SD:
Mean:
-1SD:

2,314
1,522
1,001

Neq >> Mean +1SD

D3 – Groove 
(CDmax=0.59) 128 19,172 

+1SD:
Mean:
-1SD:

1,124
739
486

Neq >> Mean +1SD

D4 – Patch 
(CDmax=0.59) 128 249,991 

+1SD:
Mean:
-1SD:

13,883
9,128
6,002

Neq >> Mean +1SD

Notes: ΔP is the pressure range for the final stage of the fatigue test for the individual defect, and Neq is 
the number of equivalent pressure cycles of the reference pressure range. 

Table 27. Vessel 2 (pipe 2): Comparison of actual and predicted fatigue lives 
(predicted SCFs). 

 

 

Diameter 
(mm) 

CCL 
mm 

ACL 
mm CD 

SCF 
t=9.5mm 

SCF 
t=15.9mm 

SCF 
t=19.1mm 

914.4 50 100 0.4 -8.21 -5.70 -3.92 

914.4 200 100 0.4 -6.32 -8.75 -8.71 

914.4 20 50 0.6 -31.78 -19.63 -12.41 

914.4 20 100 0.6 -16.49 -3.72 1.96 

914.4 50 100 0.6 -16.15 -18.04 -19.00 

914.4 200 100 0.6 -2.02 -8.61 -11.46 

Table 28.  Percentage errors in calculated SCFs for varying wall thickness (t) for the 
914.4mm (36”) diameter pipe 
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Predicted SCFs 

Defect 
Experimental 

SCF Nominal wall 
Minimum 
local wall 

Maximum 
local wall 

D1 – Groove 2.15 4.87 4.51 4.38 

D2 – Groove 3.87 9.57 9.19 9.02 

D3 – Groove 5.07 17.18 14.84 12.99 

D4 – Patch 3.22 7.61 6.96 6.62 

Table 29.  Experimental and calculated numerical SCFs for varying wall thicknesses 
(Vessel 1, pipe 1). 
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Figure 1. Geometrical Definition of Corroded Pipe  

ACL CCL 

D 

Corrosion depth 
CD = %t 

r 
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Figure 2. Finite element mesh of 914.4x12.7 mm (36x0.5”) pipe with a pit defect 
(size: 13x13 mm [0.5x0.5”]), CD=0.4, r/t=1. 
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Figure 3. Finite element mesh of 914.4x12.7 mm (36x0.5”) pipe with a 
circumferential groove defect (size: 13x500 mm [0.5x20”]), CD=0.4, r/t=1. 
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Figure 4. Finite element mesh of 914.4x12.7 mm (36x0.5”) pipe with an axial groove 
defect (size: 500x13 mm [20x0.5”]), CD=0.4, r/t=1. 
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Figure 5. Finite element mesh of 914.4x12.7 mm (36x0.5”) pipe with a patch defect 
(size: 500x500 mm [20x20”]), CD=0.4, r/t=1. 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page 60 of 106 

 
Figure 6. Finite element mesh of 914.4x12.7 mm (36x0.5”) pipe with a pit defect 

(size: 13x13 mm [0.5x0.5”]), CD=0.4, r/t=0.5. 
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Figure 7. Maximum Principal Stress of 914.4x12.7 mm (36x0.5”) pipe with a patch 

defect (size: 500x500 mm [20x20”]), CD=0.8. 
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Figure 8. Local view of Maximum Principal Stress of 914.4x12.7 mm (36x0.5”) pipe 
with a patch defect (size: 50x50 mm [2x2”]), CD=0.8. 
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Figure 9. Local view of Maximum Principal Stress of 914.4x12.7 mm (36x0.5”) pipe 
with a patch defect (size: 500x500 mm [20x20”]), CD=0.8. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 
Figure 10. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.2, r/t=1. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 

Figure 11. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.4, r/t=1. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 

Figure 12. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.6, r/t=1. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 
Figure 13. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.8, r/t=1. 
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a): with CCL=13 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 
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b): with CCL=20 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 

Figure 14. SCFs for 914.4x12.7 mm (36x0.5”) pipe: variation in corrosion depth.
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c): with CCL=50 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 
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d): with CCL=100 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 

Figure 14. SCFs for 914.4x12.7 mm (36x0.5”) pipe: variation in corrosion depth. 
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e): with CCL=200 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 
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f): with CCL=500 mm and ACL=13 mm, 20 mm, 50 mm, 100 mm, 200 mm and 500 mm 

Figure 14. SCFs for 914.4x12.7 mm (36x0.5”) pipe: variation in corrosion depth.
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 

Figure 15. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.8, r/t=1, without ‘capped 
end force’. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 

Figure 16. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.2, r/t=0.5. 
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a): SCF with variation of axial corrosion length 
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b): SCF with variation of circumferential corrosion length 
Figure 17. SCFs for 914.4x12.7 mm (36x0.5”) pipe, CD=0.4, r/t=0.5. 
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Figure 18. SCF for 508 x12.7 mm (20x0.5”), 914.4x12.7 mm (36x0.5”) and 
1270x12.7 mm (50x0.5”) pipe, CD=0.2, r/t=1. 
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Figure 19. SCF for 508x12.7 mm (20x0.5”), 914.4x12.7 mm (36x0.5”) and 
1270x12.7 mm (50x0.5”) pipe, CD=0.4, r/t=1. 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page 75 of 106 

60pc

1

2
3

4

5
6

7

8

9
10

11

0 50 100 150 200 250 300 350 400 450 500

ACL (mm)

St
re

ss
 C

on
ce

nt
ra

tio
n 

Fa
ct

or

508mm x 12.7 mm, CCL = 13mm
508mm x 12.7 mm, CCL = 20mm
914.4mm x 12.7 mm, CCL = 13mm
914.4mm x 12.7 mm, CCL = 20mm
1270mm x 12.7 mm, CCL = 13mm
1270mm x 12.7 mm, CCL = 20mm

 

Figure 20. SCF for 508 x12.7 mm (20x0.5”), 914.4x12.7 mm (36x0.5”) and 
1270x12.7 mm (50x0.5”) pipe, CD=0.6, r/t=1. 
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Figure 21. SCF for 508 x12.7 mm (20x0.5”), 914.4x12.7 mm (36x0.5”) and 
1270x12.7 mm (50x0.5”) pipe, CD=0.8, r/t=1.
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Notes: D1, D2, D3 and D4 refer to defects 1, 2, 3 and 4 respectively. For defect dimensions refer to 
Table 17. 

Figure 22. Illustration of test vessel and defect locations (not to scale). 

 

 

 

 

 

Type 1: CEA-06-062WT-350  Type 2: CEA-06-062UT-350 

Figure 23. Strain gauge rosettes used to measure the pipe axial and circumferential 
strains in the defect area. 

 

D4                                                    D2 
 
                           D3                                                   D1 
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(a) Groove defect (dimensions in mm) 

 

 

(b) Patch defect (dimensions in mm) 

Figure 24. Strain gauge locations within the groove and patch defects. 
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(a) through wall cracking observed in defect D2 

 

 flame cut 

(b) removal of defect D2 via flame cutting (cutting process cuts a weld prep onto the 
ends of the pup pieces containing defects D1, D3 and D4) 

 

(c) defect D2 is extracted and the two vessel ends are butt welded together. Pressure 
cycling is then resumed. 

Figure 25. Illustration of repair methodology (not to scale). 
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 see (b) 

 

(a) Multiple crack initiation sites along outer surface of defect, which eventually 
coalesce to form one large fatigue crack 

(b) Cleaned up image of typical crack initiation site at location of through wall breach, 
as enveloped in (a) above. 

Note: inner surface to bottom in all images 

Figure 26. Pipe 1, Defect D3: Stereo optical microscope images of crack face 
features. 
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Area of remaining 
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(a) Crack initiation site along outer surface of defect 

(b) Cleaned up image of crack initiation site and location of through wall breach. 
Beach markings clearly visible, showing crack propagation from the outer to the 
inner surface (top to bottom in image). 

Note: inner surface to bottom in all images 

Figure 27. Pipe 1, Defect D2: Stereo optical microscope images of crack face 
features. 
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(a) Crack initiation site along inner surface of defect 

(b) Cleaned up image of multiple crack initiation sites and location of through wall 
breach. Crack propagation from the inner to the outer surface (top to bottom in image). 

Note: outer surface to bottom in all images 

Figure 28. Pipe 1, Defect D4: Stereo optical microscope images of crack face 
features. 
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Fatigue crack surface features – outer, 200μm 
scale 

Fatigue crack surface features – inner, 200μm 
scale 

Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 20μm scale 

Notes: outer and inner refer to crack face areas in relation to the outer and inner pipe surfaces 

Figure 29. Pipe 1, Defect D3: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 
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Fatigue crack surface features – outer, 200μm 
scale 

 

Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 20μm scale 

Notes: outer and inner refer to crack face areas in relation to the outer and inner pipe surfaces 

Figure 30. Pipe 1, Defect D2: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 
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Fatigue crack surface features – outer, 200μm 
scale 

Fatigue crack surface features – inner, 200μm 
scale 

Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 20μm scale (not as clear as on 

outer surface) 

Notes: outer and inner refer to crack face areas in relation to the outer and inner pipe surfaces 

Figure 31.  Pipe 1, Defect D4: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 
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(a) As opened 

 

(b) Close up view of central through wall area. 

 

(c) Central through wall area after cleaning of deposits. 

Note: inner surface to bottom in all images 

Figure 32. Pipe 2, Defect D2: Stereo optical microscope images of crack face 
features. 
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(a) As opened 

 

(b) Close up view of central through wall area 

 

(c) Central through wall area after cleaning of deposits 

Note: inner surface to bottom in images 

Figure 33.  Pipe 2, Defect D3: Stereo optical microscope images of crack face 
features. 
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(a) As opened. 

 

(b) Close up view of through wall area. 

 

(c) Through wall area after cleaning of deposits. 

Note: inner surface to bottom in images 

Figure 34.  Pipe 2, Defect D4: Stereo optical microscope images of crack face 
features. 
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Fatigue crack surface features – outer, 2mm scale Fatigue crack surface features – inner, 2mm scale 

  
Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 20μm scale 
Notes: outer and inner refer to crack face areas in relation to the outer and inner pipe surfaces 

Figure 35.  Pipe 2, Defect D2: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 
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Fatigue crack surface features – outer, 2mm scale Fatigue crack surface features – inner, 2mm scale 

  
Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 50μm scale 

Figure 36.  Pipe 2, Defect D3: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 



 
 
 
 
Report Number: R8928  
Issue: 2                                                                                                                    
 

 

Not Restricted Page 90 of 106 

  
Fatigue crack surface features – outer, 2mm scale Fatigue crack surface features – inner, 2mm scale 

  
Fatigue crack surface features – outer, 100μm 
scale 

Fatigue crack surface features – inner, 100μm 
scale 

  
Striations – outer, 20μm scale Striations – inner, 20μm scale 

Figure 37. Pipe 2, Defect D4: Scanning electron microscope images (crack growth 
direction is top to bottom in all images). 
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Figure 38. Plane strain finite element models showing the effect of an eccentric bore 

on the SCF (Hoop stress of 1.0 N/mm2 in each case). 
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Figure 39. Local Maximum Principal Stress contours for defect free pipe with an 

eccentric bore (Left - thinnest area; right - thickest area). 
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Figure 40. Effect of varying pipe wall thickness for a constant groove depth (Hoop 
stress of 1.0 N/mm2 in each case). 
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Figure 41. Comparison of the fatigue test results with the BS 7608 Class B fatigue 
design curve: SCFs derived from strain gauge data. 
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Figure 42. Comparison of the fatigue test results with the BS 7608 Class B fatigue 
design curve: SCFs predicted using closed form equations. 
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APPENDIX A MATERIAL INFORMATION. 
Vessel 1 was constructed from pipe 1 (323.9x8.4mm [12.75x0.331”]). The test 
certificate is given in Figure A1. 

Vessel 2 was constructed from pipe 2 (323.9x15.9mm [12.75x0.626”]). The test 
certificate is given in Figure A2 (note, the two certificates provided are for two pipes 
from the same cast/heat as pipe 2 – a certificate specific to pipe 2 was not available) 
and the measured material properties are given in Figure A3. The measurements were 
undertaken to confirm the material properties given that the test certificates (Figure A2) 
are not specific to pipe 2. 
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Figure A1 Vessel 1 (pipe 1): materials test certificate. 
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Figure A1 Vessel 1 (pipe 1): materials test certificate (continued). 
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Figure A1 Vessel 1 (pipe 1): materials test certificate (continued). 
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Figure A2 Vessel 2 (pipe 2): materials test certificate. 
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Figure A2 Vessel 2 (pipe 2): materials test certificate (continued). 
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Figure A3 Vessel 2 (pipe 2): measured material properties.  
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APPENDIX B INSPECTION CERTIFICATE (DEFECTS) 
The defect metrology report for pipe 1 is given in Figure B1 and the report for pipe 2 is 
given in Figure B2. 
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Figure B1. Pipe 1: Metrology report. 
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Figure B1. Pipe 1: Metrology report (continued). 
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Figure B2. Pipe 2: Metrology report. 
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Figure B2. Pipe 2: Metrology report (continued).  
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