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Summary:

The current research utilizes a direct non-cyclic technique to generate elastic shakedown

boundaries for locally thinned-wall long radius 90°pipe bends. Wall thinning is located
once at intrados, once at extrados and once at crown. The pipe bend is subjected to the
simultaneous effect of steady internal pressure spectrum and cyclic in-plane bending
moments. A parametric study is conducted to investigate the effect of thinning depth and
thinning location under both cyclic in-plane closing and opening modes of bending on
shakedown boundaries. Assessment procedures adopted in the well-known Fitness-for-
Service standard, API 579-1/ASME FFS-1, to assess structural integrity of defective pipe
bends against fatigue and ratcheting failures are compared with the results of the direct
non-cyclic technique.






Acknowledgments

First and foremost, I am extremely grateful for ALLAH for showing blessing
in completion of this thesis. In reality, no words can express my gratitude for

ALLAH for supporting me and being on my side all the time.

Great thanks to my supervisors and my second family Prof. Dr. Mohammad
M. Megahed and Ass. Prof. Dr. Hany F. Abdalla, for their guidance during the
course of this thesis. I consider myself very lucky to have worked with my
supervisors in my first research endeavor. This experience has taught me

considerably innovative ways of problem solving.

I would also like to appreciate the continuous help of all of my friends and
colleagues, especially engineers Mohamed Abdel-Aal, Ahmed Gaber and
Youssef Hafiz.

Thanks to the unwavering support of my parents, brother and sister. Special
thanks to my wife and son Mohamed who have been a great source of motivation
for me. I know that I have been heavily preoccupied in the last period, but all
members of my family know how much I love all of them, and I hope they will be

proud of me.

Thanks and appreciation to all who supported me.






Table of Contents

ACKNOWIEAZMENLS.......coviieiiieiie ettt et stee e s e e e enaeens 1
Table Of CONLENLS ......eoiuiiiieiie ettt st et saee e ens 1ii
LSt OF TADIES ..ottt e vii
LISt OF FIZUIES .ttt et et e e e e eneeas X
NOMENCIATUTES ....eiiiiiiiiiiteee ettt XX1
ADDTEVIATIONS ...ttt ettt ettt st st Xxiil
ADSITACT ...ttt XXV
CHAPTER 1 oottt st 1
INErOAUCTION ...ttt 1
L1, INtrOAUCTION ...ttt 1
1.2. Rationale for Investigation and Scope of Work .........cccoecvvveiiiiniiennnnnne. 12
1.3, Thesis OrganiZation..........ccueecueeieeriienieeieeiiesee et esiee et 13
CHAPTER 2 .ottt 15
LIterature SUIVEY ....ccuiieiiieeiie ettt ettt eae e st e e ta e e saseeeteeesnseesnseeennns 15
2.1.  Shakedown Limit Load Determination ............cceeceevvureveenieeneenienieeene 15
2.2. Locally Thinned-Wall Pipe Bends under Cyclic bending Load .............. 19

2.3. Locally Thinned-Wall Pipe Bends under Steady Internal Pressure and/or

MoONOotoNiC BENAING .......cccuviiiiiiiiiieiiieciie ettt 21
CHAPTER 3 .ot 25
Development and Verification of FE Model ..........c.cccoviiiiiiiiiiicieciece 25

3.1 INErOAUCHION ...t 25

3.2. Description of Lee et al. Experimental Work............cccoooiveiiiiinieennnnne 25

il



3.3. Finite Element Modeling...........cccocuieiiienieniiiiieieeeeeecee e 31

3.4. FE Model Predictions of (F' — 0) Response........ccoeeevveeeiiieniieeiieenen, 38
3.5. Plan of Present Investigation............ccccueeeviiieniieeiieeiie e 44
CHAPTERAY ...ttt e 47
Limit Bending Moments for Pressurized Locally Thinned-Wall Pipe Bends....... 47
4.1, INtrOAUCTION ..ottt 47
4.2.  Adjustment of the FE Model...........cccoooiiiiiiiiiiiieeeeeeeee e 49
4.3. Determination of Limit MOMENt ..........cccueeiiiiiiiiiiiiiieieceeeeee e 50
4.4. The global load-deflection (M — (D) CUTVES ..o 51
4.5. The Generated Limit Load Boundaries.............cccccoovvvveeeiiiieiiiiee e, 60

4.6. Validation of Limit Loads via Kim Y.J and Oh C.S. [86] Closed-form

SOTULION L.ttt sttt sttt 66
CHAPTER S .ottt 67
Shakedown Moments for Pressurized locally Thinned-Wall Pipe Bends............. 67

5.1 TNErOAUCHION ..ottt e 67

5.2.  The Direct Non-cyclic Technique ............cccveeiiieciieiiieeiecee e 68

5.3.  The Generated Elastic Shakedown Boundaries............cccccevvenienienncennee. 72

5.4. Generation of Elastic Boundaries...........coceevieriiniiiniiniiniciieeieeeeee, 81

5.5. Verification of Elastic Shakedown Limit Results via Full Elastic-Plastic

Cyclic Loading FE ANalySes ........cccoverieriiiiieiieiiecie et 86
5.6.  Comparison with API 579-1/ASME FFS-1 Procedures ..........cccccouue...e. 95
5.6.1.  Elastic ROULE......couiiiiiiiiiiiiccceeee e 98
5.6.2. Elastic-Plastic ROULE..........cooiiiiiiiiiiiiiiecceeeee 102

v



CHAPTER 6 ... 103

Discussion Of RESUILS ......cc.coiuiiiiiiiiiiiiiieicece e 103
6.1, TNIrOAUCHION ...uveiiiiiiiiiiciccee e 103
6.2. Stresses at the Pipe Bend Mid-Section............cccovveieniiiniieniieciieeien, 104

6.2.1.  Stress Distributions under Pure In-plane bending.............cccceeen.e.. 104
6.2.2.  Stress Distributions under Pure Internal Pressure .............ccccc....... 110
6.3. Influence of Thinning Location on Shakedown Behavior ..................... 112
6.3.1. Case of Thinning at the Intrados: .........cccceeevvivvieiiiieniieee e, 115
6.3.2. Case of Thinning at the EXtrados: ........ccccccevvvviiieiiiieniieciieceeeen 116
6.3.3. Case of Thinning at the Crown:..........cccceeviiieeiieeniieenieeeee e 117

6.3.4. Influence of Thinning Depth on Reduction of Shakedown Domain118

6.4. Influence of Bending Direction on Limit Boundaries...............c...c........ 121
6.5. The Generated Bree Diagrams .............cccceevuieriienieeiieenieeniienieeie e 124
CHAPTER 7 oot 127
Conclusion and Recommendations.............coceevieriiiieiiiiniienienccceeeeee 127
7.1, CONCIUSIONS ..ottt s 127
7.2.  Recommendations for Future Work .........c.cccoccooiiiniiniiniiiniiicee 130
RETRIENICES ...t e 131
APPEIIAICES ...ttt ettt ettt e et e et e et aeeenbeeebeeebaeeenbaeen 141
APPEIIATX (A) oeieeiiieeiieeeite ettt te et e st e e steeetteesateessbeeesaeenseeensseesnseeasaeensseeans 143
APPENAIX (Bt et e aa e e en 151






List of Tables

Table 1.1: Summary of selected four failure case studies due to wall thinning ....... 9
Table 3.1: Properties of material for Lee et al. [21] test specimens ...................... 26

Table 3.2: Monotonic bending loading modes and geometric thinning parameters

employed within the FE verification study (Lee et al. [21])..c.ccooveviieiiiniiniieee 29
Table 3.3: Geometric parameters of Lee et al. [21] test specimens....................... 32

Table 3.4: Thinned region shell element thicknesses defined at Lee at al. [21]

verification FE SIMulations ...........cccoociieiiiiiiiiiie e 33
Table 3.5: Meshing data adopted within the FE verification simulations ............. 34
Table 3.6: Comparison between Lee et al. [21] test results and FE predictions.... 38

Table 3.7: Major thinning geometric parameters, thinning location and cyclic
bending loading modes concerning shakedown investigation of thinned-wall pipe

bends analyZed ........cceoeeiiiiiiiee e e 45

Table 3.8: Shell element thickness distribution in thinned region adopted in the

CUITENE TNVESTIZATION .....eieiiiieiieeeiieeeite ettt e et ee et e et e e tee et eesnteeeaeeesnbeesnneeeneeas 45
Table 4.1: Limit pressure and limit moment of a defect-free pipe bend ............... 49

Table 4.2: A comparison between IPC and IPO moment plateaus for defect-free

(sound) pipe bends at different pressure levels..........ccceeviieeiiieiiiiiniiieieeeee, 54

Table 5.1: Detailed information concerning the selected four loading points for

VALIAATION . e e 88

Table 5.2: Selected shakedown boundaries exemplary adopted to illustrate elastic

TOULE PTOCEAULE .....vieviieiieeiieeiie ettt e ette st e ste e bt eteesteesseeesaeseseenseenseeseesssesnseenseenseens 99

Table 6.1: Reduction in shakedown areas at intrados, extrados, and crown for the

thinning percentages analyzed ...........ccoooviviiiiiiiiiiiiiiiececeee e 119

vii



