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1: Items Completed During this Quarterly Period:
	Item #
	Task #
	Activity/Deliverable
	Title
	Federal Cost
	Cost Share

	6
	2
	Improvement of Indentation Crack formation Strain Estimates
	Completion of the analysis of FS test data and first set of the FE model data 
	$32,240
	$7,235

	8
	2
	Improvement of Indentation Crack formation Strain Estimates
	Completion of the second set of analysis of the FE model data
	$9,640
	$3,035

	9
	3
	Impact of ILI Dent and Interacting Feature Sizing variation
	Complete first set of analysis on dent shape variation impact
	$46,009
	$11,409

	10
	6
	Project Management and Reporting
	Quarterly Status Report submitted
	$3,500
	$700

	SUBTOTALS: 
	$91,389
	$22,372


2: Items Not Completed During this Quarterly Period:

Not applicable; all quarterly items completed. 
3: Project Financial Tracking During this Quarterly Period:


[image: image1]
4:  Project Technical Status –
	Item #
	Task #
	Activity/Deliverable
	Title
	Federal Cost
	Cost Share

	6
	2
	Improvement of Indentation Crack formation Strain Estimates
	Completion of the analysis of FS test data and first set of the FE model data 
	$32,240
	$7,235

	8
	2
	Improvement of Indentation Crack formation Strain Estimates
	Completion of the second set of analysis of the FE model data
	$9,640
	$3,035

	The objective of the task is to compare dent indentation strains with existing methods, such as ASME B31.8 Appendix R strain criterion, and the Blade Energy Partners simplified model that is used in the Ductile Fracture Damage Indicator (DFDI).  Available data sources for comparing dent strains include lab-created dent samples and finite element dent models.  Tables below outlines the variables used in different full-scale test projects and BMT hypothetical dent model database
Full Scale Test Variables

Variable

Variations

Details

Material

5

 2005 vintage X52 and X70, 1950’s and 1970’s vintage X 52, 1990’s vintage X 70 

Pipe OD

2

24 inch, 20 inch & 18 inch

Indenter Size

8

2 inch, 4 inch, 8 inch, 12 inch, 24 inch, 48 inch semi-elliptical end cap indenters and 4 inch axial bar and transverse bar indenters

Restraint Condition

2

Restrained and Un-restrained

Indentation Pressure

Several 

Pressurized and unpressurized

Indenter Travel

Several

1% OD to 20% OD

Finite Element Modeling Matrix for Hypothetical Models
Parameter
Value
Pipe OD/Wall Thickness (OD/t)
4.5/0.188, 6.625/0.188, 8.625/0.218, 10.75/0.188, 12.75/0.312, 16/0.218, 18/0.25, 18/0.312, 18/0.33, 20/0.281, 24/0.25, 24/0.33, 30/0.25, 32/0.281, 36/0.281, 42/0.42

Pipe Grade
Grade A, X42, X52, X70

Indenter Shapes
4-inch, 12-inch, 18-inch, 24-inch, 30-inch, and 48-inch diameter elliptical, 4-inch and 16-inch diameter spherical, 4-inch and 8-inch diameter transverse bar, asymmetric complex indenter shapes

Indentation Pressure (%PSMYS)
Several 

Applied Indentation Depth (%OD)
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, and 10 for Restrained Dents

5, 10, and 15 for unrestrained dents

Full Scale Test Data

Figures 1-3 compare ASME effective strain with FE equivalent strain. Figure 1 compares all the full scale test indentation strain data. Figure 2 compares restrained dents indentation strain data with strain data at pressure. Figure 3 compares unrestrained dents indentation strain data with strain data at pressure. For restrained dents, since the indenter is in contact with the dent, there is not a significant difference between the strains at indentation with strains at pressure. However, there is a significant difference in the indentation strains and the dent strains at pressure in the case of unrestrained dents as shown in Figure 3. The difference can be attributed to change in dent shape due to elastic rebounding and pressure rerounding after the indenter removal.

[image: image2]
Figure 1. Unity plot of FE Equivalent Strain vs ASME Effective Strains for all dents in the full-scale test database, at Indentation


[image: image3]
Figure 2. Unity plot comparing ASME effective strains of restrained dents in the full-scale test, at Indentation and at pressure


[image: image4]
Figure 3. Unity plot comparing ASME effective strains of unrestrained dents in the full-scale test, at Indentation and at pressure

Figures 4-6 show a similar comparison of Blade Energy Partners simplified model effective strain with FE equivalent strain.

[image: image5]
Figure 4. Unity plot of FE Equivalent Strain vs “Blade Energy Partners Simplified Model” Effective Strains for all dents in the full-scale test database, at Indentation


[image: image6]
Figure 5. Unity plot comparing “Blade Energy Partners Simplified Model” effective strains of restrained dents in the full-scale test, at Indentation and at pressure


[image: image7]
Figure 6. Unity plot comparing “Blade Energy Partners Simplified Model” effective strains of unrestrained dents in the full-scale test, at Indentation and at pressure

Ductile Failure Damage Indicator (DFDI)
The full-scale test data was also used to compare against the DFDI. Simplified DFDI equations have been developed and present the DFDI values in terms of lower and upper bounds.    
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 is defined as the equivalent strain and the [image: image15.png]


 as critical strain at incipient crack formation. The values for [image: image17.png]


 is suggested to be in the range of 0.3 -0.5 for typical pipeline steels. The upper bound represents the more conservative estimate of the DFDI value of a dent. Also, in practice DFDI ≥ 0.6 can be considered as a conservative failure limit instead of 1. The reference failure strain ([image: image19.png]ref



), the strain limit for ductile failure as a function of material critical strain at incipient crack formation ([image: image21.png]


) is in the range of 0.3 – 0.5 for typical pipeline steels 

The plots shown below present the DFDI lower and upper bound values of full-scale test dents, assuming the material critical strain as 0.3 and 0.5. These values have been calculated using the FE equivalent strains. The most conservative combination would entail the DFDI upper bound formulation with critical strain of 0.3 (Figure 9). Under this assumption 3 dents have DFDI value above 1, while considering the more conservative limit of 0.6, 19 dents are critical (Figure 9). If the least conservative option, DFDI lower bound and critical strain 0.5, is considered, then all dents are well below critical limits (Figure 10). It is to be noted that in the full-scale tests shown here none of the dents developed any cracks during indentation.

[image: image22]
Figure 7. DFDI Lower Bound values associated with dents from full scale test database, assuming material critical strain as 0.3


[image: image23]
Figure 8. DFDI Lower Bound values associated with dents from full scale test database, assuming material critical strain as 0.5


[image: image24]
Figure 9. DFDI Upper Bound values associated with dents from full scale test database, assuming material critical strain as 0.3


[image: image25]
Figure 10. DFDI Upper Bound values associated with dents from full scale test database, assuming material critical strain as 0.5

Hypothetical Dents FE Models
Figures 11-14 show a similar comparison of ASME effective strain with FE equivalent strain as was shown in the case of full scale dents. Figures 14-16 show the same comparison for Blade Energy Partners simplified model with FE equivalent strain. 

[image: image26]
Figure 11. Unity plot of FE Equivalent Strain vs ASME Effective Strain for all dents in the BMT FE database, at Indentation


[image: image27]
Figure 12. Unity plot comparing ASME Effective Strain at indentation versus at various pressures, for restrained dents

[image: image28]
Figure 13. Unity plot comparing ASME Effective Strain at indentation vs at various pressures, for unrestrained dents


[image: image29]
Figure 14. Unity plot of FE Equivalent Strain vs “Blade Energy Partners Simplified Model” Effective Strain for all dents in the BMT FE database, at Indentation


[image: image30]
Figure 15. Unity plot comparing "Blade Energy Partners Simplified Model" Effective Strain at indentation vs at various pressures, for restrained dents

[image: image31]
Figure 16. Unity plot comparing "Blade Energy Partners Simplified Model" Effective Strain at indentation vs at various pressures, for unrestrained dents


	9
	3
	Impact of ILI Dent and Interacting Feature Sizing variation
	Complete first set of analysis on dent shape variation impact
	$46,009
	$11,409

	In order to assess the effect of uncertainties associated with ILI caliper data on the PRCI Shape Parameter based fatigue life calculations, a Monte-Carlo analysis was performed on two sets of field dent caliper data. The randomization was performed on the depth, length and width of the dent profiles. The randomization was achieved by generating a million combinations of normally distributed percentage error values, associated with depth, length and width. Two sets of percentage errors were generated, one with standard deviation of 10% and the other with 20%. Then these percentage errors were applied to the dent depth, axial length and transverse length. The values by which these quantities got scaled by the errors, were used to scale the dent profiles. This process resulted in a million unique deformed profiles for each dent in the data sets and PRCI Shape Parameter based fatigue analysis was performed on the million variations of each original dent. 

Data set 1 consisted of 96 single peak dents (75 restrained, 21 unrestrained) on a X52 pipe of OD 323.85 mm (12”OD)and set 2 consisted of 472 single dents (217 restrained, 255 unrestrained) on a X52 pipe of OD 558.8 mm (22”OD). The histograms of the depth, length and width of the original dents in the data sets are given below. 

[image: image32]
Figure 17. Dent depth %OD histogram for Data Set 1- 12” OD (323.85 mm)


[image: image33]
Figure 18. Dent length histogram for Data Set 1 - 12” OD (323.85 mm)


[image: image34]
Figure 19. Dent width histogram for Data Set 1 - 12” OD (323.85 mm)


[image: image35]
Figure 20. Dent depth %OD histogram for Data Set 2 – 22” OD (558.8 mm)


[image: image36]
Figure 21. Dent length histogram for Data Set 2 – 22” OD (558.8 mm)


[image: image37]
Figure 22. Dent width histogram for Data Set 2 – 22” OD (558.8 mm)

The standard deviations of the resulting fatigue life distributions of the randomized dents are plotted in Figures 23 -26. The standard deviations are presented as percentage of the mean of the fatigue life distributions. Fatigue life varies between 5% to 30% depending upon the pipe geometry, restraint condition and percent error. There are currently pull test trials being performed by different ILI vendors on mechanical damage samples. Data from the pull test trials will be used to assign errors in dent depths and lengths and will be subsequently used to evaluate its effect on fatigue life predictions.

[image: image38]
Figure 23. Standard deviation of fatigue life distribution for unrestrained dents from Data Set 1 12” OD(323.85 mm)


[image: image39]
Figure 24. Standard deviation of fatigue life distribution for restrained dents from Data Set 1 12” OD (323.85 mm)


[image: image40]
Figure 25. Standard deviation of fatigue life distribution for unrestrained dents from Data Set 2 22” OD (558.8 mm)


[image: image41]
Figure 26. Standard deviation of fatigue life distribution for restrained dents from Data Set 2 22” OD (558.8 mm)



	10
	6
	Project Management and Reporting
	Quarterly Status Report submitted
	$3,500
	$700

	This document is the quarterly status report.  




5: Project Schedule 
The project is currently on schedule. 
Page 2 of 4
Contract 639JK31910011

[image: image42.png]Quarterly Payable Milestones/Invoices - WP818 - Improve Dent Cracking
Assessment Methods

— 540,244
Quarter#1 m $8,104
— 534,040
Quarters m— 550 = OTAProjected
Invoice
— _
Quarter #3  mm— 557040 w Actual Invoice

550,149
Quarter #4 —S $91,389

— 561,737
Quarter #5 s

—
Quarter #6 $51,99

—
Quarter #7 $46,317

— 521,862
Quarter #8

]
Other Milestones $2,000

Invoice Running Total e —— 160,173

Total Project Amount
e ————————— 353,08

Remaining Amount Not Yet

————————————————————
Invoiced $183,911

S- $50,000  $100,000 $150,000 $200,000 $250,000 $300,000 $350,000 $400,000



[image: image43.jpg]as % of Mean of fatigue life distribution

2

20 .

15

- RPN,
s NV ROCGET I

©10% Standard Dev. Error Distribution

150 200
DentID

©20% Standard Dev. Error

250

istribution

300



[image: image44.jpg]as % of Mean of fatigue life distribution

©10% Standard Dev. Error Distribution

150 200
Dent D

©20% Standard Dev. Error

250

300



[image: image45.jpg]Standard Deviation of Fatigue Life DI

2

20 .

15

9% of Mean of fatigue life distribution

©10% Standard Dev. Error Distribution

a0 50 60 70
DentID

' 20% Standard Dev. Error Distribution

80



[image: image46.jpg]35

30 g0 e 4

25

20

ue life distribution

10

Standard Deviation of Fatigue Life Distribution
as % of Mean of fati

©10% Standard Dev. Error Distribution

15 20
Dent ID

#20% Standard Dev. Error Distribution

2



[image: image47.jpg]No. of dents

35

25

20

15

10

550

(50, 60]

(60,70] (70, 80]
Dent Width (mm)

(80, 90]

(90, 100]



[image: image48.jpg]No. of dents

P77 S (S

5 A

o—.- —
SEFEsegesEs e
Fe&ssseees

2

Dent Length (mm)




[image: image49.jpg]No. of Dents

250

150

100

505 (051 (1,15 (152 (2,25 (253] (3,35]
Depth %0D




[image: image50.jpg]No. of dents

35

25

20

15

10

<50

(50, 60]

(60,70]  (70,80]
Dent Width (mm)

(80, 90]

(90, 100]



[image: image51.jpg]No. of dents

b

5

0 —-- IIII.—

o N N N N N N N Y N
R s

Dent Length (mm)




[image: image52.jpg]No. of dents
S 5 8 % 8 &

D 1D 9D 4D D D D
33D D 2D 1D 1D D B D
°1‘> \»” PRSI P e e e e

Dent Depth %0D




[image: image53.jpg]0.25

@
2

g

8

&

= o2

]

H © At 30%PSMYS Pressure, after
2, 90%PSMYS Max Pressure

£ 32015 ©  At50%PSMYS Pressure, after
I3 90%PSMYS Max Pressure
a8 © At 70%PSMYS Pressure, after
g% 01 90%PSMYS Max Pressure
£3

& Unity Line

&

2 005

& — —20% Error Band

k)

e

0 0.05 0.1 0.15 0.2 0.25
“Blade Energy Partners Simplified Model" Effective Strain at Indentation



[image: image54.jpg]0.4
0.35

0.3 o At30%PSMYS Pressure, after

90%PSMYS Max Pressure

©  At50%PSMYS Pressure, after
90%PSMYS Max Pressure

© At 70%PSMYS Pressure, after
90%PSMYS Max Pressure

0.25

0.2

0.15

Unity Line

Effective Strain at Pressure

— —20% Error Band

lade Energy Partners Simpli

0 0.1 0.2 0.3 0.4
“Blade Energy Partners Simplified Model" Effective Strain at Indentation



[image: image55.jpg]FE Equivalent Strain

e

°

e

°
S

e

°

°

0.1 0.2 03 0.4 05 0.6
d Model” Effective Strain

“Blade Energy Partners Simpl

— —Unityline — —20% Error Band

07



[image: image56.jpg]0.25

o
5 02
2 © At 30%PSMYS Pressure, after
& 90%PSMYS Max Pressure
£ 015 ©  At50%PSMYS Pressure, after
£ 90%PSMYS Max Pressure
2 ©  At70%PSMYS Pressure, after
g o1 90%PSMYS Max Pressure
E Unity Line
2005
= — —20% Error Band

0

0 0.05 0.1 0.15 0.2 0.25
ASME Effective Strain at Indentation



[image: image57.jpg]0.3

°
B
b

© At 30%PSMYS Pressure, after
90%PSMYS Max Pressure

©  At50%PSMYS Pressure, after

Strain at Pressure
°
o

- 90%PSMYS Max Pressure
K ©  At70%PSMYS Pressure, after
g 90%PSMYS Max Pressure
£ 01
& Unity Line
z
< 0.05

2 — —20% Error Band
0

0 0.1 0.2 0.3
ASME Effective Strain at Indentation



[image: image58.jpg]FE Equivalent Strain

e

°

°

°

01 02

03 04 05

ASME Effective Strain

— = Unity Line

— = 20% Error Band

0.6

07



[image: image59.jpg]DFDI

DFDI Upper Bound €0 = 0.5, FE Equivalent

Strain
12
PR SRS S e R e L B B
08
—— S —— — — o — .
06 S0 00—
oo o % o °®
04 @ o0 o
oo % 0° o0 &
0.2 ® o o
' 6 00
- ° o o
0 10 20 30 20 50
DentID

— — Conservative Cracking Limit ~ — — Cracking limit



[image: image60.jpg]DFDI

DFDI Upper Bound €0 = 0.3, FE Equivalent
Strain

0 10 20 30 a0
DentID

— — Conservative Cracking Limit = = Cracking limit

50



[image: image61.jpg]DFDI

DFDI Lower Bound €0 = 0.5, FE Equivalent

Strain
12
£ 9 S [ P S ———
08
T, SRR (S RSN PSS
04
= 00
o0 o® oo o 0o
o0
02 | 00 o5 % 0° oo % o
© 000 .0
00 000 o070
% ° [ty
o 10 20 30 20 50
Dent ID

— — Conservative Cracking Limit ~ —— — Cracking limit



[image: image62.jpg]DFDI

DFDI Lower Bound €0 = 0.3, FE Equivalent
Strain

Dent ID

— — Conservative Cracking Limit ~ — — Cracking limit



[image: image63.jpg]“Blade Energy Partners Simplified Model" Effective

Strain at Pressure

0.25

0.2

015
01
0.05
0
0 0.05 01 015 02 025
"Blade Energy Partners Simplified Model” Effective Strain at
Indentation

Unityline = = 20% Error Band



[image: image64.jpg]0.25

0.2

2o
=i
E=
G% oa
ga

S oo
i
:

0 0.05 0.1 0.15 0.2 0.25

“Blade Energy Partners Simplified Model” Effective Strain at
Indentation

UnityLine  —— —20% Error Band



[image: image65.jpg]FE Equivalent Strain

0.5

0.2

0.15

0.1

0.05

0.05 0.1 0.15
ied Model” Effe

"Blade Energy Partners Simpl

UnityLine — —20% Error Band

0.25



[image: image66.jpg]ASME Effective Strain at Pressure

0.5

0.2

0.15

0.1

0.1 0.15

ASME Effective Strain at Indentation

UnityLine — — 20% Error Band

0.25



[image: image67.jpg]ASME Effective Strain at Pressure

0.5

0.2

0.15

0.1

0.05

0.05

0.1 0.15

ASME Effective Strain at Indentation

UnityLine — —20% Error Band

0.2

0.25



[image: image68.jpg]FE Equivalent Strain

025

02

01s

01

005

005 01

—— UnityLine

015
ASME Effective Strain

— = 20%Error Band

02

025



