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[bookmark: _Toc405726663]1	Introduction

Pipelines are thin shell structures which are susceptible to geometric distortions and dents during handling, construction, and operation.  These dents and distortions, particularly when associated with other forms of damage such as corrosion or gouges, or which are associated with welds, can lead to failure of the pipeline. The majority of pipeline in-line inspections (ILI) are carried out using the magnetic flux leakage (MFL) inspection tools.  These tools are capable of identifying and locating dents in the pipeline, but most cannot currently size the dent.  As a result, large numbers of dent features are reported by ILI companies for further consideration by the operator with little or no information for identifying any critical features which require investigation. 

Geometric ILI tools are capable of sizing the dent. The combination of data from MFL and geometric ILI can provide the data required for quantitative dent assessment using a range of published criteria. However, where dents have been identified by MFL ILI only, there may be a time delay before geometric inspection can be scheduled. 

The UKOPA Dent Management Strategy (DMS) has been developed to provide guidance for the safe management of pipeline dents. It applies to the assessment of plain dents, dents with associated corrosion and dents associated with welds, and does not allow dents with associated gouges. It applies to pipelines constructed from line pipe material up to and including grade X65 operating at a maximum hoop stress level of 72% specified minimum yield stress (SMYS). This report summarises the technical work carried out to support the DMS Guidance document (UKOPA/14/0016). 
[bookmark: _Toc405726664]2	UKOPA Dent Management Strategy

The UKOPA DMS provides pipeline operators with a method for the prioritisation of dents detected by ILI for investigation, criteria for the assessment of pipeline dents including plain dents, dents with associated corrosion and dents associated with welds, and models for fatigue assessment.
The technical work carried out in the development of the DMS covers:
1 Development of algorithms for prioritising pipeline dents for assessment 
2 Pipeline dent assessment rules
3 Fatigue assessment of pipeline dents
4 Assessment of pipeline dents with associated corrosion
5 Assessment of pipelines dents associated with welds
Items 1 and 2 in the above list were completed and incorporated in Stage 1 of the UKOPA DMS. The work and the relevant references are summarised in Section 3. Items 3, 4 and 5 were completed in the development of Stage 2 of the UKOPA DMS. This work and the relevant references are discussed in Section 4. The results are included in the UKOPA DMS Guidance Document, completed in July 2014. 
[bookmark: _Toc405726665]3	Stage 1 of the Development of the UKOPA DMS

[bookmark: _Toc405726666]3.1 	Development of Algorithms for Prioritising Pipeline Dents for Assessment

Dent damage in pipelines may result from either impact damage caused by third parties or construction damage. 

Third party damage or external interference generally occurs on the upper two-thirds of the pipe circumference (between the 8 to 12 to 4 o’clock positions), which is defined as Top Of Line (TOL).  Historically dents of this type have contributed to the highest number of pipeline failures. Such dents are likely to be significant as they are usually the result of third party interference and could contain additional defects such as gouges or cracking; these defects generally require immediate investigation and possible repair. In addition, TOL dents are unconstrained as they are able to flex or reround during changes in pressure. Therefore, if failure as a result of third party damage is not immediate, it is possible that induced defects can grow in service and cause failure sometime after the initial impact. 

Dents caused during construction generally occur on the bottom third of the pipe (between 4 to 6 to 8 o’clock) which is defined as Bottom Of Line (BOL). These dents tend to be constrained by the indenter causing the dent, i.e. a stone or rock in the pipeline bed/backfill. Dents on the bottom of the pipeline are generally not considered significant as the dent has survived the pre-service hydrotest and is unable to move or reround (due to changes in pressure), due to the presence of the indentor. 

The improvement of in-line inspection (ILI) tools has resulted in the reporting of dents that would have been below the detection and reporting levels of previous inspections. UKOPA recognized that further guidance was needed in order that operators could identify dents which can be safely left in the pipeline and those for which further investigation is required. A series of algorithms was developed to allow pipeline operators to prioritize the dents for repair based on ILI results. The background research to these algorithms, the algorithms and demonstration of their use with ILI dent data from operators of onshore oil and gas pipelines is given in [1]. 

Algorithms for the prioritization of pipeline dents for assessment and further investigation were developed by a Dent Work Group of UKOPA members informed by the technical review carried out by Dr J M Race of Newcastle University for UKOPA [1]. The algorithms were published for peer review [2], and were included in the Stage 1 version of the UKOPA DMS, published in 2010 [3]. The algorithms were reviewed in detail, extended to incorporate the results of technical work and tested during the development of Stage 2 of the UKOPA DMS. Revisions to the algorithms are presented in [4]. 

[bookmark: _Toc405726667]3.2	Pipeline Dent Assessment Rules 

Published dent assessment rules were identified in the review carried out by Dr J M Race for UKOPA [1]. The rules, published in a number of pipeline standards and industry guidance documents [5 – 7] were reviewed by the UKOPA Dent Work Group. In addition, work carried out by DNV GL (formerly Advantica) for the UK gas industry [8] was considered by the UKOPA Dent Work Group. Simple dent assessment rules were agreed and incorporated in Stage 1 of the UKOPA DMS [3].
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Following completion of Stage 1 of the UKOPA DMS, technical studies required to address items 3, 4 and 5 listed in Section 2 above were agreed by UKOPA.  The technical studies have been completed and the results included in the UKOPA DMS Guidance Document, completed in July 2014. The work and the associated references are summarised below.
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The recognised model for the fatigue assessment of pipeline dents is the EPRG model [7], as recommended in Stage 1 of the UKOPA DMS [3]. This model is conservative, and the fatigue life predictions obtained are generally low. In order to carry out a more realistic and less conservative fatigue assessment, an approach which takes account of the stress concentration factor (SCF) for the dent and applying published SN fatigue models is required.   A study reviewing and applying dent SCF equations was carried out by DNV GL (formerly GL Noble Denton) for UKOPA [9]. The study involved a literature review to identify dent SCF equations, a comparison of SCFs with FEA results, comparisons of SN fatigue predictions carried out using identified SCF equations and identification of gaps requiring further work. The results of the study are summarised in Appendix 1.
The feasibility study carried out by DNV GL draws attention to differences in the definition of dent SCF, major variations in predicted fatigue life and confirmation that the EPRG model predicts short fatigue lives and may be over conservative. 

It is therefore recommended that the EPRG model is used to establish a lower bound fatigue life, and the SCF equations developed by DNV GL are used in conjunction with the Class B SN Curve from BS 7608 [10], in order to establish a more realistic fatigue life.
A literature review of recent research on pipeline dents carried out by Penspen Integrity for UKOPA [11] confirmed that it is becoming accepted that the most accurate method to predict dent fatigue life uses a combination of the finite element method to calculate stress concentration, and an SN curve to estimate fatigue life. However, as no particular method has yet been accepted as best practice, it is recommended that expert guidance should be sought. The common features of a state of the art methodology are:
· Using high-resolution geometry inspection data to produce a finite element model geometry;
· Using an elastic material model, due to shakedown of the dented material over many internal pressure cycles;
· Extracting results for the maximum principal stress as a function of internal pressure;
· Choosing a lower bound SN curve appropriate to the pipe material, and weld quality if the dent is located on a weld (for example from BS 7608 Class B curve 10]);
· Calculating the predicted fatigue life, possibly by summing predicted fatigue damage over a known internal pressure history.
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Plain dents may have associated corrosion if the coating is damaged during the denting process. A study to identify the limit for the metal loss due to corrosion associated with a dent for which the dent and the corrosion can be assessed separately was carried out by DNV GL for UKOPA. The study involved a review of existing research work and a finite element analysis (FEA) study [13]. The key findings are summarised in Appendix 2.  

In the FEA study, a dent with an initial depth greater than 10% OD was introduced in a non –linear material and geometry analysis process, which resulted in a residual dent depth of approximately 6% OD on removal of the indenter. The results of the analyses confirmed that the failure pressure for the dent plus corrosion combination exceeded the failure pressure for the corrosion only.  The maximum failure pressure obtained for the dent only was 182.7 bar, while the maximum failure pressure for the dent with corrosion of depth 20% wall thickness was 160 bar. This confirms that the failure pressure is limited by corrosion of depth 20% wall thickness. Based on the higher failure pressure of the dent of depth 6% OD, it is considered that a plain dent depth limit of 7%OD can be applied in the separate assessment of dents with an associated corrosion depth of up to 20% wall thickness. This finding applies to plain dents with associated corrosion in linepipe of grade up to an including API 5L X65. 

Where either the dent depth or corrosion depth exceeds these limits, the combined dent plus metal loss must be subject to detailed assessment.

The study includes the derivation of corrosion SCF equations for use with the EPRG dent fatigue model, details are included in Appendix 2.
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A study to review recent international research work on pipeline dents has been undertaken by Penspen Integrity [11] for UKOPA. The study considers the limits for smooth dents on welds, identifies options for pipeline specific dent assessment and recommends a preferred approach. The recommended approach was then applied to three case studies [15].  

The review of recent international work is detailed in [11] and summarised in Appendix 3.The review confirms that existing guidance is conservative, existing best practice is given in PDAM, and there is no assessment method for dents on welds of poor quality. The report recommends three weld quality levels with associated strain limits:

Known good quality – 4% strain limit
Probable good quality – 2% strain limit,
Poor quality – no allowable strain limit or denting.

Criteria for the assessment of the above weld quality proposed by Penspen Integrity [4] are given in Appendix 3 and are included in the UKOPA Dent management Guidance document UKOPA/14/016.
The recommended approach for the assessment of dents associated with welds deal with fatigue assessment. The approach involves the measurement of the dent geometry using high resolution geometric in-line inspection, finite element analysis of the dent to determine the SCF, the determination of the historical pressure cycling using the rainflow method for cycle counting, and application of a lower bound SN curve selected from PD 5500 [12] appropriate for the weld or the base material if the dent is not on a weld.
This approach was applied to three test cases, the results of which are reported in [15]. This study applies the dent assessment algorithms and the weld quality assessment criteria to identify the appropriate strain criteria given above before carrying out the recommended fatigue assessment approach. The results confirmed that the guidance and the fatigue assessment carried out using the FEA method was conservative, because the repair of the dent case which had failed and repair of one of the two dent cases which had not failed was recommended. It was also concluded that the FEA based fatigue assessment approach reduced the number of repairs that would be recommended by the EPRG fatigue model.
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Fatigue of Dents estimated using FEA and SN Curves

A dent in a pipeline causes a local stress and strain concentration. Therefore, the fatigue life of the dented pipeline under cyclic internal pressure loading is expected to be reduced. A dent on a pipeline can be constrained or unconstrained. A constrained dent is not free to rebound[footnoteRef:1] or re-round[footnoteRef:2], because the ‘indenter’ (eg a rock) remains in-situ, and is more likely to be located on the bottom third of the pipeline (between the 4 to 6 to 8 o’clock positions). An unconstrained dent is free to re-round under internal pressure load, is more likely to be located on the top two-thirds of the pipeline (between the 8 to 12 to 4 o’clock positions) and be the result of third party interference. [1:  Rebound – also referred to as spring back; the reduction in dent depth due to the elastic unloading that occurs when the indenter is removed from the pipe]  [2:  Re-round – the change in dent depth under internal pressure] 

 A feasibility study on the assessment of fatigue life using FEA and SN curves has been carried out for UKOPA by DNV GL [9]. The study compares fatigue predictions using different SCF equations, and compares predictions with experimental measurements.

The dent SCF is a function of dent depth (H) and shape (Length L and width W), the pipe parameters (Diameter to thickness ratio, D/t) and whether the dent is constrained or unconstrained. The definition of SCF varies and may be based upon the Tresca stress range (used by PRCI), equivalent stress range (used by EPRG), maximum principal stress range (used by DNV GL), the peak hoop stress in the dent (used by Rinehart and Keating) or the von Mises stress range (used by de Caralho Pinheiro et al). 
The dent depth definition varies, and must consider whether the dent was created under no pressure or pressurised conditions. The definitions include:
1): Indented depth at zero pressure, Hi  – the maximum dent depth prior to removal of the indenter,
2): Dent depth at zero pressure, Ho – the dent depth measured after removal of the indenter and after ‘spring back’. 
3): Dent depth measured while the pipe is pressurised, H – the dent depth is further reduced by the internal pressure ‘pushing out the dent’.
4): Residual depth, Hr – the dent depth measured at zero internal pressure after spring back and rerounding.
The PRCI model uses Hr, the EPRG model uses Ho, the DNV GL model uses Ho, H or Hr, Rinehart and Keating use H, and de Caralho Pinheiro et al use Hi.

Experimental tests and FE analyses show that, although stress levels within a dent might be similar, the stress range in a constrained dent will be smaller than the stress range in an unconstrained dent under cyclic internal pressure loading since the pipe wall is restricted from moving as the internal pressure fluctuates. As a result the fatigue life of a constrained dent is typically an order of magnitude higher than an unconstrained dent of equivalent shape and depth.

SCF Values at Dents from FEA

There are no closed form formulae available for calculating the cyclic pressure stress range associated with a dent. To obtain a more realistic estimate of the local dent stress range within a dent when a pipeline is subject to pressure cycling, FEA methods have been used to obtain stress profiles at the minimum and maximum pipeline pressures. 
DNV GL have undertaken a number of FEA and fatigue assessments of smooth dent damage, adjacent dents and dents coincident with welds. The assessed pipe geometries and materials are as follows;
· Diameter ranges from 323.9mm to 1219.2mm
· D/t ratio ranges from 34 to 72
· Cyclic pressure range from 21 bar to 94 bar
· Dent depths up to 7% OD
· Pipe material ranging from API 5L grade X52 to grade X80.
The analysis steps were as follows:
Step 1: Dent the pipe by moving the indenter(s) to the required depth(s),
Step 2: Remove the indenter(s),
Step 3: Pressurise the pipe to the minimum operating pressure,
Step 4: Pressurise the pipe to the maximum operating pressure,
Step 5: Reduce the pressure in the pipe to the minimum operating pressure.
Step 6: Reduce the pressure to zero.
FE analyses show that, for a dented pipeline, the maximum plastic strain occurs on the internal surface of the pipe at the end of Step 1 (dent creation). After the removal of the indenter, the maximum plastic strain remains unchanged to that predicted at the end of Step 1, or equal to the residual plastic strain. 
The dent SCF is taken as the difference between the maximum principal stress range (corresponding to the minimum and maximum operating pressure) over the remote hoop stress range in the pipe, away from the dent region. The SCF increases as the dent depth, Ho or Hr increases.
For a dent depth ratio described by Ho/D  the SCF is given by; 

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

		

 = 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.
The fatigue life is then predicted using the Class B S-N curve from BS 7608 where the stress range is modified by the above SCFs for the dent as follows:




Fatigue Life Calculation and Comparison

A full-scale fatigue test undertaken by DNV GL on a 323.9x9.5mm API 5L Grade X52 line pipe was used for the fatigue assessment using the models summarised above. The details of the pipe and dent are summarised in the table below:
Table A1.1 Pipeline and Dent Test Data
	Pipeline
	Dent Depth
	Fatigue Cycles

	D (mm)
	T (mm)
	D/t
	SMYS (N/mm2)
	SMTS (N/mm2)
	Pmin (barg)
	Pmax (barg)
	
P (barg)
	Hi (mm)
	Ho (mm)
	H83.5 (mm)
	

	323.9
	9.5
	34
	360
	460
	10
	83.5
	73.5
	27.8
	21.8
	20.8
	> 151929



The FE results and test results are summarised in the tables below. The dent depths Hi, Ho, and H obtained from the FEA are in good agreement with the test results.

Table A1.2 Dent Depth and Maximum Principal Stress Range from FEA
	Hi (mm)
	Hi/D (%)
	Ho (mm)
	Ho/D (%)
	HPmin        (mm)
	HPmin/D (%)
	HPmax         (mm)
	HPmax/D (%)
	Hr                    (mm)
	Hr/D (%)
	
 (N/mm2)

	27.8
	8.6
	21.7
	6.7
	20.3
	6.3
	19.1
	5.9
	20.4
	6.3
	454



Table A1.3 Predicted SCFs and Fatigue Lives
	Model
	Dent Depth
	
Pressure Range,   
	
Stress Range,  
	
SCF 
	
SCF 
	Fatigue Life, Cycles
	Fatigue Safety

	PRCI
	Hr/D = 6.3%
	1066 psi
	
	89.11*
	5.23
	5432
	

	API
	Hr/D = 6.3%
	1066 psi
	
	62.7
	3.65
	451615
	

	EPRG
	
H = 19.1mm = 27.3mm
	7.35 N/mm2
	
	
	2.57+
	2586
	

	DNV GL with FEA
	n/a
	7.35 N/mm2
	454 N/mm2
	
	3.85
	23774!!
	

	DNV GL with equation (3)
	Ho/D = 6.7%
	7.35 N/mm2
	454 N/mm2
	
	4.44
	13430!!        
	

	DNV GL with equation (4)
	Hr/D = 6.3%
	7.35 N/mm2
	454 N/mm2
	
	4.38
	14167!!
	

	de Carvalho Pinheiro et al
	Hi = 27.8mm
	
	
	
	8.62&
	
	


Note: 	* with Hr/D = 6.3% mean pressure = 823 psi and D/t = 34.
	+ Ks.
!! with BS 7608 class B curve.
& with dent length x width was taken approximately as 300mm x 130mm, which estimated from FEA model.
The SCF predicted by the PRCI and API models are based on a pressure range, whilst for the other models it is based on a stress range. Converting the PRCI and API SCFs to stress range gives values of 5.23 and 3.65 respectively, therefore, the SCF based on stress range is between 2.57 to 8.62. The SCF value from the API method is very close to the FEA result obtained by DNV GL.

The predicted fatigue life of the dent varies from 2,586 cycles to 451,615 cycles. The EPRG model predicts the lowest fatigue life of 2,586 cycles. The highest fatigue life of 451,615 cycles is predicted using the API model, which is approximately three times higher than the total number of fatigue cycles accumulated (without failure) during the full-scale test of 151,929 cycles. The DNV GL predictions obtained using the SCF equations are 13430 using the dent depth Hr, and 14167 cycles using the dent depth Ho, both predictions are conservative compared to the experimental data.

The SCF equations developed by DNV GL are based on a large number of FE analyses on a wide range of pipe sizes and dent shapes, and are recommended by UKOPA for application in conjunction with an appropriate SN Curve from BS 7608 selected for the plain material or the weld. 
 

[bookmark: _Toc405726673]Appendix 2 – Assessment of Plain Dents with Associated Corrosion

The limits for which a dent and corrosion can be assessed separately; dent depth of 7%OD (dent depth expressed as a percentage of the pipe outside diameter) and corrosion depth of 20%t (corrosion depth expressed as a percentage of the pipe wall thickness) specified in Stage 1 of the UKOPA DMS are greater than those specified in pipeline codes, such as ASME B31.8 and CSA Z662. These limits were recommended as they are applied by some UKOPA member companies subject to a validation study.
This validation study was undertaken by DNV GL for UKOPA [13]. The scope of the study included a review of up to date industry guidance and research work undertaken on combined dent plus corrosion work, with supporting FEA to justify the recommended UKOPA limits.

Existing Pipeline Code Criteria

[bookmark: _Ref312140923][bookmark: _Ref312917572][bookmark: _Toc316293084]ASME B31.8:2010
ASME B31.8 states that provided the depth of the dent is not greater than 6%OD and the depth of any associated corrosion is not greater than 10%t a reduction in the maximum allowable operating pressure (MAOP) need not be considered. Corrosion up to 40%t is permitted, although for depths greater than 10%t there is a corresponding reduction in the allowable length of the corrosion, in the pipe longitudinal direction.
The maximum allowable length of corrosion is given by the following equation:

	
Where,	D	=	pipe outside diameter (units: mm)
	t	=	pipe nominal wall thickness (units: mm)
	d	=	maximum depth of corrosion (units: mm)
The above equation is similar to that specified in ASME B31G:1991for maximum allowable longitudinal extent of corrosion that is greater than 10%t in depth. The only difference is the factor 0.11 in the denominator; ASME B31G:1991 specifies a factor of 0.15, which gives a slightly less conservative result. ASME B31G:1991 was superseded in 2009 and 2012, the above equation is not referenced.
[bookmark: _Ref312326899][bookmark: _Toc316293085]CSA Z662:2007[footnoteRef:3] [3:  An updated version of CSA Z662 was issued in 2011.] 

The recommended limits in CSA Z662 for dent damage with associated corrosion are similar to the recommendations in ASME B31.8. The maximum allowable dent depth is 6%OD and the depth of any associated corrosion is limited to 10%t. Corrosion up to 40%t is permitted, provided the longitudinal extent of the corrosion is not greater than that specified in ASME B31G:1991, where:

	
The terms D, t and d are as defined referenced above.
CSA Z662 recognises conservatisms in the ASME B31G:1991 method, and permits use of alternative, ‘proven’ methods. A recommendation when using modified ASME B31G or RSTRENG is that corroded areas of up to 20%t in depth can be safely left in service regardless of length for pipelines operating at stress levels not exceeding 72% SMYS. 

Modified ASME B31G and RSTRENG were developed in the late 1980’s by Battelle, for Pipeline Research Council International, Inc (PRCI), and have been included in ASME B31G:2009. The original body of burst test data that was used to develop the original ASME B31G assessment method was expanded significantly and used to validate the Modified ASME B31G and RSTRENG methods. Analysis based on these methods was found to be less conservative than original ASME B31G, but still gave an adequate margin of safety. For pipelines operating at stress levels up to 72% SMYS both methods consider corrosion up to 20%t to be acceptable, regardless of length, and for corrosion deeper than 20%t there is a restriction on allowable length. It is considered likely that the 10%t limit on corrosion depth in ASME B31.8 and CSA Z662 is due to the limitations of the original ASME B31G method, which reduces to 10%t metal loss for ‘long’ corrosion.

Finite Element Analysis
To demonstrate the effect a plain dent with associated corrosion up to 20%t in depth a limited number of FEA studies were undertaken using the ASME B31G ‘Level 3’ method. 
Quarter symmetry models based on a pipe size and material grade; 914x12.7mm (outside diameter and wall thickness), grade X65 line pipe were developed for the analysis. One dent depth (an initial dent depth of 10%OD) was studied, but the size and shape of the associated corrosion was varied (the corrosion depth was the same for each model, 20%t), as follows;

Shape	Length (longitudinal)	Length (circumferential)
Pit	2t	2t
Longitudinal groove	32t	2t
Circumferential groove	2t	32t
Patch	32t	32t
Wide-spread	the thickness of the entire model was reduced by 20%, from the external surface
For these simulations the dents were idealised as being spherical in shape with an indenter radius of 100mm. The analyses allowed for both material and local displacement non-linearity. There is no recognised failure criterion for dent plus corrosion, so the failure criterion used in this work was validated for corrosion damage only. The method described in BS 7910 (Annex G) was applied, the failure pressure was determined as being equal to the pressure when the mean von Mises equivalent stress in the corroded region was equal to the true ultimate tensile strength of the material (675 N/mm²).
A set of 6 models were created to investigate the effect of size (longitudinal and circumferential extent) of corrosion that is 20%t deep on the failure characteristics of a dent;
· Model 1: pipe with 10%OD initial dent, no corrosion
· Model 2: pipe with 10%OD initial dent, pitting corrosion
· Model 3: pipe with 10%OD initial dent, longitudinal groove
· Model 4: pipe with 10%OD initial dent, circumferential groove
· Model 5: pipe with 10%OD initial dent, patch
· Model 6: pipe with 10%OD initial dent, wide-spread corrosion

The analyses carried out   are bounded by model 1 – dent only, and model 6 – corrosion only.

The variation in von Mises equivalent stress through the ligament was monitored at three locations within the dent, during pressurisation;
· at the dent centre
· the location along the pipe longitudinal direction within the dent where the von Mises equivalent stress was the highest
· the location around the pipe circumference within the dent where the von Mises equivalent stress was the highest

Failure was deemed to occur at the first attainment of one of these three regions satisfying the failure criterion. A duplicate set of models were analysed, excluding the dent, to enable the effect of the dent to be assessed. The results of these analyses are also presented for comparison.
The results of the analyses are presented in Table A2.1 below;

Table A2.1Results of Finite Element Analysis
	Model
	Residual dent depth
	Residual dent depth
	Maximum pressure
(dent + corrosion)
	Maximum pressure
(no dent)

	ID
	Corrosion
	%OD
	%OD
	Bar
	Bar

	1
	No corrosion
	10.54
	6.02
	
	182.0

	2
	Pitting
	10.66
	5.99
	182.8
	160.0

	3
	Long groove
	10.50
	5.99
	164.0
	160.0

	4
	Circ groove
	10.60
	5.99
	182.7
	160.0

	5
	Patch
	10.46
	6.01
	168.5
	160.0

	6
	Wide-spread
	11.45
	6.00
	147.0
	134.0


Notes:	1.	Residual dent depth is the dent depth after removal of the indenter (zero internal pipe pressure)
	2.	Predicted failure pressure is the pressure at the first attainment of a through wall ligament von Mises equivalent stress equal to the material true ultimate strength
	3.	Maximum pressure is the final pressure increment from the FE analysis, when subsequent increments were less than 0.0001 (0.02 bar)

Predicted failure pressures for corrosion only are given below;

Table 2.2 Predicted Failure pressures for Corrosion
	Model
	ASME B31G
	Modified B31G

	ID
	Corrosion
	(Bar)
	(Bar)

	2
4
	Pit
Circ groove
	136.4
	149.3

	3
5
	Long groove
Patch
	123.3
	130.9

	6
	Wide-spread
	109.5
	120.0


Notes:	1.	The pit and circumferential groove had the same predicted failure pressure as the axial length of each was 2t. The longitudinal groove and patch also had the same failure pressure as the axial length of each was 32t
	2.	The predicted failure pressure for wide-spread corrosion assumed an axial length of 12m

The FE results indicate that the failure pressures for the dent plus corrosion features are higher than the predicted failure pressures of the corrosion features only.

Fatigue of Dent Plus Corrosion
There is no method for predicting the fatigue life of a dent with associated metal loss due to corrosion.  DNV GL developed a method as part of a consolidated program of work funded by the PRCI and the US Department of Transportation (DOT) Pipelines and Hazardous Materials Safety Administration (PHMSA), which was verified by a limited number of full-scale cyclic pressure tests. The method is based on the approach to the fatigue design of welded structures (BS 7608), where fatigue life is defined by a particular stress-life (S-N) curve applicable to the geometry of the component being assessed. The DNV GL method is based on the BS 7608 Class B fatigue design curve, with a modification to the input stress range to take account of the stress raising effect of the area of metal loss. The input stress range is modified by a stress concentration factor (SCF), the magnitude of which is dependent on the pipe size and the area of metal loss; depth, and longitudinal and circumferential extent. 

The SCFs are calculated using the following expression, which gives a mean fit to the data (error of +5.8%, -9.5%);

	
The terms D and t are pipe diameter and wall thickness, ACL and CCL are the axial and circumferential half length of the corrosion respectively, and CD is corrosion depth (expressed as a decimal, i.e., 20%t is 0.2). The terms A1 to A6 are equation fitting constants, which for corrosion up to 20%t in depth are as follows;
A1	:	1.47
A2	:	8.91
A3	:	-0.23
A4	:	-0.72
A5	:	0.67
The above equation may be applied to pipelines constructed from material grades up to and including X65 operating at hoop stress levels up to 72% SMYS within the following parameter limits:
Pipe: 
Pipe diameter (D)  : 	up to 1270mm 
Wall thickness (t)   : 	9.5mm up to 19.1mm 
D/t                          : 	40 to 100 

Corrosion: 
Depth                      : 	not greater than 60%t 
Longitudinal length : 	from 25 to 1000mm 
Circumferential length : from 25 to 1000mm

The nominal cyclic hoop stress range required as input to the EPRG dent fatigue model is multiplied by the SCF calculated as above.
Note: To date there is no published experimental data to support the above proposed modification to the EPRG dent fatigue life model to enable consideration of the effect of associated corrosion, and validation through full scale fatigue tests is recommended.


[bookmark: _Toc405726674]Appendix 3 Assessment of Dents Associated with Welds
A review undertaken by Penspen Integrity for UKOPA has identified recent developments and extended the recommended guidance. The results are detailed in [3], and the key findings are summarised below.
History of Failures 
Current dent assessment methods generally predict that dents on welds will fail quickly under significant fatigue loading, including the EPRG method recommended as best practice by PDAM and the existing UKOPA guidance. However, there are a large number of shallow dents on welds that have been in service under high fatigue loading for many years.  Dents with depth less than 2% of the pipe diameter have only recently begun to be detected accurately and reported by in-line inspection tools and vendors. There is no history of failure in these previously undetected shallow dents on welds. There have been a few cases reported of shallow dents failing due to fatigue after the removal of the rock that caused the dent. The current guidance is conservative in most cases, and the development of the assessment methodologies has not kept pace with the developments in inspection technologies. 
Existing Guidance 
Generally the pipeline design codes do not allow dents on welds. One exception is ASME B31.8, which allows dents with depth up to 2% of the pipe diameter, but this code is only applicable to gas pipelines, which are likely to have low fatigue loading. The pipeline design codes generally allow a detailed engineering analysis of dents, including dents on welds. 
The generic assessment codes such as BS 7910 and API 579 do not generally allow dents on welds, although API 579 allows assessment if weld ductility and toughness is sufficient, without giving specific guidance. 
The pipeline specific guidance allows assessment of dents on welds if weld quality, particularly toughness and ductility, is sufficient. The best practice method recommended by PDAM is the EPRG dent fatigue life estimation method. A factor of safety of 10 on life was found to provide a good fit to the published data, and an additional factor of 13.3 is applied to account for model uncertainty. This is very conservative for most shallow dents on welds where fatigue loading is significant, as shown by the large number of dents of this type which are currently in service, but are predicted to have failed many years ago. 
Weld Quality 
The primary reason for the conservatism in existing guidance is the unknown quality of dented welds. Small cracks can form in poor quality welds when they are strained during the introduction of a dent. These cracks can grow by fatigue and cause the pipeline to fail. However, good quality welds can be tolerant of the plastic strains applied during denting, and may have no deleterious effect on the fatigue life of a dent. 
It is critical to determine whether a dented weld may have cracked before any detailed analysis is carried out. If there is a chance of cracking, a dent on a weld should be repaired. If possible, a dented weld should be inspected for cracking. Otherwise, weld toughness and ductility criteria should be applied. If possible, this should be based on test results, but if these are not available, other indicators of low toughness and ductility, such as those given in PDAM (see Section 3.6.1), may be used.
The results of full scale testing show that cracked welds generally fail immediately or have extremely short fatigue lives. If a dent has been in an operational pipeline for many years without failure while subject to fatigue loading, it is therefore probable that cracking did not occur when the dent was introduced. This can give an indication of weld quality. It is noted that fatigue loading can cause cracks to initiate in poor quality welds some time after the initial introduction of a dent, particularly if the cyclic stress is high. 
If the weld has not been inspected for cracking, the strain applied to the weld should be estimated, for example using the method specified in ASME B31.8 Appendix R with high resolution geometry inspection data. A maximum strain limit should be applied. The strain limit should be selected based on the weld quality. 
Three quality levels of welds and associated strain limits are proposed for both girth welds and seam welds: 
Known good quality welds 
Known good quality welds meet the criteria for probable good quality welds (below) and have test data to demonstrate a sufficient Charpy toughness (greater than 30 J minimum and 40 J on average from three specimens). 
An assessment of the strain in the dent should be conducted if high resolution geometry inspection data is available (see Section 6.5). A strain limit of 4% should be used as recommended in ASME B31.8 [8]: this is intended for gas pipelines with acceptable welds, but the formation of cracking in the weld during denting is independent of the pipeline product or fatigue loading. 
If the strain in the dent is acceptable, an assessment of dent fatigue life should be conducted (see Section 6.6).
Probable good quality welds 
Probable good quality welds are likely to have a sufficient Charpy toughness (greater than 30 J minimum and 40 J on average from three specimens), but do not have Charpy test data available. The following are indicators of sufficient toughness – several of these are recommended by the Pipeline Defect Assessment Manual (PDAM) [27], but note that none of these indicators are sufficient evidence alone: 
· Pipe manufactured after approximately 1970; 
· Pipe manufactured to API 5L or equivalent; 
· The weld was fabricated to a recognised pipeline welding standard such as API 1104 or equivalent; 
· The pipe manufacturer is known to have been producing good quality welds at the date of manufacture; 
· Visual and magnetic particle (or similar) inspection of a sample of welds (at least 0.1% of the pipes in the pipeline) shows a good quality weld with a clean cap, no spatter, no surface-breaking planar flaws, and no undercut; 
· Non-destructive testing of a sample of welds (at least 0.1% of the pipes in the pipeline) using manual shear wave ultrasonic technology (UT), time of flight diffraction (TOFD), or other suitable method shows no anomalies outside the workmanship limits in a current welding standard. 
· Records show, or it is considered likely that, a high level hydrotest has been completed, giving a hoop stress of at least 90% of specified minimum yield stress (SMYS), and there is no evidence that hydrotest failures were caused by welds. 
An assessment of the strain in the dent should be conducted if high resolution geometry inspection data is available (see Section 6.5). A strain limit of 2% should be applied as recommended in ASME B31.8 to prevent cracking in welds (including in older pipelines) during single non-cyclic events. The 2% strain limit is likely to be conservative for this weld category, however test data specifically for this weld category is very scarce. If the strain in the dent is acceptable, an assessment of dent fatigue life should be conducted. 
Poor quality welds 
Poor quality welds are welds where cracking is credible during the denting process. This includes any of the following indicators, several of which are recommended by PDAM: 
· Welds of known low toughness (Charpy toughness less than 30 J minimum and 40 J on average from three specimens); 
· Pipe not manufactured to API 5L or equivalent; 
· An operating temperature less than the drop weight tear test transition temperature; 
· The weld is under-matched (the tensile strength of the weld is less than the linepipe, or the yield strength of the weld is less than the linepipe); 
· The weld is likely to contain cracks or defects; 
· Welds not fabricated to a recognised pipeline welding standard such as API 1104 or equivalent, or fabricated before the existence of such standards; 
· Low frequency electric resistance welds, induction welds, flash welds or oxyacetylene welds; 
· Welds with a history of causing hydrotest failures; 
· Welds with evidence of significant anomalies when samples are inspected. 

Strain and fatigue life assessments should not be carried out, because cracking is credible during the denting process. All dents on poor quality welds should be repaired.
Dent Depth Limit 
In line with the guidance in PDAM and ASME B31.8, dents on welds greater than 2% depth generally should not be allowed. Exceptions may be made if detailed analysis, confirmation of weld quality, and ideally inspection for cracking, are completed, and it can be shown that the passage of pigs will not be impeded. 
Dent Strain Assessment 
High resolution geometry in-line inspection data can be used with the method described in ASME B31.8 Appendix R to calculate the peak strain in a dent. Most geometry inspection data contains irregularities, for example due to sensor lift-off or debris in the pipeline, which cause large over-estimates in the calculated strain values. Some smoothing of the geometry data is usually required, but this must be done carefully to preserve the essential features of the dent shape. No particular smoothing method has been widely accepted by the industry, but methods using B-splines and local polynomial regression have been used. 
Mandatory Fatigue Analysis for Dents on Known / Probable Good Quality Welds 
If the dent strain is less than the allowable strain, a fatigue analysis should be carried out to predict the remaining fatigue life of the dent, either using the methods recommended by PDAM, or a method based on finite element analysis.
Detailed Assessment Using Finite Element Analysis and SN Curves 
It is becoming common practice to use finite element analysis in the assessment of stress concentration and fatigue life of dents. Finite element models have been developed which agree with a limited number of full scale tests, however they have not yet been thoroughly validated. There are several pitfalls that the analyst must be aware of, and no particular method has yet become accepted by the industry. 
A primary input to such analysis may be the detailed dent geometry as measured by a high resolution in-line inspection geometry tool. Alternatively, the full dent formation process may be modelled, although accurate results from this approach depend on detailed knowledge of the linepipe material properties, which may not be available. 
The fatigue loading should be determined based on historical internal pressure data at the dent location or an anticipated future internal pressure cycling regime. The rainflow method may be used to count the pressure cycles in recorded pressure data. 
Finite element analysis is generally used to calculate the stress concentration in a dent. A lower bound SN curve is selected that is appropriate for the weld, or the base material in the dent is not on a weld. BS 7608  provides SN curves that may be used for good quality welds. It is important to only use elastic stresses with an SN curve. The dent fatigue life can be estimated by combining the stress concentration, pressure history and SN curve.
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