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Application of S-N Curves to Fatigue Assessment of Pipeline Dents 

[bookmark: Contents]Contents		UKOPA/TBN/XXX Edition A
[bookmark: _Toc33524596]Introduction
The UKOPA Dent Management Strategy (DMS) includes equations for the calculation of stress concentration factors for dents in pipelines for use with S-N curves.  This note considers the published S-N curves available for application to pipelines and the selection and application of the S-N curve in the fatigue assessment of a pipeline dent.
[bookmark: _Toc445819318][bookmark: _Toc33524597]Published S-N Curves 
Fatigue performance is characterised by S-N curves, which relate the magnitude of cyclic stress (S) to the number of cycles (N) to failure, for various classified structural details. S-N curves are plotted on a logarithmic scale. S-N curves are obtained by testing of small-scale fatigue samples or coupons subject to a regular sinusoidal stress in a testing machine which counts the number of cycles to failure, each test generates a single S-N point. The results are plotted on a logarithmic scale, and the S-N curve is developed from statistical linear regression of the results. The mean S-N curve and the standard deviation of the data are calculated by the statistical analysis; the design S-N curve is defined as 2 standard deviations below the mean curve, which gives a 97.7% probability of survival.
The recognised and accepted S-N curves applied in the UK are published in a number of standards [1-3]. The classes of S-N curves in these standards are equivalent. The standard BS 7608, which is developed as a generic standard, to be referenced and applied in structure specific design codes. In addition, a pipeline-specific S-N curve is included in the gas pipeline standards IGEM/TD/1.
SN curves are published in the form:
SmN = Constant
S-N curves are classed according to the detail and quality of the material or joint they represent. The detail and quality descriptions given in the standards are used to select the appropriate curve for application to a particular item, component or structure. The S-N curves given in Figure 10 of BS 7608 are shown in Figure 1.
Note, BS 7608 requires that the S-N equation is modified to take account of material thickness and through thickness bending, the effect of temperature, the effect of seawater and the effect of weld toe improvement.
[image: ]
[bookmark: _Ref33524116]Figure 1 Standard Basic Design Curves given in BS 7608
[bookmark: _Toc445819319][bookmark: _Toc33524598]S-N Curves for Application to Pipelines
[bookmark: _Toc33524599]BS 7608 
BS 7608 S-N curves for application to pipelines are selected according to whether the fatigue assessment relates to a location in plain pipe, the seam weld or the girth weld. The S-N curves typically selected are given in Table 1.
	Location
	Class
	m
	Constant

	Plain pipe
	B
	4.0
	1.01x1015

	Seam weld
	E
	3.0
	1.04 x 1012

	Girth weld
	F
	3.0
	6.33 x 1011



[bookmark: _Ref33524034]Table 1 S-N Curves for Application to Pipelines [1]
[bookmark: _Toc33524600]IGEM/TD/1
The TD/1 S-N curve was developed as a simple approach which ‘designed out’ fatigue for pipelines subjected to a high level hydrotest (i.e. 105% SMYS) and subsequently operated at a maximum stress of 72% SMYS. 
The work carried out to develop the TD/1 fatigue design rules was focused on SAW pipe of poor geometry (roof topping, plate offset and ovality), as a number of hydrotest failures from long defects at the internal (SAW) weld toes had occurred in pipes with these characteristics. It was therefore assumed that pipes entered service with defects typical of SAW pipes with poor geometry and defects of the maximum size that could survive the 105% SMYS hydrotest. The size of defect  which would fail at 72% SMYS was determined, and the fatigue life of the pipeline was judged in terms of the number of cycles (or time) to propagate by fatigue from the size which would survive the hydrotest to the size which could fail at 72% SMYS. 
An extensive programme of full-scale tests involving SAW pipe of poor geometry and fracture mechanics analysis was conducted. In summary the results of the work identified that:
· The maximum depth of an infinitely long surface breaking defect typical of poor-quality SAW pipe which could survive the 105% hydrotest was 20%. 
· The maximum depth of an infinitely long surface breaking defect that would fail at a stress of 72% SMYS was 40%.
· The stress range which would cause propagation of an infinitely long defect of 20% depth to 40% depth over 15,000 cycles is 125 N/mm2 
The results of the original work were introduced into TD/1 Edition 2 (1984). In TD/1 Edition 4 (2001) the S-N equation was included:


[bookmark: _Toc445819320][bookmark: _Toc33524601]Safety Factors Applied to S-N Curves
The fatigue design curves in BS 7608 are based on 2 standard deviations below the mean line derived from empirical data.  The design S-N curves presented in the document represent safe life design limits, based on lower bound fatigue endurance data and upper bound fatigue lasting data. The S-N curves therefore provide a conservative estimate of fatigue strength, and their application does not depend upon in-service inspection for fatigue damage.
The TD/1 fatigue curve is derived from empirical pipeline fatigue data and fracture mechanics analysis. In deriving the fatigue S-N curve for publication in Edition 4, a safety factor of 10 was applied on the basis that a fatigue crack in a high pressure pipeline would not be detected in routine inspection, and there was no redundancy in a transmission pipeline.
A review of the safety factor in fatigue design rules [5] indicates that where the potential fatigue location is accessible and the consequences are not substantial, the safety factor is 1.0, while in locations where the potential fatigue location is inaccessible and the consequences are significant, the safety factor is increased to 10.
The IGEM/TD/1 S-N curve includes a safety factor of 10 on life. In their report on the validation of the finite element analysis of dent fatigue life for UKOPA [6], Penspen considered the application of S-N curves and safety factors. Figure 7 of the Penspen report plots the predicted cyclic stress in each plain dent against the measured number of cycles to failure, this is repeated in Figure 8 for dents on welds. Figures 7 and 8 of the Penspen report are given in Figure 2 below. The mean regression line through the data effectively represents the ‘ideal’ SN curve for the data. The lower bound line is offset from the mean line by three times the standard deviation of the data, and thus represents approximately a 99.87% probability of survival. This report states that two standard deviations below the mean can be considered to be a sufficient margin of safety for fatigue life, and the relevant S-N curves plotted in Figure 7 and 8 (Figure 2 below) can be used without further safety factors to predict the fatigue life of dents using stresses from finite element analysis. 

[image: ]
Based on the above it is considered that where S-N curves other than the TD/1 S-N curve are being used to estimate the fatigue life of pipeline dents, a safety factor of 10 on life is applied.
Where a finite element analysis is being carried out to determine the stress cycle, the BS 7608 S-N curves can be applied with no safety factor. 
[bookmark: _Toc33524602]Use of S-N Curves with Dent SCF Equations for Calculation of the Fatigue Life of Dents in Pipelines   
The dent SCF equation given the UKOPA dent management strategy and Good Practice Guide is detailed as follows:
The SCF increases as the dent depth Ho or Hr increases, where 
Ho  = dent depth at zero pressure after removal of indenter and after spring back
[bookmark: _GoBack]Hr = dent depth at zero internal pressure after spring back and rerounding
For a dent depth ratio described by Ho/D the SCF is given by; 

		1	
For a dent depth ratio defined by Hr/D the SCF is given by;

		2

 = maximum principal stress range (units: N/mm2)

 = hoop stress range in the pipe away from stress concentrations (units: N/mm2).
Both equations give an upper bound SCF for a single smooth dent.
Equation 2 is selected for application, as in most cases the dent depth will be measured at pressure.
Two pipeline examples are assessed, and the fatigue life of dents of depths ranging from zero to 10% OD are considered. Applying equation 2, the SCFs are calculated as given in Table 3, and the pipeline cases together with the calculated cyclic pressure calculated for a standard cyclic stress range of 125N/mm2 are given in Table 3.
	Dent Depth (Hr/D)
	0
	0.025
	0.05
	0.075
	0.10

	Calculated SCF
	1.00
	3.09
	4.04
	4.65
	5.11


Table 2 Calculated Dent SCFs

	OD
	WT
	Grade
	SMYS
	UTS
	Stress
	dP

	168.3
	5.6
	X42
	289
	413
	125
	83.2

	323.9
	5.6
	X52
	358
	455
	125
	43.2


[bookmark: _Ref33524046]Table 3 Pipeline cases
The fatigue lives for dents of different depths located in plain pipe, on the seam weld and on the girth weld are calculated using the appropriate S-N curve and the calculated dent SCF, as given in Table 4. The calculated fatigue lives are plotted in terms of dent depth vs numbers of cycles in Figure 2 and Figure 3.
	
	Dent Depth in 168 mm Diameter Pipe

	Dent Depth
	0.000
	0.025
	0.050
	0.075
	0.100

	Plain pipe
	21093357
	230276
	79533
	45090
	30977

	Seam weld
	1806765
	61021
	27492
	17962
	13554

	Girth weld
	1099694
	37141
	16733
	10933
	8250

	
	Dent Depth in 324 mm Diameter Pipe

	Dent Depth
	0.000
	0.025
	0.050
	0.075
	0.100

	Plain pipe
	289369679
	3159048
	1091078
	618575
	424963

	Seam weld
	12878998
	434970
	195968
	128037
	96618

	Girth weld
	7838852
	264746
	119276
	77930
	58807


Note: dent depth is given as a proportion of the pipeline outside diameter

[bookmark: _Ref33524067]Table 4 Calculated Pipeline Dent Fatigue Lives

[bookmark: _Ref33524132]Figure 2 Dent Fatigue lives in 168 mm Diameter Pipe (calculated at stress range 125 N/mm2)

[bookmark: _Ref33524158]Figure 3  Dent Fatigue lives in 324 mm Diameter Pipe (calculated at stress range 125 N/mm2)
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168 mm dia

Plain	21093356.607851449	230276.13570971595	79533.206083051715	45090.47152034731	30977.338216708853	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Seam	1806764.6306413999	61020.956181741058	27491.831681532734	17962.049611738777	13554.246579535929	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Girth	1099694.2415346212	37140.639676002007	16733.009090779058	10932.670580991005	8249.8443123521574	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	TD1	50902.118920954825	1719.1480924278972	774.52948872010495	506.04620540764057	381.86483151961801	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Number of Cycles


x 103

Dent Depth




324 mm dia

Plain	289369679.39141864	3159048.2634239551	1091078.0476094426	618574.63134122896	424963.2998112783	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Seam	12878998.015947519	434970.20047203044	195967.55419964669	128037.26472651369	96617.518322536722	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Girth	7838851.6770142112	264746.28547961084	119276.40558497727	77930.373626810731	58806.624132851677	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	TD1	362841.00179544452	12254.448917144704	5521.0089788938922	3607.2037081604335	2722.0127758176209	1E-3	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	Number of Cycles


x103

Dent Depth
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