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[bookmark: _Toc126673740]Executive Summary
UKOPA actioned two research projects to investigate the performance of girth welds in pipelines constructed before 1972:
1. Fatigue testing of 10 small scale specimens taken from the pipeline weld samples, and comparison of the results with published S-N Curves carried out by the University of Strathclyde, and
2. Comparison of the fatigue performance of old girth welds and equivalent current standard pipeline welds, and an investigation of the type and size of defect in old pipeline girth welds which may pose a threat to pipeline integrity carried out by Swansea University.
This report summarises the results of the fatigue study carried out by Swansea University.
[bookmark: _Toc126673741]Conclusions
[bookmark: _Hlk124780825]The results of the Fatigue tests carried out in the University of Strathclyde and Swansea University studies show that the fatigue performance of fatigue specimens taken from pre-1972 pipe-weld samples meet current fatigue S-N design criteria.
The fatigue test results obtained from both studies are conservative, as the specimens tested were taken from pipe-weld samples from pipelines which had been in operation for more than 40 years. 
The Swansea University study confirms that the fatigue performance of welds containing weld quality defects typical of the welding standards applied to the fabrication of pre-1972 pipelines is acceptable to current fatigue design criteria.
[bookmark: _Toc126673742]Introduction
Swansea University carried out a study to compare the fatigue performance of historical (pre-1972) girth welds with that of girth welds fabricated and inspected to current pipeline standards. The study utilised the remaining sections of the pipeline weld samples provided for the destructive material testing carried out by Metamet Consultants for UKOPA to investigate the fatigue performance of historical welds. The study used samples taken from historical girth welds from the UKOPA weld quality project, and also compared the results obtained from samples containing defects with those containing no detectable defects, in order to  investigate of the type and size of defect in old pipeline girth welds which may pose a threat to pipeline integrity. The study carried out by Swansea University took account of the fatigue test data from the University of Strathclyde study.

[bookmark: _Toc126673743]Description of Experimental Studies
Four full scale pipe – weld specimens from the UKOPA weld quality project samples were sourced from the samples provided by UKOPA to Metamet Consultants for testing. 
A description of the experimental studies is given in Appendix 1.
Details of the samples, which were selected to ensure consistency in the testing, are given in Table 1.
	Specimen
	B
	C
	D
	E

	Commissioned
	1970
	1970
	1970
	1969

	Pipe Type
	ERW
	ERW
	ERW
	ERW

	Grade 
	X52
	X52
	X52
	X52

	Diameter (mm)
	324
	324
	324
	273

	WT (mm)
	6.57
	6.45
	7.33
	7.28

	Weld type
	MMA
	
	
	

	Parent CE
	0.22
	0.15
	0.24
	0.28

	Weld CE
	0.16
	0.19
	0.18
	0.18

	Parent HV
	157.67
	160.67
	172.33
	186.67

	HAZ HV
	153.67
	162.00
	182.33
	217.67

	Weld HV
	195.33
	169.67
	155.00
	199.67

	Elongation
	15.0
	0.0
	9.5
	9.5

	Min Specified UTS (MPa)
	460
	
	
	

	Measured UTS (MPa)
	481
	385
	497
	591

	SMYS (MPa)
	358
	358
	358
	358

	AYS (MPa)
	258
	258
	258
	258


Abbreviations:
CE Carbon equivalent
HAZ Heat affected zone
HV Vickers hardness
AYS Allowable Yield stress
[bookmark: _Ref126611582]Table 1 Detailed of Pipe-Weld Samples used in the Swansea University Study
Three of the samples were commissioned in 1970 with 324 mm diameter and measured wall thicknesses of 6.57, 6.45, and 7.33 mm. One sample was commissioned in 1969 with 273 mm dia and measured wall thickness 7.28 mm. All samples were material grade X52.
All of the pipelines from which the samples were taken were used for gas transportation, so would not have experienced the more onerous pressure cycles typical of liquid pipelines. The samples were X-rayed to identify defects, and small scale specimens were then machined so that identified defects were located at the centre of the specimen. The defects are listed in Table 2. Based on the literature review carried out as part of the study, greater focus was given to external defects such as lack of penetration and misalignment. 
	External
	Code
	
	Internal
	Code

	Cold lap
	Lap
	
	Porosity
	Por

	Pack of penetration
	LOP
	
	Cluster porosity
	Cpo

	Suck Back
	SB
	
	Incomplete fusion
	IFu

	Root undercut
	RU
	
	Crack longitudinal
	CrL

	Crown undercut
	CU
	
	Crack Transverse
	CrT

	Offset
	Off
	
	Worm hole
	Wor

	Mill variation
	MV
	
	Inclusions
	Inc

	Poor cap profile
	PCP
	
	

	Excess cap height
	ExC
	
	

	Excess penetration
	ExP
	
	

	Burn through
	BT
	
	

	Spatter
	Spa
	
	

	Poor stop- start
	PSS
	
	

	Incomplete cap filler
	ICF
	
	


[bookmark: _Ref126611606]Table 2 Defects in fatigue specimens tested in the Swansea University Study
It is noted that the defects included in the pipe weld samples were identified through inspection as being representative of the workmanship quality required by welding standards at the time of construction.
15 fatigue specimens were taken from the full scale pipe – weld samples, the defects present in each specimen were as follows:
	Specimen
	Defects

	[bookmark: _Hlk24013481]B1
	LOP, Off, BT, PSS, Por, Wor

	B2
	LOP, Off, Spa, CrL&T, Inc, Por

	C1
	LOP

	C2
	LOP

	C3
	LOP

	D1
	CrL, Por

	D2
	Cpo, RU, CU, 

	D3
	PCP, ExP&C, LOP, IFu, ICF, RU

	D4
	CrL, IFu, Por, Wor, ExC

	D5
	CU, Por

	D6
	SB, RU, LOP

	E1
	IFu, Spa, Por, MV, CU

	E2
	Wor, Spa, Lap, MV

	E3
	Exp, RU, CrT, MV

	E4
	LOP, Off, ExC, CRL&T, Lap, PCP, MV, Spa, Por, Inc


Table 3 Details of Weld Quality Defects in Fatigue Specimens Tested in the
Fatigue testing was carried out using a stress range based on analysis of pipeline pressure data for liquid pipelines provided by UKOPA operators:
Maximum stress	180 MPa
Minimum stress		80 MPa
R-Ratio			0.44
Loading			Sine wave, 15 Hz (equivalent to that applied in the Strathclyde fatigue tests)
The calculated circumferential pressure was used to characterise the fatigue stress cycle. 
[bookmark: _Toc126673744]Fatigue Test Results
Fatigue results were plotted on the BS 7608 [1] E SN curve. The maximum number of cycles used to define the end of test in event of no failure was 1.2x106, which ensured that run outs were above the mean E SN Curve.
Note: Two of the fatigue tests were conducted with an increased maximum stress of 250 MPa, R Ratio of 0.32, to represent multiple surge pressures. The first test was carried out using the same test methodology (sine wave loading, 15 Hz), the second test investigated increased dwell time at the maximum pressure at a lower frequency (trapezoidal wave, 1 Hz) to provide a more accurate representation of pipeline fatigue stresses. 
The fatigue test results are given in Table 4.
	Specimen
	Loading
	Stress (MPa)
	Cycles
	Comments

	B1
	Sine, 15 Hz
	180
	3.2E+05
	Fractured

	B2
	Sine, 15 Hz
	180
	2.4E+05
	Fractured

	C1
	Sine, 15 Hz
	180
	3.8E+06
	Run out

	C2
	Sine, 15 Hz
	250
	1.2E+06
	Run out

	C3
	Trap, 1 Hz
	180
	1.9E+05
	Stopped*

	D1
	Sine, 15 Hz
	180
	1.4E+06
	Run out

	D2
	Sine, 15 Hz
	180
	2.0E+06
	Run out

	D3
	Sine, 15 Hz
	180
	1.6E+06
	Run out

	D4
	Sine, 15 Hz
	180
	1.2E+06
	Run out

	D5
	Sine, 15 Hz
	180
	1.2E+06
	Run out

	D6
	Sine, 15 Hz
	180
	1.2E+06
	Run out

	E1
	Sine, 15 Hz
	180
	7.5E+05
	Stopped*

	E2
	Sine, 15 Hz
	180
	1.2E+06
	Run out

	E3
	Sine, 15 Hz
	180
	7.7E+05
	Stopped*

	E4
	Sine, 15 Hz
	180
	1.0E+06
	Fractured


			Notes: C3, E1 & E3 – stopped due to test rig issues
[bookmark: _Ref126611688]Table 4 Fatigue Results obtained in Swansea University Study
The fatigue test results are plotted in Figure 1.
[image: Chart
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[bookmark: _Ref126611416]Figure 1 Swansea University Study – Fatigue Test Results Plotted on the E S-N Curve
Full details of the study are given in [2] including microscopy of the specimen fracture surfaces and scanning electron microscope images and CT scan of the defects.
Reference 2 includes a matrix which compares the defects in the fatigue specimens with the fatigue results, shown in Figure 2.
[image: Chart
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[bookmark: _Ref126611432]Figure 2 Swansea University Study – Fatigue Specimen Defect Matrix
This assessment shows that the two major defects which were present in all the three fractured specimens were misalignment and lack of penetration. It is noted [2] that similar misalignment and lack of penetration defects were present in specimens which did not fail.
The results of the Swansea University study confirm that the fatigue performance of specimens taken from historical girth welds which includes defects typical of weld quality at the time of construction meet current fatigue design SN curves [1]. All test results survived the E SN curve design line (mean – 2SD). The two specimens which fractured below the mean E curve (B1 and B2) both included misalignment and lack of penetration defects. 
Full details of the literature review, experimental studies, and results including examination of defects, microscopy and scanning electron microscope (SEM) and computerised tomography (CT) scan results and the results of a finite element analysis (FEA) study to simulate the stress cycle experienced in a misaligned pipe are given in Appendix 2.
[bookmark: _Toc126673745]Conclusions
The results of the Fatigue tests carried out in the University of Strathclyde and Swansea University  studies show that the fatigue performance of fatigue specimens taken from pre-1972 pipe-weld samples meet current fatigue S-N design criteria.
The fatigue performance of specimens taken from historical girth welds which includes defects typical of weld quality at the time of construction meet current fatigue design SN curves [1]. All test results survived the E SN curve design line (mean – 2SD). 
The two specimens which fractured below the mean E curve (B1 and B2) both included misalignment and lack of penetration defects. 
The fatigue test results are conservative, as the specimens tested were taken from pipelines which had been in operation for more than 40 years. 
References

[1] 	“BS 7608 Guide to fatigue design and assessment of steel products,” British Standards Institution, 2014.
[2] 	J. York-Fisher, Fatigue Assessment of Historic Weld Defects in Pipelines, Swansea: Swansea Univeristy, M2A, Valero, UKOPA, EPSRC, ESF, 2018. 






[bookmark: _Toc126673747][bookmark: _Hlk124786486]Appendix 1 Description of Experimental Studies
The description of the fatigue testing carried out by Swansea University is given in the file below, which is provided as an attachment to this report. This presentation was given by MSc Student Joe York-Fisher to UKOPA.


 



[bookmark: _Toc126673748]Appendix 2 Experimental Results
The research work was carried out as an MSc study by Swansea University student Joe York-Fisher. The MSc Thesis prepared by Joe York Fisher is given in the file below, which is provided as an attachment to this report.

Appendix 2 Experimental Results	Page 1 of 12	
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Background

Vintage welds (pre-1972) assumed to be “poor quality”

Conservative assumptions and high safety factors

Previous research:

Contain defects

Passed all metallurgical and mechanical tests (fatigue not tested)

Potentially fit for continued service

No Faults since 1993
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Is the 1972 “poor quality” cut off point necessary?

Do these defects mean the joint is not fit for service?

Is there evidence of in-service fatigue growth?

Why have there been no more girth weld faults since 1993?

3



Project Aims

Asses whether current historic pipelines need to be replaced/deserve their current safety factor



Discern key types of defects that pose the greatest danger to the fatigue life

Overview potential threats to fatigue life
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Method

Leftover sections from previous investigation



X-ray radiography to locate/identify defects



Fatigue test using “in-service” stress profile



Analysis: 

E-curve, microscopy, SEM/EDS, CT-Scans, FEA



Conduct investigation in a conservative manner
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Literature Review Conclusions

Other international investigations show evidence that a safety factor of 10 is not necessary

Expected that external macro defects would have the biggest impact 



Factors that could explain the longevity:

Weldment overmatching

Relaxation of residual stresses from cyclic loading

Rounded pores/inclusions impeding crack propagation





2017				      ‹#›			  www.ukopa.co.uk





6



Results: Defect-Sample Comparison
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Discussion



Conservative measures taken included: 

Stress range from liquid pipeline

Hoop stress applied axially

Focus on largest defects

Surge pressures tested

Dwell fatigue conducted

Analysis of results using BS7608 E-Curve
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Results: Fatigue
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Discussion

All fatigue results were above -2SD ‘design’ line



Only two results fractured below the mean line; the order of fracture was surprising



Main defects present in fractured specimens: 

Misalignment

Lack of penetration



Misalignment produced artificially high stress
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Results: FEA









2017				      ‹#›			  www.ukopa.co.uk





11



Discussion: Fracture Surface

Ratchet marks indicated that none of the initiations occurred internally or artificially

Internal defects contained expected elements

Specimen which fractured above mean, had multiple pores on fracture surface

The two below-mean fractures had no signs of internal defects on the crack propagation path



Wormholes easily mistaken for pores
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Results: Microscopy Ratchet Marks
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Results: SEM/EDS Internal Defects
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Results: SEM/EDS
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Results: SEM/EDS







2017				      ‹#›			  www.ukopa.co.uk





16



Results: CT-Scanning, Worm Hole
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Discussion: Three Extra Tests

Extra tests:

Two to explore milling variation

One to consider surge pressures



All fractured above mean line



Surge test of approx. +40% stress, conducted on the most defected surviving specimen;

Surge fatigue life fractured above mean

Combined with previous tests puts result above +2SD





2017				      ‹#›			  www.ukopa.co.uk





18



Results: Fatigue
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Conclusions

One cycle represented approximately one day, therefore with a safety factor of 10 applied:

95% probability that heavily defected X52 pipelines will last at least another 49 years

Most results above mean line ~ 156 years



Most significant defects are external and visually obvious
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Possible Future Work

Further research into effects of individual and combinations of defects

Future projects including misalignment should take steps to mitigate excess stress, e.g. rigs that can misalign their grips

Laser-speckle strain testing

Investigate internal defect interaction:

1Hz. Frequency, for beach mark interaction

Use of in-situ tensile/CT-scanning systems

Synchrotron Diamond Light Source, for rapid analysis
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Thank You For Your Time

Any Questions?





2017				      ‹#›			  www.ukopa.co.uk



image4.jpg

@

Swansea University
Prifysgol Abertawe






image5.jpg

MATERIALS AND MANUFACTURING ACADEMY






image6.png

A S

VALERO






image7.jpg

* *
* *
* *
* 4 *
UNDEB EWROPEAIDD Llywodraeth Cymru
EUROPEAN UNION Welsh Government

Cronfa Gymdeithasol Ewrop
European Social Fund






image8.jpg

EPSRC

Engineering and Physical Sciences
Research Council






image9.png

ixternal Defects|iivip
Lap
LOP (mm)
SB
RU
c
Off (mm)
MV (mm)
pcp
EXC (% Ex)
ExP
BT (mm)
Spa
PSS (mm)
ICF
Internal Defects|
Por (No.)
CPo
IFu (mm)
cri (mm)
T (mm)
Wor (mm)
Inc

2

D_1

Total Defects 3
Fracture Order
at 180MPa

Final Cycle
Count (100k)

3







image10.png

Stress (logMPa)

BS7608 E-Curve Fatigue Results

400 —— E-Curve Mean
360 -25D
S | A S S St S O (S +25D
280 Target 180MPa
Target 126406
D_3+(250MPa) —5X Q- C_2(250MPa)
240 w1
—%—B_2
200 -
. —o-c1
O
—©@—C_2 (250MPa)
160
—@—C_3Trap
) —e—D 1
N E2 T
120 e . —e—D_2
—e—D3
e T —e—Da4
—e—D5
80 —e—D56
—%— D_3+(250MPa)
—o—E1
]
—o—E3
—x—E4
—X—E_1+
40
1.0E405 5.0E405 1.0E+06 5.0E+06 108407 % E 3%

Cycles (logN)






image11.png

p

kk) FEA, Stress Concentration (MPa) in Off/LOP Welded Dog-Bone Specimen






image12.png

A Statc Structural
Equivlent Stess

Type: Equialent (von- Mises)
UnitPa

1227208

1022768







image13.png

Cap Side







image14.png







image15.png







image16.png







image17.png

C K series Fe K series Mn K series

0 K series S Kseries Si K series

Tom Tom

Ti K series

Tom

element overlay, specimen E_4, locatio,






image18.png







image1.jpeg







image2.png

United Kingdom Onshore Pipeline Operators’ Association






image3.png

UKOPA

United Kingdom

Onshore Pipeline Operators' Association








image1.png
United Kingdom Onshore Pipeline Operators’ Association




image2.png




