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[bookmark: _Toc405726815]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 gouges or corrosion, or which are associated with welds, can lead to failure of the pipeline. Consequently, rigorous assessment is required.  The identification of the damage mechanism which has caused the dent, the severity of the dent and an assessment of the potential for failure is essential. The severity of the dent and the assessment of the impact on pipeline integrity is dependent upon its location, the size and shape of the dent, the line pipe mechanical properties, and the applied static and cyclic stresses.  

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 enables 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). It uses all available information, and highlights critical actions for the operator.

Dents may require investigation for reasons not specifically identified in this document, if there is uncertainty over the nature or cause of a dent, further investigation in recommended.

[bookmark: _Toc405726816]2	Purpose of the Dent Management Strategy

The purpose of the Dent Management Strategy is to:

i) Present dent assessment rules
ii) Allow prioritisation of dent features detected by ILI for investigation.
iii) Take account of dent location, depth and strain, association with other damage and association with welds. 
iv) Assess dents under static and cyclic loading.
[bookmark: _Toc405726817]2.1	Technical Basis

The technical basis supporting the development of the UKOPA Dent Management Strategy is drawn from the references listed. 

[bookmark: _Toc405726818]2.2	Rationale

The rationale for the dent management strategy is summarised as follows:

Dents which cannot be assessed and sentenced using the recommended criteria must be investigated and repaired.

Dents which can be assessed and sentenced using the recommended criteria are prioritised for investigation according to i) association with welds or metal loss and ii) circumferential location. 

[bookmark: _Toc405726819]2.3	Definitions

The relevant definitions applied in this document are detailed below.

Dent -  	a depression which produces a gross disturbance in the curvature of the pipe wall, caused by contact with a foreign body, resulting in plastic deformation of the pipe wall.
Plain (or smooth) dent - 	a dent which causes a smooth change in the curvature of the pipe wall, causing depression on external surface, with no metal loss, no change of curvature at any adjacent seam or girth weld
Dent associated with weld - 	a dent changes curvature at seam or girth weld
Kinked dent - 	a dent which causes an abrupt change in the curvature of the pipe wall. An abrupt change in curvature is defined as one where the radius of curvature (in any direction) of the sharpest part of the dent is less than or equal to five times the wall thickness.
	Note – this definition is based on the guidance in the EPRG recommendations for the assessment of mechanical damage.

Unconstrained dent		a dent that is free to rebound elastically (spring back) when the indenter is removed, and is free to reround as the internal pressure varies.
Constrained dent		a dent that is not free to rebound or reround, because the indenter is not removed.  A rock dent is an example of a constrained dent.
Dent depth		Maximum depth expressed as a percentage of pipe outside diameter.
Shallow dent		a dent with depth < 2% of pipeline outside diameter
Spring back		(also referred to as rebounding) the reduction in dent depth due to the elastic unloading that occurs when the indenter is removed from the pipe.
Rerounding		the change in dent depth under internal pressure.
Position	 Top of line (TOL) -  	8 to 12 to 4 o’clock
 Bottom of line (BOL) - 4 to 6 to 8 o’clock

Note:	Top of line dents should be considered unconstrained. Bottom of line dents should be considered constrained, except where there is evidence to the contrary. In particular, bottom of line dents should be considered unconstrained where there is evidence of backfill disturbance or washout which could remove support to the dent, or if returned to service following excavation and subsequent backfill without repair. 

3	Dent Assessment Rules

The following rules apply to the assessment of dents in liquid and gas pipelines constructed from line pipe material of grade up to and including X65 operating at hoop stress levels of up to 72% SMYS  [1 – 5]:-

· Kinked dents - repair
· Static assessment of dents - depth/strain limits:-
· Plain dents, unconstrained :- depth ≤ 7% OD and/or strain ≤ 6%
· Plain dents, constrained: - depth ≤ 10% OD and/or strain ≤ 6%
· Dents associated with welds: - depth ≤ 2% OD or strain ≤4% for welds of good quality and ≤ 2% for welds of probable good quality

· If pipeline is pressure cycled, a fatigue assessment is essential. Recommended fatigue models are addressed in Section 6. The fatigue assessment must take account of the dent parameters, dent location, any associated damage at the dent location, and previous, current and future pressure cycling.
 Assessment of the dent location and associated damage should include:
· TOL – coating damage (DCVG/Pearson)
· BOL – disturbance, washout etc
· BOL  - dents in undisturbed rocky locations should be monitored not excavated
· Indicated metal loss
· Dents associated with welds; depth ≤ 2% OD and/or strain  ≤ 4% acceptable if the weld quality is acceptable
· In all cases the dent assessment should take account of the pipeline pressure at the time of the inspection and the sizing accuracy of the inspection tool.

· The recommended limits for the separate assessment of dents plus corrosion acceptance limit are a maximum dent depth 6% OD  or maximum dent strain of 6%  and a maximum corrosion depth of 20%t (corrosion depth expressed as a percentage of the pipe wall thickness) [9]. Where either the dent depth or corrosion depth exceeds these limits, the combined dent plus metal loss must be subject to detailed assessment.

· Acceptable weld quality must meet the requirements of a recognised welding standard (eg BS 4515-1), or be assessed using the guidance in Section 6.  

· New dent features identified between any in-line inspections should be investigated.

Notes :-
1 - 	Where dent depth and dent strain measurements are available, the assessment should be based on dent strain. 
2 -	All dents should be monitored as part of an ongoing pipeline inspection plan. Inspection results should be compared to ensure there is no evidence of significant changes in dent dimensions over time, possibly caused by ground or support movement.
3 - 	Accurate records of repaired dents should be kept, so that these dents can be excluded from future assessments and repair programmes.
The dent assessment criteria for gas and liquid pipelines are given in Table 1. 

It is recommended that in applying the dent prioritisation ranking, assessment criteria and assessment procedure, pipeline operators should record any additional pipeline specific data taken into account and document the justification for any additional decisions made.

Table 1 – Criteria applied to Assessment of Dents in Gas and Liquid Pipelines

	Criterion
	Reference Source

	Plain dent, unconstrained – maximum depth
	7% OD
	EPRG, PDAM

	Plain dent, constrained – maximum depth 
	10% OD
	EPRG, PDAM

	Plain dent strain, unconstrained and constrained  – maximum strain
	6% 
	ASME B31.8

	Dent associated with weld of good quality – maximum depth
	2% OD
	ASME B31.8

	Dent associated with weld of good quality – maximum strain
	4%
	ASME B31.8

	Dent associated with weld of probable good quality – maximum strain
	2%
	UKOPA

	Dent associated with metal loss (maximum depth and maximum strain) due to corrosion (percentage of wall thickness)
	6% OD or 6% 
corrosion ≤ 20% wall thickness
	UKOPA

	Fatigue Assessment
	Cumulative damage at end of operating life <1.0
	UKOPA



Notes:-
1 Where both dent depth and depth strain are available, dent strain should be used to prioritise dents.
2 If a dent strain assessment has not been completed, dents greater than 7% depth should not be allowed without seeking expert advice. This limit is reduced to 2% depth for dents on welds.
3 ASME B31.8 addresses gas pipelines, integrity criteria are assumed to apply to all products.
4 The peak strain in a dent may be calculated using high resolution geometry ILI data with the method described in ASME B31.8 Appendix R. 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.
5 Dents associated with welds of unknown or poor quality must be repaired.
6 For a dent with associated corrosion, if either the dent depth/strain or the corrosion depth exceeds the limits in Table 1, the combined dent plus metal loss must be subject to detailed assessment. 
7 The fatigue assessment must confirm that the cumulative damage over the operating life is acceptable, or the predicted life should be used to schedule a repair. 

[bookmark: _Toc405726820]4	Prioritisation of Dent Features Reported by ILI for Investigation

Dent features detected by ILI should be prioritised for investigation using the following algorithms [6 - 8]:

i) Dent Prioritisation Algorithm – MFL/UT Inspection – Figure 1
This algorithm allows screening of MFL or UT ILI results to identify the features to be investigated. 
The algorithm may be used to identify dent features for immediate investigation and repair and to justify the need for geometric inspection.

ii) Dent Prioritisation Algorithm – MFL + Geometric Inspection – Figure 2
This algorithm allows quantified assessment and screening of dent features for investigation where both MFL and geometric inspection data is available.

The algorithms are currently based on either a depth limit or a strain limit being satisfied. Where high resolution geometric data is available, the dent strain should be determined and assessed. Where this data is not available, the dent depth should be assessed. 

The numerical ranking to be applied to the prioritisation for investigation of dent features detected using MFL/UT ILI   is given in Table 2.

The numerical ranking to be applied to the prioritisation for investigation and assessment of dent features detected using MFL/UT and geometric ILI is given in Table 3.

The required actions are defined in Table 4.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   


Table 2 – Prioritisation Rationale – MFL/UT Inspection

	Priority
	Description
	Action

	1
	Kinked dent
	1

	2
	Unconstrained + associated with metal loss + associated with weld
	1

	3
	Unconstrained + associated with metal loss (except corrosion less than 20% of wall thickness in depth in grade X65 material or lower)
	1

	4
	Unconstrained + associated with weld in ‘Poor’ quality level
	1

	5
	Unconstrained + associated with weld in ‘Probably good’ quality level
	1 or 2

	6
	Unconstrained + associated with weld in ‘Known good’ quality level
	1 or 2

	7
	Unconstrained + evidence of external interference or coating damage from CIPS / DCVG
	1

	8
	Constrained + associated with metal loss + associated with weld
	1

	9
	Constrained + associated with metal loss (except corrosion less than 20% of wall thickness in depth in grade X65 material or lower)
	1

	10
	Constrained + associated with weld in ‘Poor’ quality level
	1

	11
	Constrained + associated with weld in ‘Probably good’ quality level
	1 or 2

	12
	Constrained + associated with weld in ‘Known good’ quality level
	1 or 2

	13
	Constrained + evidence of external interference or coating damage from CIPS / DCVG
	1

	14
	Unconstrained
	1 or 2

	15
	Constrained
	1 or 2



Note: See Table 4 for actions required














Table 3 – Prioritisation Rationale – MFL/UT + Geometric Inspection

	Priority
	Description
	Action

	1
	Kinked dent
	1

	2
	Unconstrained + associated with metal loss + associated with weld
	1

	3
	Unconstrained + associated with metal loss (except corrosion less than 20% of wall thickness depth in grade X65 material or lower)
	1

	4
	Unconstrained + associated with weld in ‘Poor’ quality category
	1

	5
	Unconstrained + associated with weld in ‘Probably good’ category + depth≥2% or strain≥2%
	1

	6
	Unconstrained + associated with weld in ‘Known good’ category + depth≥2% or strain≥4%
	1

	7
	Unconstrained + evidence of external interference or coating damage from CIPS / DCVG
	1

	8
	Constrained + associated with metal loss + associated with weld
	1

	9
	Constrained + associated with metal loss (except corrosion less than 20% depth in grade X65 material or lower)
	1

	10
	Constrained + associated with weld in ‘Poor’ quality category
	1

	11
	Constrained + associated with weld in ‘Probably good’ category + depth≥2% or strain≥2%
	1

	12
	Constrained + associated with weld in ‘Known good’ category + depth≥2% or strain≥4%
	1

	13
	Constrained + evidence of external interference or coating damage from CIPS / DCVG
	1

	14
	Unconstrained + depth≥7% or strain≥6%
	1

	15
	Constrained + depth≥7% or strain≥6%
	1

	16
	Unconstrained + predicted fatigue life exceeded (further prioritise dents within this priority level by predicted remaining fatigue life)
	1

	17
	Constrained + predicted fatigue life exceeded (further prioritise dents within this priority level by predicted remaining fatigue life)
	1



Note: See Table 4 for actions required

Table 4: Actions required

	Action
	Description

	1
	Excavate the dent, carry out NDT and repair if necessary

	2
	Carry out a high resolution geometry in-line inspection and re-assess dent



Notes:	
1 – A constrained dent will become unconstrained, and should be re-assessed as such, if it is excavated and the constraining object (such as a rock) is removed. Additionally, a permanent repair should be considered for dented pipelines which carry liquids or are subjected to high fatigue loading, because there is evidence that fatigue failure can occur more quickly in these circumstances than would otherwise be expected for an unconstrained dent.
2 - The actions for dents in higher priority levels should be given priority over those in lower priority levels where practical. For priority levels where two actions are allowed, the operator may choose which action to complete based on their selected criteria, which may include operational and cost considerations. Where high resolution geometric inspection is selected in place of excavation and NDT, the decision should be justified and documented.

3 - 	Where the assessment confirms the dent parameters are within the limits defined in Section 3, no further action is required.
4 - Accurate records of repaired dents should be kept, so that these dents can be excluded from future assessments and repair programmes.
[bookmark: _Toc405726821]5	Assessment of Weld Quality

Weld quality should be established through material and construction records. It may be difficult to determine weld quality, particularly for older pipelines. Weld toughness is a good indicator of weld quality, but older welding standards did not require toughness tests to be carried out, so other indicators are required.
Based on published industry practice [3 – 5], the following quality levels are proposed for both seam and girth welds [7, 8]:
Known good quality welds
‘Known good quality’ welds meet all of the material and construction criteria or relevant inspection criteria (selected in relation to a specific dent assessment) in Table 5.
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. Probable good quality welds meet the material and construction criteria 2 – 4 or the relevant inspection criteria (5-6) in Table 5.
Poor quality welds
Poor quality welds are welds where cracking is credible during the denting process. This includes any of the material and construction or inspection criteria in Table 6.
Note:	If it is not clear which category applies to a particular weld, either the worst credible category should be assumed, or expert advice should be sought.
Table 5: Indicators of a ‘good quality’ weld

	Item
	Criterion

	1
	The welds have a Charpy toughness of greater than 30 J minimum and 40J on average from three specimens, at the pipeline’s minimum operating temperature.

	2
	The line pipe was manufactured to API 5L Edition 25 (1970) or later, or equivalent.

	3
	The weld was fabricated to a recognised pipeline welding standard such as API 1104, or equivalent, or as defined in API 5L.

	4
	Records show, or it is considered likely that, a hydrotest has been completed at an internal pressure of at least 1.25 times Maximum Operating Pressure (MOP), and there is no evidence that hydrotest failures were caused by welds.

	5
	Visual and magnetic particle (or similar) inspection of a sample of seam or girth welds (at least 0.1% of the pipes or girth welds in the pipeline) shows a good quality weld with a clean cap, no spatter, no surface-breaking planar flaws, and no undercut.

	6
	Non-destructive testing of a sample of seam or girth welds (at least 0.1% of the pipes or girth welds in the pipeline) using manual shear wave ultrasonic technology (UT), time of flight diffraction (TOFD), or other suitable method shows a low density of anomalies, and no anomalies outside the workmanship limits in a current welding standard.













Table 6: Indicators of a ‘poor quality’ weld

	Item
	Criterion

	1
	Welds of known low toughness (Charpy toughness less than 30 J minimum and 40 J on average from three specimens), or operating temperature less than drop weight tear test transition temperature, or weld is under-matched (the tensile strength of the weld is less than the line pipe, or the yield strength of the weld is less than the line pipe).

	2
	Pipe not manufactured to API 5L or equivalent.

	3
	Welds not fabricated to a recognised pipeline welding standard such as API 1104, or equivalent, or as defined in API 5L.

	4
	Low frequency electric resistance welds, induction welds, flash welds or oxyacetylene welds.

	5
	Welds with a history of causing hydrotest failures.

	6
	Visual and magnetic particle (or similar) inspection of a sample of welds (at least 0.1% of the pipes or girth welds in the pipeline) indicate poor quality weld.

	7
	Non-destructive testing of a sample of seam or girth welds using manual shear wave ultrasonic technology (UT), time of flight diffraction (TOFD), or other suitable method shows a high density of anomalies, or the presence of anomalies outside the workmanship limits in a current welding standard.

	8
	More than 0.1% girth welds have anomalies recorded using Magnetic Flux Leakage (MFL) inspection tool.




[bookmark: _Toc405726822]6		Fatigue Assessment of Dents

[bookmark: _Toc405726823]6.1 	EPRG Model

The fatigue assessment of plain dents is carried out using the EPRG dent fatigue life estimation method, as recommended in PDAM [3]. PDAM recommends that a fatigue life reduction factor of 13.3 is applied to ensure a lower bound prediction is obtained for plain dents, and an additional fatigue life reduction factor of 10 is applied to dents associated with welds. 

The EPRG model is given in A1.1.

An approximate indication of the impact on fatigue life of plain dents is shown in Table 7, for dents associated with welds the fatigue life is reduced by factor of 10. 

Examples of SN curves for dented pipelines based on the EPRG formula are shown in Figure 3. These SN curves relate to dent depths of  2.5%, 5%, 7.5% and 10% OD at varying wall thicknesses assuming a base stress cycle of 125N/mm2.

Table 7 – Impact of Dents on Pipeline Fatigue Life 

	Plain dent depth
% dia
	EPRG Fatigue Prediction as % of 
Fatigue life of Undented Pipeline

	2.5
	10

	5
	2 

	7.5
	1

	10
	0.5



Table 7 and Figure 3 only give an indication of the reduction in fatigue life of dented pipelines, and should not be used for specific dent fatigue assessments.  Where a screening assessment carried out using the EPRG model indicates the fatigue life is exceeded, a more detailed dent fatigue assessment should be carried out or the dent feature should be investigated.

The above fatigue prediction methodology has been developed as an excel calculator for use by UKOPA members [11].

[bookmark: _Toc405726824]6.2	Fatigue Assessment of Dents with Associated Corrosion
For the fatigue assessment of plain dents with associated corrosion of depth up to 20% of wall thickness, it is recommended that the nominal cyclic hoop stress range required as input to the EPRG dent fatigue model is multiplied by the stress concentrations factors (SCF) given in A1.2 [9].

[bookmark: _Toc405726825]6.3	Dent Stress Concentration Factors (SCFs)

Recommended equations for dent stress concentration factors are given in A1.3 [12].

It is recommended that the EPRG model is used to establish a lower bound fatigue life, and the SCF equations given in A1.3 are used in conjunction with the Class B SN Curve from BS 7608 [13] to establish a more realistic fatigue life.

[bookmark: _Toc405726826]6.3	Fatigue life Assessment using Finite Element Analysis (FEA)
The most accurate method to predict dent fatigue life uses a combination of FEA to calculate the stress concentration due to the dent, and an SN curve to estimate fatigue life. It is recommended that expert guidance is sought. The methodology applied should include:
· Use of high-resolution geometry inspection data to produce a finite element model geometry;
· Use of an elastic material model, due to shakedown of the dented material over many internal pressure cycles;
· Use of results for the maximum principal stress as a function of internal pressure;
· Application of 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[13]);
· Calculation of the predicted fatigue life by summing predicted fatigue damage over a known internal pressure history.
Note:	Any fatigue life assessment should be re-evaluated if the fatigue loading caused by internal pressure variations changes significantly: for example, due to changes in valve control systems or product batching arrangements.
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Figure 3 – Examples of Plain Dent SN Curves based on EPRG Formula 



[bookmark: _Toc405726828]Appendix 1 – Dent Fatigue Assessment Models

[bookmark: _Toc405726829]A1.1 	EPRG Model for Plain Dents

The fatigue assessment of plain dents is carried out using the EPRG formula [3]  as follows:-





Where:-
	Nc	  =	Predicted number of cycles to failure
U	  =	UTS
2σA	  =  	equivalent cyclic stress at R = 0, N/mm2
t	  =	wall thickness
Ks	  =	stress concentration factor	

2σA, the equivalent stress at R = 0 is calculated as follows;






Ks  is given by the equation:-




Where:-
D	=	Pipe outside diameter
t	=	pipe wall thickness
R	=	σmin/ σmax
Ho	  =	dent depth at zero pressure
Hr	  =	dent depth at pressure




NOTE:- PDAM recommends that a model uncertainty factor of 13.3 is applied to the calculated fatigue life to ensure a 95% probability of lower bound prediction of test data. 

The fatigue life prediction obtained using the EPRG model for plain dents as detailed above should be reduced by a factor of 10 if the dent is associated with a weld, and then a model uncertainty factor of 13.3 should be applied to the calculated fatigue life to ensure a lower bound 95% one tail confidence level.

[bookmark: _Toc405726830]A1.2	EPRG Model Applied to Dents with Associated Corrosion

To assess the fatigue life of plain dents associated with corrosion of depth up to 20% of wall thickness, the nominal cyclic hoop stress range required as input to the EPRG dent fatigue model is multiplied by the following SCF [9]:


	
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

[bookmark: _Toc405726831]A1.3 	Dent SCF + SN Models

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 [12]. 

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
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; 

		
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:
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