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Abstract:  

Pipe elbows (bends) are considered critical pressurized components in the piping systems and 

pipelines due to their stress intensification and the effect of bend curvature. They are prone and 

hence more exposed to different corrosion failure modes than straight pipes. Late detection of 

such elbow damages can lead to different dangerous and emergency situations which cause 

environmental disasters, pollution, substantial consumer losses and a serious threat to human life. 

A comprehensive safety and reliability assessment of pipe elbows, including usage of prediction 

models, can provide significant increases in the service life of pipelines. It is well known that the 

limit pressure is an important parameter to assess the piping integrity. In this paper, the integrity 

assessment of damaged pipeline elbows made of API 5L X52 steel was done within the 

framework of numerical modeling using the finite element method (FEM) and finite element 

analysis (FEA). The evaluation of numerically FEM modeled limit pressure in the corroded 

elbow containing a rectangular parallelepiped-shaped corrosion defect with rounded corners at 

the intrados section was done and compared to different codes for calculating limit pressure. 

Moreover, the area with the corrosion defects with different relative defect depth to wall 

thickness ratios was FEM modeled at the intrados section of the pipe elbow where the highest 

hoop stress exists. The results showed that the codes for straight pipes could not be applied for 

the pipe elbows due to the significantly higher error in the obtained limit pressure value compared 

with numerically FEM obtained results. However, the results for modified codes, adapted for the 

pipe elbow case using the Goodall formula for calculation of the hoop stress in pipe elbows with 

defects are pretty consistent with the numerical FEA results. The notch failure assessment 

diagram (NFAD) was also used for the straight pipe and pipe bends with different corrosion 

defect depth ratios, while the obtained critical defect depth ratios further highlighted the 

criticality of pipe elbows as an essential pipeline component. 

Keywords: Pipe elbow, Corrosion, Limit pressure, Codes, FEA. 
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1. Introduction 

In the hydrocarbons processing industry, pipelines are essential components to transport 

energy in the safest way in large volumes over large distances. Consequently, the structural 

integrity, high reliability, and effective maintenance of pipelines take the highest importance 

due to the critical role of pipelines in global economic and environmental safety. In recent 

decades, the use of crude oil and natural gas has increased faster which leads to the need for 

modifications, implementation of improved maintenance strategies, and extension of existing 

pipeline systems. This complicated network of pipelines includes the necessity for usage of 

numerous and various pipe elbows (bends) and junctions for distribution, transportation, and 

change of the fluid direction. The pipe elbows are prone to the various damage mechanisms 

on both internal and external surfaces due to the exposure to fluids and external environments 

such as corrosion, erosion, erosion-corrosion fatigue, and different other combined damages 

[1-14]. Frequently this leads to the burst in critical parts of piping systems, forced outages, 

and long term interruptions in operation. The corrosion of pipe elbows in natural gas 

pipelines and various other industrial systems such as hydrocarbons industries and 

desalination plants [15-19] was extensively examined and reported.  

Extensive studies have been conducted related to the reliability and structural integrity 

prediction, prevention of corrosion damages, and repair of corroded steel pipelines and pipe 

elbows [20-37]. Different experimental approaches and tests, numerical analyses, and 

analytical methods were used. Knowledge of limit pressure (PL) is an important issue in the 

field of pipeline design, integrity assessment, and maintenance management to achieve 

prolonged and reliable operation of pipelines [38,39]. Generally, failure pressure appears 

when the internal pipeline pressure exceeds the limit pressure value [40,41]. NG-18 equation 

was the first original formula and the semi-empirical failure criteria developed by Maxey et 

al. [42] to calculate the residual strength of corroded straight pipes with cracks and defects. 

However, there are various models, standards, codes, and plastic collapse failure criteria 

based on NG-18 equations [42] such as ASME B31G [43], modified ASME B31G [44], 

DNV-RP-F101 [45], Shell-92 [46], RSTRENG [47], and PCORRC [48] which were 

developed to calculate the limit pressure according to the flow stress in the straight pipe. 

However, these standards and codes for the fitness-for-purpose assessment of corroded 

pipelines could not be applied to pipe elbows due to the effect of the elbow curvature that 

leads to the increase of hoop stress [49].  
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S o m e r es e ar c h ers [ 2 3, 3 2, 3 3, 5 0] h a v e pr o p os e d n e w f or m ul as t o c al c ul at e t h e li mit 

pr ess ur e f or a pi p e el b o w wit h t h e d ef e cts. G o o d all [ 5 1] h as pr o p os e d t h e first f or m ul a t o 

c al c ul at e t h e cir c u mf er e nti al str ess i n pi p e el b o ws wit h d ef e cts. T his f or m ul a is pr es e nt e d 

l at er i n s e cti o n 2. V ari o us a ut h ors h a v e p erf or m e d t h eir a n al ysis o n t h e pl asti c li mit pr ess ur e 

of el b o ws a n d pr o p os e d diff er e nt m o d els b as e d o n t h e G o o d all f or m ul a [ 3 2, 4 9]. D u a n a n d 

S h e n [ 3 2] h a v e pr o p os e d a n e m piri c al m o d el f or t h e c al c ul ati o n of t h e li mit l o a d i n pi p e 

el b o ws at t h e e xtr a d os l o c ati o n a n d als o v ali d at e d b y e x p eri m e nts. Y a hi a o ui et al. [ 5 0] h a v e 

st u di e d t h e el b o ws wit h a s h ort r a di us a n d cr a c ks b y usi n g F E M. Ki m et al. [ 5 2] h a v e 

e x a mi n e d t h e i nt e grit y of a pi p e el b o w i n t h e pr es e n c e of d ef e cts at t h e i ntr a d os a n d e xtr a d os 

s e cti o ns u n d er i nt er n al pr ess ur e a n d pl a n e- b e n di n g l o a d. T h e y h a v e c o n cl u d e d t h at t h e 

i ntr a d os s e cti o n is m or e e n d a n g er e d a n d v ul n er a bl e t h a n t h e e xtr a d os s e cti o n a c c or di n g t o 

t h eir e x p eri m e nts a n d o bt ai n e d r es ults. L e e et al. [ 3 3] h a v e st u di e d er osi o n- c orr osi o n 

pr o v o k e d d ef e cts i n diff er e nt p ositi o ns of t h e pi p e el b o w usi n g m at h e m ati c al f or m ul as a n d 

n u m eri c al a n al ysis. T h e y pr o p os e d a n e w m et h o d t o c al c ul at e b urst pr ess ur e usi n g i n d ustri al 

c o d es a n d t h e L or e n z f a ct or [ 3 3]. Xi e et al. [ 2 3] h a v e pr o p os e d a n e w f or m ul a b y i ntr o d u ci n g 

c ur v at ur e a n d w all t hi c k n ess f a ct ors t o c al c ul at e h o o p str ess i n t h e t hi c k- w all e d el b o w, w hi c h 

w as a d diti o n all y v erifi e d a n d s u p p ort e d usi n g t h e F E M. T e e a n d W or d u [ 5 3] h a v e f o u n d t h at 

t h e g e o m etri c al p ar a m et ers of t h e c orr osi o n d ef e ct (l e n gt h a n d d e pt h) h a v e a si g nifi c a nt 

i nfl u e n c e o n t h e f ail ur e pr ess ur e. B esi d es, t h e s h a p e of t h e g o u g e h as m or e i m p a ct t h a n t h e 

s h a p e of a c orr osi o n pit. 

T h e fr a ct ur e m e c h a ni cs i s c o nsi d er e d as i m p ort a nt d uri n g t h e e v al u ati o n of t h e str u ct ur al 

i nt e grit y of pi pi n g s yst e ms. B as e d o n t h e t h e or y of li n e ar el asti c fr a ct ur e m e c h a ni cs ( L E F M), 

f ail ur e o c c urs w h e n t h e v al u e of t h e str ess i nt e nsit y f a ct or (K I) is hi g h er t h a n t h e criti c al v al u e 

of  pla n e str ai n fr a ct ur e t o u g h n ess f or m o d e I cr a c k dis pl a c e m e nt ( K I C), i. e., (K I  ≥  KI C) [ 5 4].  

T h e  l o c ali z e d ( pitti n g) c orr osi o n g e n er all y c o nsi d er e d as a n ot c h i n t h e pi pi n g s yst e m. T h e 

n ot c h h as a str o n g i nfl u e n c e o n t h e f ail ur e or b urst a n d t h e N ot c h Str e ss I nt e nsit y F a ct or 

( N SI F) is us e d as a pr e di cti o n f or t h e fr a ct ur e c o n c e pt [ 5 5- 5 7]. D e p e n di n g o n t h e n ot c h t er m, 

t h e f ail ur e o c c urs w h e n t h e str ess distri b uti o n e x c e e ds t h e criti c al v al u e at t h e n ot c h ti p (K ρ  ≥  

K ρ C ). T h e criti c al N SI F c o ul d b e c all e d fr a ct ur e t o u g h n ess (K ρ C
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t h e c o nstr ai nt h as a si g nifi c a nt eff e ct o n t h e fr a ct ur e t o u g h n ess v al u e [ 5 8, 5 9]. T h e v ol u m etri c 

m et h o d is us e d i n or d er t o c al c ul at e N SI F. It is c o nsi d er e d a s e mi-l o c al m et h o d f or n u m eri c al 

a n al ysis [ 6 0- 6 2]. 
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T h e  N ot c h F ail ur e Ass es s m e nt Di a gr a m ( N F A D) is fr e q u e ntl y us e d t o st u d y t h e s af et y a n d 

f or t h e fr a ct ur e ass ess m e nt of pi p eli n es or el b o ws wit h diff er e nt t y p es of d ef e cts [ 3 9, 4 1, 6 3-

7 6]. It d e p e n ds o n t h e fr a ct ur e t o u g h n ess ( K ρ C ), d ef e ct si z e, i. e., d ef e ct d e pt h r ati o ( d/t), a n d 

t h e i nt er n al l o a di n g - pr ess ur e ( P) [ 6 9]. T h e N F A D m et h o d ol o g y s u bstit ut e d t h es e t hr e e 

p ar a m et ers wit h o nl y t w o n o n- di m e nsi o n al p ar a m et ers K r a n d L r, w hi c h pr es e nt t h e a p pli e d 

st r ess a n d t h e cr a c k dri vi n g f or c e, r es p e cti v el y, a n d b y i ntr o d u ci n g t h e c orr es p o n di n g 

ass ess m e nt p oi nt c o or di n at es ( L r, Kr) o n t h e F A D a n d N F A D [ 6 9]. N u m er o us pr e vi o us 

st u di es h a v e s h o w n t h at el b o ws ar e m or e v ul n er a bl e t h a n str ai g ht pi p es d u e t o t h e m or e 

s e v er e str ess c o n diti o ns of el b o ws wit h a d ef e ct, w hil e ass ess m e nt p oi nts f or el b o ws ar e 

t y pi c all y s hift e d i n c o m p aris o n wit h str ai g ht pi p es a n d l o c at e d i n t h e brittl e fr a ct ur e d o m ai n 

of t h e F A D or N F A D (s e e s u bs e cti o n 3. 3.) [ 1 7, 5 2, 6 3- 6 5].  

I n o ur pr e vi o us st u d y [ 1 2], t h e criti c al p ositi o n al o n g a pi p e el b o w m a d e of A PI 5 L X 5 2 

st e el, a c c or di n g t o t h e eff e cts of t h e criti c al str e ss l o c ati o n, criti c al cr a c k ori e nt ati o n a n gl e, 

a n d criti c al el b o w a n gl e o n SI F, w as i n v esti g at e d wit h t h e ai d of a m o difi e d F A D [ 1 2]. T h e 

criti c al p ositi o n al o n g t h e el b o w wit h t h e m a xi m u m str ess w as l o c at e d at a c ur v at ur e a n gl e 

α = 7 2 °. Als o, a s e mi- elli pti c al cr a c k w as cr e at e d at t hi s l o c ati o n, at t h e criti c al i ntr a d os 

s e cti o n of pi p e el b o w [ 5 2], t a k e n i nt o a c c o u nt t h e i m p ort a n c e of e q ui v al e nt str ess i nt e nsit y 

f a ct or (K e q ) as a f ail ur e crit eri o n t o d et er mi n e t h e criti c al s e mi- elli pti c al cr a c k a n gl e 

ori e nt ati o n. T h e cr a c k ori e nt ati o n a n gl e of 9 0 ° w a s f o u n d t o b e criti c al f or a pi p e el b o w [ 1 2]. 

It w as als o o bs er v e d t h at d u e t o str ess i nt e nsifi c ati o n a n d hi g h er c o nstr ai nt i n pi p e el b o ws, t h e 

c orr es p o n di n g ass ess m e nt p oi nt f or t h e s a m e r el ati v e d ef e ct si z e l o c at e d at t h e i ntr a d os 

s e cti o n of pi p e el b o w h as a hi g h er v al u e of b ot h c o or di n at es ( L r, Kr) t h e n f or t h e str ai g ht pi p e. 

In  t his w or k, t h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e cts wit h r o u n d e d c or n ers 

wit h o ut cr a c k a n d wit h diff er e nt r el ati v e d ef e ct d e pt h t o w all t hi c k n ess r ati os ( d/t = 0. 1 - 0. 8, 

s e e Fi g. 1 c) at t h e mi d dl e of t h e criti c al [ 5 2] i ntr a d os s e cti o n of a pi p e el b o w ( A PI 5 L X 5 2 

st e el) w er e cr e at e d t o e x a mi n e t h e eff e cts of c orr osi o n d ef e cts o n t h e i nt e grit y ass ess m e nt of 

pi p e el b o ws. T h e li mit pr ess ur e pr e di cti o n f or a pi p e el b o w c o nt ai ni n g c orr osi o n d ef e cts at 

t h e i ntr a d os s e cti o n is i n v esti g at e d usi n g F E A. F or li mit pr ess ur e c al c ul ati o n i n t h e pi p e 

el b o w wit h diff er e nt d ef e ct d e pt h r ati os a n d t o c h e c k t h e a p pli c a bilit y of m o difi e d c o d es, t h e 

G o o d all f or m ul a [ 5 2] f or c al c ul ati o n of t h e h o o p str ess ( σ θ )
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i n pi p e el b o w w as us e d i n v ari o us 

c o d es. T h e o bt ai n e d r es ults w er e f urt h er c o m p ar e d wit h t h e n u m eri c al F E A r es ults, a n d 

c o ns e q u e ntl y, t h e a p pli c a bilit y of diff er e nt m o difi e d c o d es ( a d a pt e d f or t h e pi p e el b o w c as e) 

f or t h e c al c ul ati o n of t h e li mit pr ess ur e i n t h e pi p e el b o w w as als o c h e c k e d. T h e n ot c h f ail ur e 
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as s ess m e nt di a gr a m ( N F A D) is us e d f or t h e str ai g ht pi p e a n d pi p e b e n ds f or t h e s af et y f a ct or 

c al c ul ati o n a n d t o e v al u at e t h e criti c al d et e ct d e pt h r ati os. Fi n all y, t h e o bt ai n e d r es ults of t h e 

str u ct ur al i nt e grit y ass es s m e nt f or pi p e el b o ws wit h diff er e nt r el ati v e c orr osi o n d ef e ct d e pt h 

r ati os pr es e nt e d i n t his st u d y ar e c o m p ar e d wit h o ur pr e vi o usl y p u blis h e d r es ults [ 1 2] f or a 

pi p e el b o w wit h diff er e nt s e mi- elli pti c al r el ati v e cr a c k d e pt h r ati os.  

2. Li mit p r ess u r e st a n d a r d s a n d pi p e el b o w h o o p st r ess 

I n t h e lit er at ur e, s e v er al c o d es h a v e b e e n s u c c e ssf ull y us e d as f ail ur e crit eri a f or t h e 

r eli a bilit y ass ess m e nt of c orr o d e d pi p eli n es [ 4 3- 4 8, 7 5]. C os h a m et al. [ 7 5] h a v e p oi nt e d o ut 

t h at t h e a p pli c a bilit y of a p arti c ul ar c o d e str o n gl y d e p e n ds o n t h e t o u g h n es s v al u e of diff er e nt 

pi p eli n e st e els. T h e ol d er m o d els, li k e A S M E B 3 1 G [ 4 3], m o difi e d A S M E B 3 1 G [ 4 4], a n d 

t h e r e m ai ni n g str e n gt h f or m ul a - R S T R E N G [ 4 7], w er e d e v el o p e d a n d v ali d at e d t hr o u g h t ests 

o n ol d er pi p eli n e st e els wit h r el ati v el y l o w er t o u g h n ess. O n t h e ot h er h a n d, t h e n e w m o d els, 

li k e D N V- R P- F 1 0 1 [ 4 5], a n d P C O R R C [ 4 8], ar e m ostl y b as e d o n e q u ati o ns f oll o wi n g b ot h 

n u m eri c al - fi nit e el e m e nt a n al ys es ( F E A) a n d e x p eri m e nt al d at a. T h es e " n e w " m o d els w er e 

d e v el o p e d a n d v ali d at e d f or hi g h t o u g h n ess pi p eli n e st e els, a n d h e n c e s uit a bl e a n d a p pli c a bl e 

m ostl y f or t h es e m o d er n st e els [ 7 5]. Als o, C os h a m et al. [ 7 5] e m p h asi z e d t h at s o m e of t h e 

m et h o ds f or ass essi n g c orr osi o n b as e d o n t h e N G- 1 8 e q u ati o ns [ 4 2], p arti c ul arl y ol d er A S M E 

B 3 1 G [ 4 3] a n d m o difi e d B 3 1 G [ 4 4], ar e r at h er c o ns er v ati v e i n t h e c as e of bl u nt, p art- w all 

d ef e cts. 

V ari o us c o d es a n d st a n d ar ds f or t h e str ai g ht pi p e h a v e a d et ail e d f or m a n d st yl e f or t h eir 

f or m ul as a n d a p pli e d d et er mi nisti c a p pr o a c h e s, T a bl e 1. T h e m ai n str ess es (str es s 

c o m p o n e nts) f or t h e str ai g ht pi p e s u bj e ct e d t o i nt er n al pr ess ur e ar e e x pr ess e d b y t h e 

f oll o wi n g e q u ati o ns [ 7 7]: 

P r

t
θσ =   , 0. 5

2
l

P r

t
θσ  σ= =   , 0rσ ≈      ( 1)

 

w h er e, σ θ , σ l, σ r, P , r , a n d t ar e h o o p str es s, l o n git u di n al str es s, r a di al str es s, i nt er n al 

pr es s ur e, a v er a g e r a di u s a n d w all t hi c k n es s of pi p eli n e, r es p e cti v el y. A c c or di n g t o t h e 

d et er mi ni sti c as s es s m e nt m o d el s, b ot h ol d er a n d c o nt e m p or ar y m o d el s m e nti o n e d a b o v e, t h e 

i nt er n al pr es s ur e (P ) m u st b e l es s t h a n t h e li mit pr es s ur e (P L ): (P < P L
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) t o pr e v e nt t h e pi p e 

b u rst, T a bl e 1. F or c orr o d e d pi p es m a d e of ol d st e el s wit h l o w er t o u g h n es s, li mit pr es s ur e c a n 

b e c al c ul at e d u si n g o n e of t h e st a n d ar d b ut ol d er m o d el s ( A S M E B 3 1 G, M o difi e d A S M E 
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B 3 1 G, a n d R S T R E N G). F or t h e m o d er n st e el s wit h hi g h er t o u g h n es s, li mit pr es s ur e c a n b e 

c al c ul at e d u si n g o n e of t h e c o nt e m p or ar y m o d el s ( D N V R P- F 1 0 1 a n d P C O R R C) [ 7 8, 7 9]. 

T a bl e 1  C o d e s f or c al c ul ati n g li mit pr es s ur e P L of t h e str ai g ht pi p e. 

T h e p ar a m et ers pr es e nt e d i n T a bl e 1: P L , D , d, t, M, σ y , σ ult , a n d L  ar e t h e li mit pr es s ur e, 

p i p e o ut er di a m et er, cr a c k d e pt h, w all t hi c k n es s, F oli as f a ct or, yi el d str e n gt h, ulti m at e t e n sil e 

str e n gt h, a n d l o n git u di n al c orr o si o n d ef e ct l e n gt h, r es p e cti v el y. H o o p str e s s i s t h e d o mi n a nt 

str es s f or pi p eli n es s u bj e ct e d t o i nt er n al pr es s ur e, a n d t h e p ar a m et ers d a n d L ar e i m p ort a nt 

i n p ut p ar a m et ers f or t h e li mit pr es s ur e - P L  b as e d m o d el s. T h e m ai n diff er e n c e b et w e e n c o d es 

p r ese nt e d i n T a bl e 1 i s t h e d efi niti o n of t h e fl o w str es s σ 0  ( b as e d o n σ y or σ ult ) a n d t h e d ef e ct 

s h a p e [ 7 5]. A S M E B 3 1 G [ 4 3] c o d e i s u s e d f or t h e p ar a b oli c s h a p e c orr o si o n d ef e ct s, w hil e 

t h e m a xi m u m h o o p str es s c a n n ot e x c e e d t h e yi el d str e n gt h of t h e m at eri al σ θ ≤  σ y . T h e 

m o difi e d A S M E B 3 1 G [ 4 4] m o d el i s u s e d f or t h e i d e ali z e d, r e ct a n g ul ar i n s h a p e c orr o si o n 

d ef e ct s w hil e t h e t ot al d ef e ct d e pt h s h o ul d n ot e x c e e d 8 0 % of t h e w all t hi c k n es s [ 3 3]. S h ell-

9 2 [ 4 6], P C O R R C [ 4 7], a n d D N V R P- F 1 0 1 [ 4 5] m o d el s ar e al s o u s e d f or t h e r e ct a n g ul ar 

s h a p e d ef e ct s a n d t h e y ar e a p pli c a bl e i n t h e c as e of bl u nt d ef e ct s i n t o u g h m at eri al s [ 7 8, 7 9]. 

T h e h o o p str es s i n t h e pi p eli n es s u bj e ct e d t o i nt er n al pr es s ur e i s diff er e nt fr o m t h at of t h e 

pi p e el b o w. It o c c urs i n a cir c u mf er e nti al dir e cti o n. O n t h e c o ntr ar y, t h e l o n git u di n al str es s i s 

t h e s a m e f or b ot h str ai g ht pi p e a n d pi p e el b o w, h e n c e t h e pr es e n c e of c ur v at ur e of t h e el b o w 

d o es n ot i nfl u e n c e t h e l o n git u di n al str es s [ 8 0]. T h e h o o p str es s at t h e e xtr a d o s s e cti o n of t h e 

pi p e el b o w i s t h e l o w est, w hil e t h e i ntr a d o s s e cti o n i s t h e z o n e of t h e hi g h est h o o p str es s [ 8 0]. 

T h e i n cr e as e of b e n d r a di u s c a u s es a n i n cr e as e i n t h e h o o p str es s at t h e e xtr a d o s s e cti o n, 

w hil e at t h e i ntr a d o s s e cti o n t h e h o o p str es s i s di mi ni s hi n g [ 2 5]. T h e diff er e nt h o o p str es s 

e q u ati o n s w er e pr o p o s e d i n t h e lit er at ur e f or a pr es s uri z e d pi p e el b o w a n d pr es e nt e d b y 

G o o d all [ 5 1] - E q. ( 2), Li et al. [ 2 5] - E q. ( 3), a n d Xi e et al. [ 2 3] - E q. ( 4), r es p e cti v el y:  

1 / 2
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w h er e, P , r , t, R , D , C t, C R , a n d (r , θ ) ar e t h e i nt er n al pr es s ur e, m e a n r a di u s, w all t hi c k n es s, 

b e n d r a di u s, o ut er di a m et er, w all t hi c k n es s f a ct or, c ur v at ur e f a ct or of pi p e el b o w, a n d 

c o or di n at es of c al c ul at e d p oi nt s, r es p e cti v el y. E q u ati o n ( 4), pr o p o s e d b y Xi e et al. [ 2 3] al s o 

i n cl u d e d t w o a d diti o n al c orr e cti o n f a ct ors, i. e., t h e w all t hi c k n es s f a ct or C t a n d c ur v at ur e 

f act or C R . Mill er [ 8 1] p oi nt e d o ut t h e c o n s er v ati s m r el at e d t o t h e G o o d all f or m ul a ( E q. ( 2)), 

p re d o mi n a ntl y d u e t o t h e a b s e n c e of e x p eri m e nt al v ali d ati o n.  

3. R es ults a n d dis c u ssi o n s 

T hi s r es e ar c h r e pr es e nt s a c o nti n u ati o n a n d f urt h er a d v a n c e m e nt r e g ar di n g o ur pr e vi o u s 

s tu di es a n d c o n cl u si o n s a b o ut t h e i nt e grit y as s es s m e nt of d a m a g e d pi p eli n e el b o w s. I n o ur 

pr e vi o u s r es e ar c h [ 1 6], t h e c o m pr e h e n si v e c as e st u d y of c orr o d e d pi p e el b o w s d u e t o t h e 

fl ui d-s oli d i nt er a cti o n u n d er t h e c o m pl e x o p er ati n g c o n diti o n s a n d t h e pr es e n c e of sili c o n e 

p arti cl es w as d o n e. I n r e c e nt w or k, t h e n u m eri c al F E A st u d y of s e mi- elli pti c al cr a c k s i n t h e 

criti c al p o siti o n at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w w as c o n d u ct e d [ 1 2]. T h e 

a p pli c a bilit y of diff er e nt c o d es f or c al c ul ati o n s of t h e li mit pr es s ur e i n t h e c orr o d e d str ai g ht 

pi p es i n t h e pr es e n c e of v ari o u s fl ui d fl o w c o n diti o n s ( p ur e n at ur al g a s a n d n at ur al g as-

h y dr o g e n mi x tr a n s p ort) w er e al s o e x a mi n e d a n d c o m p ar e d wit h t h e F E A r es ult s 

[ 4 1, 6 6, 6 7, 7 0, 7 6].  

T hi s st u d y i s c arri e d o ut b y u si n g a fi nit e el e m e nt a n al ysi s ( F E A) t o si m ul at e a pi p e el b o w 

wit h t h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct s wit h r o u n d e d c or n ers a n d  wit h 

d iff er e nt r el ati v e d ef e ct d e pt h t o w all t hi c k n es s r ati o s (d/t = 0. 1 - 0. 8, s e e Fi g. 1 c) at t h e 

criti c al i ntr a d o s s e cti o n of t h e pi p e el b o w. T h e n u m eri c al F E A r es ult s w er e al s o c o m p ar e d 

wit h r es ult s o bt ai n e d b y c o d es t o m o dif y t h e li mit pr es s ur e e q u ati o n s of c o d es ( A S M E B 3 1 G, 

m o difi e d A S M E B 3 1 G, a n d D N V R P- F 1 0 1), pr e s e nt e d i n T a bl e 1. T h e m o difi c ati o n i n cl u d es 

t h e i m pl e m e nt ati o n of t h e G o o d all f or m ul a ( E q. ( 2)) f or t h e h o o p str es s σ θ i n t h e pi p e el b o w 

d uri n g t h e c al c ul ati o n of t h e li mit pr es s ur e P L a c c or di n g t o t hr e e c o d es ori gi n all y d e v el o p e d 

f or t h e str ai g ht pi p e.  

F or t hi s r e as o n, all r es ult s a n d di s c u s si o n s ar e pr es e nt e d i n t hr e e s u b s e cti o n s. First, i n 

s u b s e cti o n 3. 1, t h e h o o p str es s at t h e i ntr a d o s l o c ati o n of t h e pi p e el b o w wit h o ut d ef e ct w as 

e x a mi n e d a n d c al c ul at e d u si n g t h e e q u ati o n s s u g g est e d i n t h e lit er at ur e f or t h e str ai g ht pi p e 

( E q. ( 1)) a n d G o o d all f or m ul a f or t h e pi p e el b o w ( E q. ( 2)). Al s o, t h es e r e s ult s ar e c o m p ar e d 

wit h t h e r es ult s f or t h e di stri b uti o n of h o o p str es s o n t h e i ntr a d o s ( φ
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 = 0 °) s e cti o n s of t h e pi p e 

el b o w o bt ai n e d b y n u m eri c al F E A. I n t h e n e xt s u b s e cti o n 3. 2, t h e r es ult s of t h e li mit pr es s ur e 
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c a l c ul ati o n f or diff er e nt c orr o si o n d ef e ct d e pt h r ati o s u si n g t hr e e m o difi e d c o d es ( A S M E 

B 3 1 G, m o difi e d A S M E B 3 1 G, a n d D N V R P- F 1 0 1), a n d t h e G o o d all f or m ul a [ 5 1] f or 

c al c ul ati o n of t h e h o o p str es s ( σ θ ) i n t h e pi p e el b o w, i s pr es e nt e d a n d c o m p ar e d wit h 

n u m eri c al F E A r es ult s. Al s o, t h e N F A D f or t h e str ai g ht pi p e a n d pi p e b e n d s wit h c orr o si o n 

d ef e ct s f or t h e s af et y f a ct or c al c ul ati o n i s pr es e nt e d a n d f urt h er a n al y z e d i n t h e fi n al 

s u b s e cti o n 3. 3. 

3. 1. H o o p st r es s at i nt r a d o s s e cti o n of t h e pi p e el b o w wit h o ut d ef e ct, m o d el s a n d F E A r es ult s 

T h e n u m eri c al st u d y w a s c o n d u ct e d u si n g t h e F E A s oft w ar e A N S Y S [ 8 2]. A pi p e el b o w 

m a d e of A PI X 5 2 pi p eli n e st e el w as u s e d i n t hi s w or k a n d it s di m e n si o n s ar e s h o w n i n Fi g. 1. 

T a bl e 2 pr es e nt s t h e m e c h a ni c al pr o p erti es of t h e pi p e el b o w m a d e of A PI 5 L X 5 2 st e el. 

Fi g. 1.  A PI X 5 2 pi p eli n e el b o w: ( a) m a nif ol d s e p ar ati o n s yst e m; ( b) c orr o d e d pi p e 

e lb o w; ( c) pi p e el b o w di m e n si o n s. 

Fi gs. 1 a a n d 1 b s h o w t h e i nt a k e m a nif ol d el b o w s c o n n e ct e d wit h t h e h ori z o nt al t hr e e-

p h as e s e p ar at ors. T h e g e o m etri c al c h ar a ct eri sti c s of t h e pi p e el b o w ar e t h e i nt er n al r a di u s 

r = 2 8 5. 7 5 m m, w all t hi c k n es s t= 1 2. 7 m m, t h e l e n gt h L = 1 0 0 0 m m, a n d t h e b e n di n g r a di u s 

R = 7 9 8. 4 5 m m, Fi gs. 1 b a n d 1 c. 

T a bl e 2 M e c h a ni c al pr o p erti es of A PI 5 L X 5 2 pi p eli n e st e el. 

A pi p e el b o w i s s u bj e ct e d t o t h e i nt er n al - s er vi c e pr es s ur e P s= 7 M P a. T h e F E M r es ult s 

a re s h o w n i n Fi g. 2. Fi g. 2 a s h o w s t h e 9 0 ° pi p e el b o w g e o m etr y. Fi g. 2 b s h o w s t h e m es h 

c o n str u ct e d wit h a 1 6- n o d e q u a dril at er al el e m e nt a v ail a bl e i n A N S Y S s oft w ar e. Fi g. 2 c 

ill u str at es t h e h o o p str es s di stri b uti o n al o n g t h e pi p e el b o w. Fi g. 3 a pr es e nt s t h e di stri b uti o n 

of h o o p str es s es at diff er e nt a n gl es al o n g t h e pi p e el b o w, as ill u str at e d i n Fi g. 3 b. 

Fi g. 2.  Pi p e el b o w wit h o ut c orr o si o n d ef e ct s s u bj e ct e d t o t h e i nt er n al - s er vi c e pr es s ur e 

P s= 7 M P a, g e o m etr y, m es hi n g, a n d h o o p str es s di stri b uti o n.  

Fi g. 3. Pi p e el b o w wit h o ut c orr o si o n d ef e ct s: ( a) di stri b uti o n of t h e h o o p str es s; ( b) diff er e nt 

p a t h s a n gl es al o n g t h e pi p e el b o w. 

It i s cl e ar t h at t h e m a xi m al v al u e of h o o p str es s i s l o c at e d at t h e i ntr a d o s s e cti o n of t h e 

pi p e el b o w, as s h o w n i n Fi gs. 2 a n d 3. Fi gs. 3 a a n d 3 b pr es e nt t h e di stri b uti o n of h o o p str es s 

at t h e i ntr a d o s ( φ = 0 °), e xtr a d o s ( φ = 1 8 0 °) a n d cr o w n ( φ
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= 9 0 °) s e cti o n s of t h e pi p e el b o w. 
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M o r e o v er, r es ult s c o nfir m t h e criti c al i nfl u e n c e of t h e i ntr a d o s s e cti o n of t h e pi p e el b o w 

b as e d o n t h e o bt ai n e d hi g h h o o p str es s v al u e t h at e q u al s σ θ = 2 1 2. 4 M P a. T h e v al u e of h o o p 

str es s d e cr e as es at t h e cr o w n s e cti o n of t h e pi p e el b o w, a n d it i s cl o s e t o t h e v al u e f or t h e 

str ai g ht pi p e ( σ θ = 1 6 4. 5 M P a).  

T a bl e 3 H o o p str es s σ θ at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w wit h o ut c orr o si o n d ef e ct s. 

T a bl e 3 s h o w s t h e m a xi m al h o o p str es s v al u es o bt ai n e d b y t h e n u m eri c al F E A m o d el 

t o g et h er wit h v al u es o bt ai n e d u si n g t h e G o o d all f or m ul a ( E q. ( 2)), a n d t h e f or m ul a f or t h e 

str ai g ht pi p e ( E q. ( 1)). It i s cl e ar t h at t h e h o o p str es s v al u e o bt ai n e d u si n g t h e G o o d all 

f or m ul a - E q. ( 2) (σ θ = 2 0 1. 3 9 M P a) i s cl o s e t o t h e v al u e o bt ai n e d b y t h e n u m eri c al F E A 

m o d el, Fi g. 3 ( σ θ = 2 1 2. 6 9 M P a), wit h t h e s m all err or of 5. 3 2 %, T a bl e 3. T h e err or i s 

c al c ul at e d u si n g t h e f oll o wi n g f or m ul a: err or ( %) = ( σ θ ( F E A) - σ θ ( E q. 1, 2)) / σ θ ( F E A) x 1 0 0 %, 

w h er e σ θ ( F E A), a n d σ θ ( E q. 1, 2) ar e t h e h o o p str es s v al u es o bt ai n e d b y F E M m o d el, e q u ati o n ( 1), 

a n d E q. ( 2), r es p e cti v el y. O n t h e ot h er h a n d, a m u c h hi g h er err or ( 2 5. 9 4 %) i s o bt ai n e d u si n g 

t h e str ai g ht pi p e f or m ul a ( E q. ( 1)) f or c al c ul ati o n of t h e h o o p str es s (σ θ = 1 5 7. 5 0 M P a), T a bl e 

3. S u c h a l ar g e di s cr e p a n c y b et w e e n h o o p str es s v al u es at t h e i ntr a d o s s e cti o n of t h e pi p e 

el b o w, o bt ai n e d b y b ot h F E A a n d t h e G o o d all f or m ul a, a n d t h e v al u e o bt ai n e d u si n g t h e 

f or m ul a f or t h e str ai g ht pi p es i n di c at e t h e hi g h criti c alit y of t hi s s e cti o n of pi p e el b o w s. A 

g o o d a gr e e m e nt b et w e e n t h e h o o p str es s v al u e o bt ai n e d u si n g t h e G o o d all f or m ul a [ 5 1] f or 

c al c ul ati o n of t h e h o o p str es s ( σ θ ) i n a pi p e el b o w, a n d t h e v al u e o bt ai n e d b y n u m eri c al F E A 

m o d el (s e e T a bl e 3, err or = 5. 3 2 %), pr o vi d es a s oli d b a c k gr o u n d f or c h e c ki n g t h e li mit 

pr es s ur e c al c ul ati o n s r es ult s u si n g t hr e e m o difi e d c o d es. Al s o, t h e o bt ai n e d n u m eri c al F E A 

v al u e f or t h e h o o p str es s ( σ θ ( F E A)= 2 1 2. 6 9 M P a) as w ell as t h e err or i n c o m p ari s o n wit h t h e 

G o o d all f or m ul a [ 5 1] r es ult s ( 5. 3 2 %) ar e i n cl o s e a gr e e m e nt wit h t h e m a xi m u m err or of 6. 5 8 

% r e p ort e d b y D u a n a n d S h e n [ 3 2]. O n c e a g ai n, t h e h o o p str es s v al u e o bt ai n e d b y t h e 

G o o d all f or m ul a i s s o m e w h at hi g h er t h a n t h at o bt ai n e d b y t h e n u m eri c al F E A. T h e 

c o m p ari s o n of r es ult s o bt ai n e d u si n g m o difi e d c o d es a n d t h e F E A r es ult s i s t h e t o pi c of t h e 

n e xt s u b s e cti o n 3. 2.  

3. 2. T h e li mit p r es s u r e c al c ul ati o n u si n g m o difi e d c o d es a n d F E A r es ult s 
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I n t hi s s u b s e cti o n, t h e c orr o d e d pi p e el b o w as s es s m e nt i s st u di e d t o pr e v e nt t h eir b urst a n d 

t h e r es ult s of t h e li mit pr es s ur e c al c ul ati o n u si n g m o difi e d c o d es ar e c o m p ar e d wit h t h e F E A 

r es ult s. Pr e vi o u s r es e ar c h i n di c at es t h at t h er e i s a s eri o u s n e e d t o d et er mi n e a p erf e ct f or m ul a 



 1 0

t o c al c ul at e a li mit pr ess ur e at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w [ 2 3, 2 5, 3 2, 3 3, 5 0- 5 2]. 

T h er ef or e, t h e li mit pr es s ur e of t h e c orr o d e d pi p e el b o w i s a n al y z e d u si n g F E A a n d A N S Y S 

s oft w ar e, as s h o w n i n Fi gs. 4 a n d 5. T h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct 

w it h r o u n d e d c or n ers i s si m ul at e d at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w. T h e pi p e el b o w 

wi t h a l e n gt h (L = 1 7 4 m m), wi dt h ( W = 2 0 8 m m), a n d wit h diff er e nt g e o m etri c al r el ati v e 

c orr o si o n d ef e ct d e pt h t o w all t hi c k n es s r ati o s ( d/t = 0. 1 - 0. 8, s e e Fi g. 1 c) i s i n v esti g at e d, 

Fi g. 4. T h e c orr o si o n d ef e ct s wit h diff er e nt d/t  d e pt h r ati o s w er e m o d el e d at t h e i ntr a d o s 

s e cti o n of t h e 9 0 ° pi p e el b o w, Fi gs. 4 a a n d 4 b. T h e h o o p str es s di stri b uti o n f or d/t = 0. 5 i s 

s h o w n i n Fi g. 4 c. 

 

Fi g. 4. Pi p e el b o w wit h t h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct wit h r o u n d e d 

c or n ers  at t h e i ntr a d o s s e cti o n s u bj e ct e d t o t h e i nt er n al - s er vi c e pr es s ur e P s= 7 M P a: pi p e 

el b o w a n d t h e g e o m etr y of  r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct wit h r o u n d e d 

c or n ers , m es hi n g, a n d h o o p str es s di stri b uti o n (d/ t= 0. 5). 

I n c o n d u ct e d F E A, f or e a c h d ef e ct d e pt h (d/t = 0. 1 - 0. 8, s e e Fi g. 1 c), t h e a p pli e d pr es s ur e 

i s i n cr e as e d wit h a n i n cr e m e nt of 1 M P a, fr o m 1 M P a t o t h e m a xi m al 1 6 M P a. T h e h o o p 

str es s t h at i s e q u al t o t h e yi el d or ulti m at e str e n gt h c a n b e c o n si d er e d as a li mit pr es s ur e, as 

i n di c at e d i n Fi g. 5 a. T h e eff e ct s of d ef e ct d e pt h r ati o s (d/t = 0. 1 - 0. 8) o n t h e h o o p str es s w er e 

a n al y z e d at diff er e nt i nt er n al pr es s ur es. B el o w t h e yi el d str e n gt h v al u e ( σ y = 4 1 0 M P a), a 

t ypi c al li n e ar i n cr e as e of t h e h o o p str es s c a n b e o b s er v e d, Fi g 5 a [ 7 6]. D u e t o t h e e nt eri n g 

i nt o t h e pl asti c r e gi m e, a b o v e σ y w hil e a p pr o a c hi n g t h e ulti m at e str e n gt h v al u e 

(σ ult = 5 2 0 M P a), n o nli n e arit y i n t h e h o o p str es s i n cr e as e w as o b s er v e d, Fi g 5 a. Fi g. 5 b 

ill u str at es t h e n u m eri c al F E A o bt ai n e d li mit pr es s ur es b as e d o n t h e yi el d σ y  a n d ulti m at e 

st r e n gt h σ ult  v al u es f or A PI 5 L X 5 2 st e el wit h diff er e nt d ef e ct d e pt h r ati o s (d/ t= 0. 1 - 0. 8, s e e 

Fi g. 1 c) at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w.  

Fi g. 5.  N u m eri c al a n al ysi s of el b o w d ef e ct s wit h diff er e nt d e pt h r ati o s d/ t at t h e i ntr a d o s 

s e cti o n: ( a) h o o p str es s v ers u s i nt er n al pr es s ur e; ( b) li mit pr es s ur e P L  a c c or di n g t o t h e yi el d 

a n d ulti m at e str e n gt h. 

A s pr e vi o u sl y di s c u s s e d, t h e li mit pr es s ur e d et er mi n es t h e pi p e b urst. It d e p e n d s o n t w o 

m ai n m e c h a ni c al pr o p erti es (i) yi el d str e n gt h σ y  a n d (ii) ulti m at e str e n gt h σ ult . A s i n di c at e d i n 

F igs. 5 a a n d 5 b, t h e li mit pr es s ur e f or t h e pi p e el b o w m a d e of A PI 5 L X 5 2 st e el wit h d ef e ct 

d e pt h r ati o d/t
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yield strength. While the limit pressure for defected pipe elbow with defect depth ratio 

d/t= 0.8 is much lower, approximately 8 MPa based on the ultimate strength and only 

4.5 MPa based on the yield strength. The reduction of the internal - service pressure 

Ps= 7 MPa (Fig. 5b) in the pipe elbow is necessary when a critical defect depth reaches 

d/t= 0.65, based on the yield strength �y= 410 MPa for API 5L X52 steel. In this study of pipe 

elbows, the presented numerical FEA results (Figs. 5b and 6) indicate that the use of yield 

strength as a limit value for the limit pressure determination does not represent a conservative 

solution as it was in the case of straight pipe made of the same steel [76]. It is also important 

to note that in our previous study [66,76] the oval-shaped corrosion defects were introduced 

with the same defect depth ratios range (d/t= 0.1 - 0.8), while in this study more stress 

intensive rectangular parallelepiped-shaped corrosion defects with rounded corners are 

investigated. Nevertheless, during comparison of the suitability for application of the ultimate 

strength or yield strength as a limit value for the limit pressure determination and the 

conservatism estimation, it is necessary to take into account other important factors. These 

factors are (i) the pipeline component: straight pipe or a pipe elbow, (ii) the type of the 

defect: cracks (the stress intensity factor - SIF) or corrosion defects without the crack, (iii) 

geometrical characteristics of the corrosion defect (the degree of stress intensification), and 

(iv) the relative defect depth to wall thickness ratio d/t [12,16,38,39,41,66,69,72,76].   

Finally, it is important to reduce the internal pressure when the defect size is increasing to 

maintain the reliable operation of pipelines. It is always advisable to make a comparison 

between the deterministic and probabilistic approaches because of the confirmed trend of a 

decrease in the reliability index with an increase of the defect depth to wall thickness ratio 

[76]. It is clear based on the presented results that pipe elbows represent critical components 

and hence endangered mostly the reliability of pipelines.  

The comparison between the numerical FEA results for the limit pressure, and results 

obtained using three modified codes (ASME B31G, modified ASME B31G, and DNV RP-

F101) for different corrosion defect depth ratios are presented in Fig. 6. The decrease of the 

limit pressure in API 5L X52 made steel pipeline is compared for the straight pipe case, using 

three standard codes, and for the pipe elbow case, using both modified codes together with 

the Goodall formula for calculation of the hoop stress in the pipe elbow and FEA results. The 

numerical FEA results for the limit pressure based on both yield strength and ultimate 

strength are presented in Fig. 6. The rectangular parallelepiped-shaped corrosion defects with 

rounded corners and with different corrosion defect depth ratios (d/t= 0.1 - 0.8) are located at 
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t he str ai g ht pi p e, a n d at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w ( Fi g. 4), r es p e cti v el y. A s 

e x p e ct e d, t h e li mit pr es s ur e v al u es i n t h e str ai g ht pi p e, o bt ai n e d u si n g all t hr e e c o d es, ar e 

si g nifi c a ntl y hi g h er t h a n f or t h e pi p e el b o w. T hi s i n di c at es t h at t h e a p pli c ati o n of u n m o difi e d 

- ori gi n al c o d es d e v el o p e d f or t h e str ai g ht pi p e i n t h e c as e of t h e pi p e el b o w i s n ot a d vi s a bl e 

a n d j u stifi e d b e c a u s e of t h e si g nifi c a nt o v er esti m ati o n of t h e all o w a bl e li mit pr es s ur e.  

C o ntr ar y, t h e r es ult s f or t h e m o difi e d c o d es t h at t a k e i nt o a c c o u nt t h e pi p e el b o w g e o m etr y 

b y u si n g t h e G o o d all f or m ul a f or c al c ul ati o n of t h e h o o p str es s i n t h e pi p e el b o w ar e f o u n d t o 

b e i n cl o s e a gr e e m e nt wit h t h e n u m eri c al F E A r e s ult s. W h e n t h e ulti m at e str e n gt h i s u s e d t o 

d et er mi n e t h e li mit pr es s ur e i n t h e n u m eri c al F E A ( P L σ ult( F E A) ), a m u c h b ett er a gr e e m e nt wit h 

r es ult s f or all t hr e e m o difi e d st a n d ar d s ar e c o nfir m e d, T a bl e 4. T h e m a xi m al err or wit hi n t h e 

r a n g e 1 0. 5 6 % (d/t = 0. 1) - 1 7. 9 3 % ( d/t = 0. 8), ( err or ( %) = ( P L ( B 3 1 G) - P L σ ult( F E A) ) / P L σ ult( F E A) 

x 1 0 0 %) i s o bt ai n e d u si n g A S M E B 3 1 G c o d e f or all d ef e ct d e pt h r ati o s, T a bl e 4. F or d ef e ct 

d e pt h r ati o s d/t  b el o w 0. 5  (d/t ≤  0. 5), t h e A S M E B 3 1 G c o d e c al c ul ati o n r es ult s ar e 

c o n s er v ati v e ( err or: 1. 4 0 % ( d/t = 0. 5) u p t o 1 0. 5 6 % ( d/t = 0. 1)), a n d t h e g a p b et w e e n t h e F E A 

a n d A S M E B 3 1 G r es ult s i s di mi ni s hi n g w hil e a p pr o a c hi n g t h e d ef e ct d e pt h r ati o of 0. 5. At 

d ef e ct d e pt h r ati o s hi g h er t h a n 0. 5 ( d/t >  0. 5), t h e A S M E B 3 1 G r es ult s f or t h e li mit pr es s ur e 

ar e hi g h er t h a n t h o s e o bt ai n e d b y t h e F E A ( err or: 4. 3 9 % ( d/t = 0. 6) - 1 7. 9 3 % ( d/t = 0. 8)), a n d 

t h e g a p ( err or) b e c o m es hi g h er wit h f urt h er d ef e ct d e pt h r ati o i n cr e as e u p t o d/t = 0. 8, T a bl e 4. 

A si mil ar c o n s er v ati v e tr e n d w h e n u si n g t h e A S M E B 3 1 G c o d e  w as al s o o b s er v e d b y L e e et 

al . [ 3 3] a n d A m a n di et al. [ 8 3]. T h e r es ult s f or t h e li mit pr es s ur e (P L ( M o d. B 3 1 G) a n d P L ( D N V) ) 

o b t ai n e d u si n g ot h er t w o m o difi e d st a n d ar d s ( m o difi e d A S M E B 3 1 G, a n d D N V R P- F 1 0 1) 

ar e l es s c o n s er v ati v e, hi g h er t h a n t h o s e o bt ai n e d b y t h e F E A, a n d i n b ett er a gr e e m e nt s wit h 

t h e n u m eri c al F E A r es ult s b as e d o n t h e ulti m at e str e n gt h (P L σ ult( F E A) ), s e e Fi g. 6 a n d T a bl e 4. 

T h e c ur v at ur e of t h e F E A r es ult s a n d f or b ot h A S M E B 3 1 G a n d D N V R P- F 1 0 1 c o d es  f oll o w 

a si mil ar tr e n d. T h e r es ult s f or b ot h m o difi e d st a n d ar d s  ar e sli g htl y l es s c o n s er v ati v e t h a n 

F E A r es ult s a n d si mil arl y f or all d ef e ct d e pt h r ati o s. A si mil ar tr e n d of t h e b urst pr es s ur es 

v al u es of t h e d a m a g e d pi p e el b o w s o bt ai n e d u si n g A S M E B 3 1 G a n d D N V R P- F 1 0 1 c o d es  

w as al s o o b s er v e d b y L e e et al. [ 3 3], al b eit t h eir st u d y i n di c at es t h at b ot h m o d el s h a v e s h o w n 

m o r e c o n s er v ati s m t h a n t h e F E A.  

T h e r es ult s o bt ai n e d i n t hi s st u d y u si n g t h e m o difi e d A S M E B 3 1 G st a n d ar d ( P L ( M o d. B 3 1 G) ) 

ar e cl o s est t o t h e n u m eri c al F E A r es ult s ( P L σ ult( F E A)
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) f or all d ef e ct d e pt h r ati o s, Fi g. 6. T h e 

er r or i s r el ati v el y s m all f or all d e pt h r ati o s a n d wit hi n t h e r a n g e 2. 4 9 - 1 0. 2 7 %, T a bl e 4. O n 

t h e ot h er h a n d, t h e n u m eri c al F E A r es ult s f or t h e li mit pr es s ur e i n t h e pi p e el b o w u si n g t h e 
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yi el d str e n gt h ( P L σ y( F E A) ) f or diff er e nt d ef e ct d e pt h r ati o s ar e c o n si st e ntl y m u c h m or e 

c o n s er v ati v e, Fi g. 6. T h e s e n u m eri c al m o d el r es ult s o bt ai n e d u si n g t h e G o o d all f or m ul a f or 

c al c ul ati o n of t h e h o o p str es s i n t h e pi p e el b o w ar e i n g o o d a gr e e m e nt wit h r es ult s r e p ort e d 

b y D u a n a n d S h e n [ 3 2] f or t h e c as e w h e n t h e m a xi m u m str ai n is l o c at e d i n t h e i n n er w all at 

t h e i ntr a d o s of t h e pi p e el b o w. 

 

Fi g. 6.  C o m p ari s o n b et w e e n t h e li mit pr es s ur e v al u es i n t h e str ai g ht pi p e ( A PI 5 L X 5 2) a n d 

th e pi p e el b o w ( at t h e i ntr a d o s s e cti o n) f or diff er e nt d e pt h r ati o s ( d/t = 0. 1 - 0. 8)  of t h e 

r ect a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct s wit h r o u n d e d c or n ers , o bt ai n e d n u m eri c all y 

b y  F E A, a n d a n al yti c all y u si n g st a n d ar d (str ai g ht pi p e) a n d m o difi e d ( pi p e el b o w) c o d es. 

T a bl e 4 T h e diff er e n c e i n t h e li mit pr es s ur e P L  v al u es f or t h e pi p e el b o w b as e d o n t h e 

ul ti m at e str e n gt h (P L σ ult( F E A) ) o bt ai n e d b y F E A, a n d b y m o difi e d c o d es ( B 3 1 G, m o difi e d 

B 3 1 G, a n d D N V R P- F 1 0 1) u si n g t h e G o o d all f or m ul a f or c al c ul ati o n of t h e h o o p str es s i n t h e 

pi p e el b o w. 

3. 3. T h e n ot c h f ail u r e a s s es s m e nt di a g r a m ( N F A D) f o r t h e st r ai g ht pi p e a n d pi p e b e n d s wit h 

c o r r o si o n d ef e ct s 

I n t hi s fi n al s u b s e cti o n, t h e n ot c h f ail ur e as s es s m e nt di a gr a m ( N F A D) f or t h e str ai g ht pi p e 

a n d pi p e b e n d s wit h c orr o si o n d ef e ct s i s pr es e nt e d a n d a n al y z e d. T h e as s es s m e nt p oi nt i n 

N F A D i s d efi n e d wit h t w o n o n- di m e n si o n al p ar a m et ers - c o or di n at es ( L r, K r), w h er e L r i s 

a p pli e d str es s (l o a d), a n d K r i s a dri vi n g f or c e. A s m e nti o n e d i n t h e i ntr o d u cti o n s e cti o n, t h es e 

t wo p ar a m et ers - c o or di n at es i n t h e N F A D s u b stit ut e t hr e e i nfl u e n ci n g p ar a m et ers, t h e 

fr a ct ur e t o u g h n es s (K ρ C ), d ef e ct d e pt h r ati o ( d/t), a n d t h e i nt er n al pr es s ur e ( P). I n t hi s st u d y, 

t h e N F A D w as m o difi e d u si n g t h e pi p e el b o w h o o p str es s σ θ i n t h e e q u ati o n f or c al c ul ati o n 

of a n o n- di m e n si o n al l o a d L r a c c or di n g t o t h e f oll o wi n g e q u ati o n L r= σ θ /σ ο , w h er e σ θ a n d 

σ ο ar e t h e h o o p str es s ( m a xi m u m cir c u mf er e nti al str es s), a n d fl o w str es s, r es p e cti v el y [ 1 2]. 

T h e fl o w str es s σ ο i s e x pr es s e d b y t h e f oll o wi n g e q u ati o n σ ο = ( σ y + σ ult ) / 2, wh er e σ y  a n d σ ult  

ar e t h e yi el d str e n gt h a n d ulti m at e str e n gt h, r es p e cti v el y [ 1 2, 8 4] . T h e v al u es of σ y a n d σ ult f or 

A P I 5 L X 5 2 st e el u s e d i n t hi s st u d y ar e s h o w n i n T a bl e 2. Al s o, f or t h e c al c ul ati o n of a n o n-

di m e n si o n al cr a c k dri vi n g f or c e K r i n t h e pi p e el b o w, a  m a xi m u m e q ui v al e nt n ot c h str es s 

i nt e n sit y f a ct or (K ρ e q
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t he m or e c o m pl e x mi x e d m o d e of l o a di n g ( K Iρ , K IIρ , a n d K IIIρ , Kρ e q = f ( K Iρ , K IIρ , a n d K IIIρ )) 

a c c or di n g t o t h e f oll o wi n g e q u ati o n K r= K ρ e q / K ρ C  [ 1 2]. C al c ul at e d fr a ct ur e t o u g h n es s v al u e s 

fo r t h e pi p e el b o w (K ρ C = 9 5 M P a. m 0 . 5) a n d str ai g ht pi p e (K ΙC = 1 1 6. 6 M P a. m 0 . 5) m a d e of t h e 

s am e m at eri al ( A PI 5 L X 5 2 st e el), a n d wit h t h e s a m e di m e n si o n s a n d g e o m etr y, ar e t a k e n 

fr o m o ur pr e vi o u s st u d y (s e e T a bl e 2) [ 1 2]. Al s o, t h e fr a ct ur e t o u g h n es s v al u e f or t h e pi p e 

el b o w i s l es s t h a n f or t h e str ai g ht pi p e d u e t o a hi g h er c o n str ai nt [ 1 2]. T h e N F A D i s b as e d o n 

t h e i nt er p ol ati o n c ur v e K r= f ( L r) a n d it i s t y pi c all y pr es e nt e d i n p ol ar c o or di n at es (r,  θ ) [ 8 4]. 

A s c h e m ati c r e pr es e nt ati o n of a t y pi c al N F A D wit h t w o c h ar a ct eri sti c p ol ar a n gl e v al u es ( θ 1  

a n d θ 2 ) t h at d efi n e d t hr e e t y pi c al d o m ai n s (θ > θ 1 - brittl e fr a ct ur e, θ 1 > θ >  θ 2  - el ast o- pl asti c 

fr a ct ur e, a n d θ < θ 2  - pl a sti c c oll a p s e) i s s h o w n i n Fi g. 7. F ail ur e h a p p e n s if t h e as s es s m e nt 

p o i nt (L r, Kr) i s a b o v e t h e i nt er p ol ati o n - f ail ur e c ur v e K r= f ( L r) [ 8 4]. M or e d et ail s a b o ut 

p o l ar a n gl es d efi niti o n, t hr e e t y pi c al d o m ai n s, a n d t h e a p pli c ati o n of t h e N F A D ar e pr es e nt e d 

i n n u m er o u s pr e vi o u sl y p u bli s h e d w or k s [ 1 2, 3 9, 4 1, 6 4- 7 5, 8 4, 8 6]. 

Fi g ur e 8 s h o w s t h e N F A D f or t h e str ai g ht pi p e a n d pi p e el b o w wit h diff er e nt d e pt h r ati o s  

(d/t = 0. 1 - 0. 8) of t h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct s wit h r o u n d e d c or n ers  

at  t h e i ntr a d o s s e cti o n. E v ol uti o n s of t h e f u n cti o n p oi nt c o or di n at es, w hi c h d efi n e t h e 

as s es s m e nt p oi nt o n t h e N F A D, i n di c at e t h at t h e pi p e el b o w i s a m or e e n d a n g er e d c o m p o n e nt 

of t h e pi p eli n e. F or all c orr o si o n d ef e ct d e pt h r ati o s, t h e as s es s m e nt p oi nt s f or t h e pi p e el b o w 

h a v e a hi g h er v al u e of b ot h c o or di n at es ( L r, Kr) t h a n f or t h e str ai g ht pi p e d u e t o t h e str es s 

a m plifi c ati o n a n d hi g h er c o n str ai nt i n pi p e el b o w s. P arti c ul arl y, t h e n o n- di m e n si o n al a p pli e d 

cr a c k dri vi n g f or c e  Kr c o or di n at es f or all c orr o si o n d ef e ct d e pt h r ati o s ar e hi g h er f or t h e pi p e 

e l b o w s. T h e diff er e n c e b et w e e n t h e K r c o or di n at e f or t h e pi p e el b o w a n d str ai g ht pi p e 

in cr e as es si g nifi c a ntl y wit h a n i n cr e as e of t h e c orr o si o n d ef e ct d e pt h r ati o  d/t fr o m 0. 1 t o 0. 8. 

T h er ef or e, o nl y at t h e l o w est c orr o si o n d ef e ct d e pt h r ati o ( d/t = 0. 1), t h e pi p e el b o w 

as s es s m e nt p oi nt i s i n t h e el ast o- pl asti c f ail ur e d o m ai n of t h e N F A D. A f urt h er si g nifi c a nt 

ri s e of t h e K r c o or di n at es at s o m e w h at hi g h er d/ t r ati o s ( 0. 1 < d/t ≤  0. 3 8), pr o v o k es c o n diti o n s 

f or t h e pi p e el b o w as s es s m e nt p oi nt s t o b e s hift e d i nt o t h e brittl e z o n e of t h e N F A D, b ut still 

wit hi n t h e s af et y z o n e. T h e l o a di n g p at h i n cr e as es i n a m or e n o n-li n e arl y w a y wit h t h e ri s e of 

cr a c k d e pt h r ati o d/t  ( 0. 3 8 < d/t  ≤  0. 8) at t h e i ntr a d o s s e cti o n of t h e pi p e el b o w. Al s o, f or t h e 

c o rr o si o n d e pt h r ati o s hi g h er t h a n t h e criti c al (d/t > 0. 3 8), all as s es s m e nt p oi nt s ar e l o c at e d i n 

t h e f ail ur e z o n e of t h e N F A D, Fi g. 8. T h e o bt ai n e d criti c al d e pt h r ati o (d /t= 0. 3 8) of t h e 

r ect a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct wit h r o u n d e d c or n ers
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somewhat higher than the critical semi-elliptical relative crack depth ratio (d/t= 0.28) in the 

pipe elbow obtained in our previous study [12]. 

 The loading path increases in a more linear way for the straight pipe with different 

corrosion defect depth ratio. More linear behavior is mainly the consequence of the lower 

increments of the corresponding Kr coordinates for the straight pipe with the increase of d/t. 

The obtained critical depth ratio (d/t= 0.69) of the rectangular parallelepiped-shaped corrosion 

defect with rounded corners for the straight pipe is significantly higher than for the pipe elbow 

(d/t= 0.38). Moreover, all assessment points for the straight pipe with corrosion defect depth 

ratios below the critical (0.1 < d/t � 0.69) are located in the least dangerous plastic collapse 

fracture domain of the NFAD, as shown in Fig. 8. The obtained critical depth ratio (d/t= 0.69) 

of the rectangular parallelepiped-shaped corrosion defect with rounded corners for the straight 

pipe, Fig. 8, is slightly higher than for the critical semi-elliptical relative crack depth ratio 

(d/t= 0.66) in the straight pipe obtained in our previous study [12]. Also, for the crack depth 

ratios lower than the critical (0.1 < d/t � 0.66), investigated in our previous study [12], all 

assessment points were located in the more dangerous elasto-plastic fracture domain of the 

NFAD. Contrary, in this study of the rectangular parallelepiped-shaped corrosion defects with 

rounded corners in the straight pipe, for all defect depth ratios lower than the critical (0.1 < d/t 

� 0.69), the assessment points are located in the less dangerous plastic collapse fracture 

domain of the NFAD, as shown in Fig. 8.  

It can be concluded that due to more pronounced stress intensification provoked by the 

semi-elliptical cracks with different relative depth rations [12], the structural integrity and 

reliability of both straight pipe and pipe elbow is more threatened than in the case of a 

rectangular parallelepiped-shaped corrosion defect with rounded corners. The results presented 

in this study indicate further that the more severe stress conditions in pipe elbows with 

corrosion defect at the intrados section in comparison to the straight pipe lead to the shift of 

assessment points into the brittle zone of the modified NFAD. According to the codes, 

previously analyzed in subsection 3.2, the straight pipe can resist the defect depths which 

reach 80 - 85 % of pipe wall thickness [33,81,85]. The results presented in this study and the 

NFAD for the straight pipe indicate that such a criterion is overly optimistic and hence not 

universally applicable. The presented results are proving the applicability and practical 

benefits of the modified NFAD. The NFAD is useful for the reliability assessment of 

corroded pipes and particularly critical pipe elbows taking into account the different shapes 

and depth of defects and the significant stress intensification in pipe elbows. 
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Fi g. 7. T h e s c h e m ati c vi e w of t h e n ot c h f ail ur e as s es s m e nt di a gr a m ( N F A D) a n d t hr e e t y pi c al 

d o m ai n s. A d a pt e d a n d m o difi e d fr o m [ 8 4]. 

Fi g. 8.  N ot c h f ail ur e as s e s s m e nt di a gr a m ( N F A D) f or t h e str ai g ht pi p e a n d pi p e el b o w wit h 

di ff er e nt d e pt h r ati o s (d/t = 0. 1 - 0. 8) of t h e r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct s 

wi t h r o u n d e d c or n ers at t h e i ntr a d o s s e cti o n. 

 

 

4. C o n cl u si o n s 

A c o m pr e h e n si v e st u d y of s af et y a n d r eli a bilit y as s es s m e nt of t h e c orr o d e d pi p e el b o w a n d 

th e str ai g ht pi p e m a d e of A PI 5 L X 5 2 pi p eli n e st e el u si n g t h e n u m eri c al F E A, i n cl u di n g t h e 

a p pli c a bilit y of t h e m o difi e d c o d es  a d a pt e d f or t h e pi p e el b o w, i s pr es e nt e d i n t hi s p a p er. 

R e g ar di n g t h e r es ult s of t h e li mit pr es s ur e c al c ul ati o n a n d t h e h o o p str es s v al u es i n t h e pi p e 

el b o w wit h a n d wit h o ut diff er e nt r e ct a n g ul ar p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct d e pt h 

r ati o s (d/t = 0. 1 - 0. 8) a n d t h e a p pli c a bilit y of t h e m o difi e d c o d es  u si n g t h e G o o d all f or m ul a 

f or c al c ul ati o n of t h e h o o p str es s, t h e f oll o wi n g c o n cl u si o n s c a n b e dr a w n. 

•  T h er e i s a g o o d a gr e e m e nt b et w e e n t h e h o o p str e s s v al u e o bt ai n e d u si n g t h e G o o d all 

f or m ul a f or c al c ul ati o n of t h e h o o p str es s at t h e i ntr a d o s s e cti o n of a pi p e el b o w 

wit h o ut c orr o si o n d ef e ct s a n d t h e v al u e o bt ai n e d b y t h e F E A wit h t h e s m all err or of 

5. 3 2 %. 

•  T h e m u c h hi g h er err or ( 2 5. 9 4 %) i s o bt ai n e d u si n g t h e str ai g ht pi p e f or m ul a f or t h e 

c a l c ul ati o n of t h e h o o p str es s i n t h e pi p e el b o w. 

•  T h e r es ult s of t h e li mit pr es s ur e c al c ul ati o n s u si n g t h e m o difi e d c o d es  t h at t a k e i nt o 

a c c o u nt t h e pi p e el b o w g e o m etr y b y u si n g t h e G o o d all f or m ul a f or c al c ul ati o n of t h e 

h o o p str es s i n t h e pi p e el b o w ar e i n cl o s e a gr e e m e nt wit h t h e n u m eri c al F E A r es ult s. 

•  B ot h c o n s er v ati v e tr e n d a n d o v er esti m ati o n i n t h e li mit pr es s ur e v al u es o bt ai n e d u si n g 

A S M E B 3 1 G c o d e  wit h t h e hi g h est err ors (fr o m 1 0. 5 6 u p t o 1 7. 9 3 %) of all t hr e e 

u s e d m o d el s i n c o m p ari s o n wit h t h e n u m eri c al F E A r es ult s f or a n al y z e d d ef e ct d e pt h 

r ati o s (d/t

J o
ur

n a
l 

Pr
e-

pr
o o
f

= 0. 1 - 0. 8) ar e o b s er v e d. 
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•  T h e r es ult s f or t h e li mit pr es s ur e o bt ai n e d u si n g t h e ot h er t w o m o difi e d st a n d ar d s 

(m o difi e d A S M E B 3 1 G, a n d D N V R P- F 1 0 1) ar e l es s c o n s er v ati v e a n d i n m u c h b ett er 

a gr e e m e nt wit h t h e n u m eri c al F E A r es ult s b as e d o n t h e ulti m at e str e n gt h.  

•  T h e r es ult s f or t h e li mit pr es s ur e o bt ai n e d u si n g t h e m o difi e d A S M E B 3 1 G st a n d ar d 

ar e cl o s est t o t h e n u m eri c al F E A r es ult s f or all d ef e ct d e pt h r ati o s ( err or: 2. 4 9 - 

1 0. 2 7 %). 

•  T h e n u m eri c al F E A r es ult s f or t h e li mit pr es s ur e i n t h e pi p e el b o w u si n g t h e yi el d 

st r e n gt h f or diff er e nt d ef e ct d e pt h r ati o s ar e c o n si st e ntl y m u c h m or e c o n s er v ati v e a n d 

h e n c e n ot a p pli c a bl e i n t hi s st u d y. 

T h e r es ult s o bt ai n e d i n t h e pr e vi o u s r es e ar c h h a v e pr o v e d t h e pr a cti c al b e n efit s of t h e 

m o difi e d n ot c h f ail ur e as s es s m e nt di a gr a m ( N F A D) f or t h e as s es s m e nt of t h e str u ct ur al 

i nt e grit y a n d r eli a bilit y of str ai g ht pi p es a n d pi p e el b o w s wit h diff er e nt c orr o si o n d ef e ct s. 

B as e d o n t h e c o m pr e h e n si v e r eli a bilit y a n al ysi s u si n g t h e N F A D f or t h e str ai g ht pi p e a n d 

pi p e b e n d s ( A PI 5 L X 5 2) wit h diff er e nt d e pt h r ati o s  (d /t=  0. 1 - 0. 8) of t h e r e ct a n g ul ar 

p ar all el e pi p e d-s h a p e d c orr osi o n d ef e ct wit h r o u n d e d c or n ers  at t h e i ntr a d o s s e cti o n t h e 

f oll o wi n g c o n cl u si o n s c a n b e dr a w n.  

•  F or t h e c al c ul ati o n of a n o n- di m e n si o n al cr a c k dri vi n g f or c e K r i n t h e pi p e el b o w, a 

m a xi m u m e q ui v al e nt n ot c h str es s i nt e n sit y f a ct or ( K ρ e q ) s h o ul d b e c o m p ut e d a n d u s e d 

si n c e t h e el b o w c ur v at ur e pr o v o k e d t h e c o m pl e x mi x e d m o d e of l o a di n g. T h e 

o bt ai n e d fr a ct ur e t o u g h n es s v al u e f or t h e pi p e el b o w i s l es s t h a n f or t h e str ai g ht pi p e 

d u e t o a hi g h er c o n str ai nt.  

•  T h e as s es s m e nt p oi nt s f or t h e pi p e el b o w h a v e a hi g h er v al u e of b ot h c o or di n at es ( L r, 

K r) f or all c orr o si o n d ef e ct d e pt h r ati o s t h a n f or t h e str ai g ht pi p e, d u e t o t h e str es s 

in t e n sifi c ati o n a n d hi g h er c o n str ai n i n t h e pi p e el b o w s. 

•  F or t h e c orr o si o n d ef e ct d e pt h r ati o s hi g h er t h a n 0. 2 ( d/ t> 0. 2), t h e pi p e el b o w 

as s es s m e nt p oi nt s ar e l o c at e d i n t h e brittl e z o n e of t h e N F A D, w hil e t h e criti c al 

c orr o si o n d ef e ct d e pt h r ati o (i n t h e f ail ur e z o n e of t h e N F A D) i s d/t = 0. 3 8. 

•  T h e o bt ai n e d criti c al c orr o si o n d ef e ct d e pt h r ati o ( d/ t= 0. 6 9) f or t h e str ai g ht pi p e i s 

si g nifi c a ntl y hi g h er t h a n f or t h e pi p e el b o w ( d/t

J o
ur

n a
l 

Pr
e-

pr
o o
f

= 0. 3 8). Al s o, all as s es s m e nt p oi nt s f or 

c orr o si o n d ef e ct d e pt h r ati o s b el o w t h e criti c al ar e l o c at e d i n t h e l e ast d a n g er o u s 

pl asti c c oll a p s e fr a ct ur e d o m ai n of t h e N F A D. 
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This study confirms that the pipe elbow is a critical part of piping systems. Moreover, the 

stresses at the intrados section of the pipe elbow are higher than at extrados or crown 

sections. Due to these facts, unmodified codes developed for the straight pipes are not 

applicable for pipe elbows. Further investigation of modified codes for the limit pressure 

calculation in the pipe elbow, taking into account the application of different contemporary 

formulas for the calculation of the hoop stress, is envisaged in our future research.   
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LIST OF FIGURES  

Fig. 1. API X52 pipeline elbow: (a) manifold separation system; (b) corroded pipe elbow; 

(c) pipe elbow dimensions.  

Fig. 2. Pipe elbow without corrosion defects subjected to the internal - service pressure Ps= 

7 MPa, geometry, meshing, and hoop stress distribution.  

Fig. 3. Pipe elbow without corrosion defects: (a) distribution of the hoop stress; (b) different 

angles along the pipe elbow. 

Fig. 4. Pipe elbow with the rectangular parallelepiped-shaped corrosion defect with rounded 

corners at the intrados section subjected to the internal - service pressure Ps= 7 MPa: pipe 

elbow and the geometry of rectangular parallelepiped-shaped corrosion defect with rounded 

corners, meshing, and hoop stress distribution (d/t= 0.5). 

Fig. 5. Numerical analysis of elbow defects with different depth ratios d/t at the intrados 

section: (a) hoop stress versus internal pressure; (b) limit pressure PL according to the yield 

and ultimate strength. 

Fig. 6. Comparison between the limit pressure values in the straight pipe (API 5L X52) and 

the pipe elbow (at the intrados section) for different depth ratios (d/t= 0.1 - 0.8) of the 

rectangular parallelepiped-shaped corrosion defects with rounded corners, obtained numerically 

by FEA, and analytically using standard (straight pipe) and modified (pipe elbow) codes. 

Fig. 7. The schematic view of the notch failure assessment diagram (NFAD) and three typical 

domains. Adapted and modified from [84]. 

Fig. 8. Notch failure assessment diagram (NFAD) for the straight pipe and pipe elbow with 

different depth ratios (d/t= 0.1 - 0.8) of the rectangular parallelepiped-shaped corrosion defects 

with rounded corners at the intrados section. 
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Fig. 1. API X52 pipeline elbow: (a) manifold separation system; (b) corroded pipe elbow; 

(c) pipe elbow dimensions.  
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Fig. 2. Pipe elbow without corrosion defects subjected to the internal - service pressure 

Ps = 7 MPa, geometry, meshing, and hoop stress distribution.  
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F ig. 3. Pi p e el b o w wit h o ut c orr o si o n d ef e ct s: ( a) di stri b uti o n of t h e h o o p str es s; ( b) diff er e nt 

p a t h s a n gl es al o n g t h e pi p e el b o w. 
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Fig. 4. Pipe elbow with rectangular parallelepiped-shaped corrosion defect with rounded corners 

at the intrados section subjected to the internal - service pressure Ps= 7 MPa: pipe elbow and 

the geometry of rectangular parallelepiped-shaped corrosion defect with rounded corners, 

meshing, and hoop stress distribution (d/t= 0.5). 
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Fig. 6. Comparison between the limit pressure values in the straight pipe (API 5L X52) and 

the pipe elbow (at the intrados section) for different depth ratios (d/t= 0.1 - 0.8) of the 

rectangular parallelepiped-shaped corrosion defects with rounded corners, obtained numerically 

by FEA, and analytically using standard (straight pipe) and modified (pipe elbow) codes. 
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Fig. 7. The schematic view of the notch failure assessment diagram (NFAD) and three typical 

domains. Adapted and modified from [84]. 
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Fig. 8. Notch failure assessment diagram (NFAD) for the straight pipe and pipe elbow with 

different depth ratios (d/t= 0.1 - 0.8) of the rectangular parallelepiped-shaped corrosion defects 

with rounded corners at the intrados section. 
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•  T w o  m o d els ( m o difi e d B 3 1 G a n d D N V R P- F 1 0 1)  a gr e es w ell wit h F E A r e s ults. 

•  

J o
ur

n a
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Pr
e-

pr
o o
f

T h e n ot c h f ail ur e ass ess m e nt di a gr a m ( N F A D) c o nfir ms t h e pi p e el b o w criti c alit y. 
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