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Failure Criterion of Straight Pipe with Outer Local

Wall Thinning under Internal Pressure
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Abstract: This study was carried out an experimental and finite element analysis on the fracture behavior

of straight pipes with local wall thinning under internal pressure. Local wall thinning was machined on

the pipes in order to simulate erosion/corrosion metal loss. The configurations of the eroded area has an
eroded ratio of d/t=0.80~0.92 and an eroded length of 1=25, 50 and 102 mm. Three-dimensional
elastic-plastic analyses were also carried out using the finite element method, which is able to accurately

simulate failure behaviors. In regards to the relation ship between pressure and eroded ratio, the criterion

that can be used safely under operating pressure and design pressure were obtained from this calculation.

The results of this calculation were in relatively good agreement with that of the experiment.

Key Words : Straight Pipe, Outer Wall Thinning, Failure Criterion, Internal Pressure, Finite Element Method

1. M 2

Anl A3)E oldA Ferh F7hsa ok 1
ZFolq AR A oA oUARN F5
e wa gome Faxe ¥ 7ML A
o‘l.

AYe AT 5 Qe daoln,

a9 A #4d ZRNEE =& F5Y ¢A
A 9 AzrAe] grEojok gk T wEe]
71 AHER FERE Y JhsAel e AR
< 13 ApolE FET S GRS e
7F k. iy ovA dd SRES] wjde A
& T B THRY 43k EFE T T4
o] Bt} ol2fgt Ao REA dE EE F/F2

o3t} WA S-S AZE F Aok FLhel
gk A7 Mo At B AFe HAe
Y& Hasilal, A/FAe 23 15 v
AR A5 ANPE HASHEE =, Mathonet
& AL B8 799 $¥H st o5t %
5-8712S ntdsgdth'” Hasegawa 5o 5%
g FEYGOR B, 2480 7]E0l ot &
& 8 e AESYD 384 38 v
st w¥7] Y 8l gigte] A-gste e
se] A7E AAsT Aok

B ATANE FH FEEE A E Batd )
HE AR, EF ¥4 9 A5 A=t U
S W e Frst 37Tl ojw g I

ot I S@AA A : BAYET A= E
E-mail : namkw@pknu.ac.kr, Tel : 051-629-6358

%9 AW PSS F ot

76 UEFHIIASHYA Higd iz, 2014H 2

*#t Ki-Woo Nam(corresponding author) : Materials Science and
Engineering, Pukyong National University

E-mail : namkw@pknu.ac.kr, Tel : 051-629-6358

* Soo-Young Kim : UR Interdisciplinary program of Mechanical
Engineering, Pukyong National University



3% 3
|AS Frkskdt

2. AEE U ME uH
2.1 AlgH

B Aol AgE Ass 97 48.6mm, T
5.1 mm<] SPPH370 I 4&-A7H|F(Carbon Steel
Pipes for High Pressure Service; KS D 3564)°]T}.
A[AEAY] FAH AFE Fig 1o JERAT
E AAAFEAY F AFE Table 10 vER
ot o714 FAel o Zlolde] Hl&S 7
SRR Aottt AAE 52 i) i
1411?—01]*1 ‘Q@%h:]- vt

z

& 714

yal

Ae HJ& PR 2
AAF) ATl el FAATE AFE
o AT Al YT AAE ey
o} o] .

i

|

‘curter radins

Fig. 1 Shape and dimensions of a straight pipe

specimen

2.2 SiAM @ AlS Hi
B AT E 948 dd ZHE

F Ao AYES AALAHE 47 62 MPa,
15 MPa® 7H43F1th. Fig. 2= FEM 2E 9| g of
£ YEehdT FEM 31412 ANSYS Ver.11.02.2 &
24 AAE FPsAT mEYS SHA 2084
{29 AHEA 108" 2424 WIAHLS 173}
o 1/4 gjBRAS "HERTE 4L Von Misese
FEZ2AS ARSI e WS WsAlY
WA, 71 we W= ?6}951@ Fig. 32 FEM 3l
Aol AHgH H-gH-AAYE F4& Yepdth

Table 1 Specimen geometries

Secimen No Eroded Eroded
P | ratio () | length 1 (mm)
SP-1 0.80
SP-2 0.88
25
SP-3 0.92
FEM | SP-4 0.92 50
SP-5 0.80
SP-6 0.88
102
SP-7 0.92
SP-8 0.906
SP-9 0.912
25
SP-10 0.930
SP-11 0.941 50
Exp.
SP-12 0.818
SP-13 0.822
SP-14 0.920 102
SP-15 0.931
E2 206 GPa, EOFFHIE 0322 &0t
AgNA 7 EE AH AFHS 8-S 3
3, AL ti7] FolA FF HZE WS 30 MPa
7MA 7vske] AdE AAEIET wldte]

4 Aol B

= s
HlolEl &
= 700 mm©] L

zAsgon, 3
E Q] AIAE AHgste] AFE gl
ol MEFEF hHe 1

I

A &3tk

Hj
71— 1-?_0 ‘%ﬂi_

A7t TH?). ©

ulgkel ol @ vizke] &

14)547] 9]5hod ok\:}oﬂ/ﬂ 747} 30 mm $

T~

=l
=

K

Fig. 45 74 Zo] 1=25 9 102 mmol™, 75

BalelAth. Fig. 4= S

oot fEas 4L A8
FE A= Uehdth Blwsh]
u}]:}_}gl 34 Asx zro)

10]125 mme] &

¢RSHI|ASLLR| AM18H M1z, 2014 2¢€ 77



=13

Uets 2

o
rr

2|

i

Zho] v, Fig. 4b)E 25 o] =102 mme] ZA3}o]

th 3 Fig. 4(a), (D)ol AFFER S
HWgE AEE ek dFuare) sg-
K FFHT 2 e dehRATh

rE oo
P

rlo

oy M

Fig. 2 An example of 1/4 modelling for the FEM

analysis model

1200

1000 |

®
=3
=

N
>
S

—O— o5 curve for FE analysis

True stress, o (MPa)
IS
S
3

206 GPa

Young's modulus
Poisson's ratio
Yield stress
Fracture ductility ~ 1.14

340 MPa

N
=3
S

True fractue stress 1065 MPa

0.5 1 1.5
True strain,

Fig. 3 True stress-true strain curve for FEM
W 3
ZH81) 0.80, 0.88 2 0.920] thsle] 2z oF
340, 360 2 315 MPaZ7}A| AdA o= Z7}stATh
o] o, AFHIFe] WHIPEL oF 0.14, 015 &
0.17%% YEl 1, 34314 §dste 24933
FA% Wy EY Sk widel dHo] LAYy
dE& AU FE
A Al
)3l Fig.
751 0.80, 0.88 = 0.929])
iske] oF 146, 144 2 130 MPa7}A AFz o g
Z7ksta, HEE 9F 0.023, 0.022 2 0.015%°] A
FAsHA Ayste] Fhstnh. dFEke]
ES THFRT A7 oF 230~250% 2
610~1130% =LA YERsTH
ZH4 o] =102 mm<! Fig. 4(b)2] Y349
2 7+81) 0.80, 0.88 L 0.92] st 2
30, 290 2 260 MPa7tA| AyA o7 =7}
sttt olwl, AFake] MEFEL 9F 0.15, 0.16

74 2ol 1=25 mm<! Fig. 4(a)2] ¥F
zZ

™
Ho
i R

w B

78 v=EEEHI|AISYX] 183 H1=Z, 2014H 2¢€

=L

ug mzol ot

k>

7|

M

2 024%E YER 3, 43514 W3t st
At Fig. 4(b)° 93 352 7H51] 0.80, 0.88
2 0.920] thale] <F 150, 145 2 136 MPa7}bA] Al
o=z Zrlsty, HEE <F 0.0066, 0.0046 3
0.0036%°l A FA3MA "MPste] FpEstant. A5
Wk ¥ 7hEnle] @A Qo] FHEFET oF
190~220% ZA YE o, HEES oF 2270~
6660% ZA| ERSTE.

400 . X ' X ' |
__ Gircumferential
_
N 35|
=™
< A
w
S 010
P
=]
w2
0 1 1 1
0.0 05 10 s 2
Strain (%)
(a)
400 ' ' |
= Circumferential |
3{m " -
sl | o A
< :
& i
= wof [/ A
2 Jit /
£ ] A
@ !
100}/ A
: —— d/t=0.80, /<102 mm
oy o d/t=0.88, =102 mm |
" ‘ - /=092, =102 mm
0 "0z 0004 o 008 0010 L )
0.0 05 0 " s
Strain (%)
(b)

Fig. 4 Relationship of stress and strain according to

wall thinning ratio from FEM. (a) 1=25 mm,

(b) 1=102 mm
Fig. 4(a), (b)oIA ZHzhe] ZHEololl A &)
7t FMEEE A¥H o Fkshe AFNT H



ztzte] Zhgulol diste] WSalAl UERsT.
ol thate] 1=25 mme] AFF

e

< % 70~93% YEhon, T
FE&2 oF 348~478%E UERNATE whebA
< FFEe] ozt
7¥eih, SNEFL W A vEide A

d

¢

tio
e

5088, 125 mm [

44092 25 e o
e 088 I T

d/IIO 92, =50 mm. -]

Pressure (MPa)

0.0 0.1 02 03 04 05
Strain (%)

Fig. 5 Relationship of between pressure and strain

from wall thinning ratio and wall thinning

length

Fig. st Al4teld ozl gt Wy gl
AE e reel Uid WEEe 78 4
Jol @Aglo] Zgmel o2y 2

o

b
Ho
z
N
iy
-4
e
5=
b
-3
()
Rt ¢
e

o ~

(

o
X0
v
&
o
o
>

B
)
o

wo R
o
My
lo

)
X

Fhatel) e}

,d
%o
=
N
)
olN

o o
N
ﬂlé 4

;S;

i

t

e

o ~
=)

0
BT
=)

%0
&

fo @ oo W orfr o N
oy o oy

Aol =25, 50 7~l 102 mme| d/t=0.922}
m9] dt=0.88-2 EF FpEo] TAstE A
4 A 1=25 mme| d/4=0.803} 0.88, 1=102
0802 A 62 MPaollA s}s=o] WhAY

T
S
[\S)
540'

ftlo
o mg

8
=

3tA ko), 1 oo dEdAE Tt A
stk 2Ev 3T/ AFEHS AALY 15
MPa ©]3lol| A 25 T3] T dhso] AT
Fig. 6= 58] d/t=0.922] 75, ALt Aoz
5 Aold mE= HIYE 02%N49 8 £X
2 W1y 258 YeEPdTh (@)= 1 = 25 mm, (b=
1 =50 mm, (c )= 1= 102 mm9] Axolt}, Z+ 1
o A HAlE AA AFE e, T HAE
1008 ik Zojw, Al HWH 100HH gofg A

o FTHs yehd Zlojth AA| AgelA &
Ro| Fop Rpe 2 gee REE el 9
om, o]Z1& 1008 FrHg 1HolA &R F
Jro] T WYL BAY 5 Uk =F Fuwe
oA g2 "Hygo] WA AL &+ Yok
Actual 100 times(cross)

100 times(side)

Fig. 6 Distribution of stress and deformation at
strain 0.2 % from wall thinning pipe by
FEM. (a) 1 = 25 mm, d/t = 0.92, (b) 1 = 50
mm, d/t = 0.92, (¢c) 1 = 102 mm, d/t = 0.92

s 3
ol BAR] 57 2 W 94 B gego] o
& 78w

St EE7| AR Mg M=, 2014 28 79



=13

Uets 2

o
rr

g =

d/t=0.80°14 0.235 mm (1=102 mm), d/t = 0.88°] 4]
0224 mm (I=22 mm)?} 0242 mm (=102 mm),
dA=0.92014 0228 (1I=25 mm), 0.239 mm (I=50
mm) ¥ 0.245 mm (1=102 mm)E YEPASITE ot
Al BE7A Y WA S Hdo] H Sule
SEAE YEE ALE et

0.30 T T

@@’//2:%‘

=

I

P
T

S

o

S
T
!

Amount of expansion (mm)

0.15 1
O 1=25mm
A 1= 50 mm
1=102 mm
0.10 . L
0.8 0.9 1.0

‘Wall thinning ratio (d/t)

Fig. 7 Relationship of between the amount of
expansion and wall thinning ratio at strain
0.2 % from FEM

Fig. 8% Ao Aoz FEH-HYE JFAHE
Uebd Aotk ()¢t (b= 27 25 4ol 1 =25

2 102 mme] Az}olth (a)olE Blastr] $)8hd]

50 mm®] AIE Zo] YeEhdnt I oA Y

Hrako] < % AEE oF 0.2%00A WMo UrE‘rUr
i 2} : FFe 02% M=H 2 1)
oA 254l d/t=0.906, 0.912 Z 0.9300) 4 Z+z}+ oF

340, 410, 400 MPa, L& (b)ollA 784 d/t=0.941
ol A 180 MPa, 1% (c)ollA d/t=0.818, 0.822, 0.920
o| A Z+z; oF 180, 235, 150 MPa2 YRR A
22 S Ao Zsule] #A Qo] HIE
0.2%0°l A °F 273 MPa< UeRAT 18]lx
oA WMHE 02%] 82 IS dolrt dojAr
5 ZHA3Ste AFS UEha ik ole} o] |
P& 02%0A §Ho] Aol7t e AL A4 A
77} von Mises®] & zAd] st dojx A
o2 37 F&Y Aol &St Aozl Frol
H, 4382 dFUge
H do|ike g8

ul
=~

A

80 IHZZAHY|AZEYX| M1gH M1z, 20144 2¢

540 1=25, 50 2 102 mmoll A -z}
1%, 0.094% = 0.02~0.05%Z YERASATH
25 e dojygre v & wrt
Z7FskAIRE Wy AL gl AL &

BA T

Circumferential _«

Stress (MPa)

25 mm 4
—— d/t=0.906

- dt=0.912
- d/t=0.930

12 14

1000 T T T T

750

, Circumferential

Stress (MPa)
g
¥
3

N
&

0.6 0.8
Strain (%o)

(b)

Fig. 8 Relationship of stress and strain according
to wall thinning ratio and wall thinning
length from experimental. (a) 1=25 and 50

mm, (b) =102 mm



A
%’T%:‘y

02%¢°ll WA = obF 22

W ey

Atk MakA g ARS HoK RAFE e
AT o] Ao] Wow NAHWA A5

o] 2 mgo] vehar,

Strain (%)

Strain (%)

200 300

Time (sec)

(b)

Fig. 9 Relationship of strain and time according to
wall thinning ratio and wall thinning length
from experimental. (a) =25 mm, (b) 1=50
and 102 mm

S -5l Table 2
A AHANA TS

Hlg Ae &

2

=
e

=712
AT WA 2 dEol ik wjae] b
© 2% doluthe 2% Zolo oE4o] Atk
Ae % % 3tk
Table 2 Wall thinning limit thickness from
relationship between internal pressure
and wall thinning ratio at 0.2% strain
from FEM
I (mm) P (MPa) dit d (mm)
15 0.764 3.90
25
6.2 0.904 4.61
15 0.752 3.83
102
6.2 0.903 4.60

Wt} ZHguletke] #AIE Fig. 109 YERATH
TR A A e Table 2014 WHWEE
0.2%° A 2] Wtz ZhSueke] AAolth o7 A,
Ao 7H4 Aol =25 mmo)al, HAL 7+ Zo]

1=102 mmeo|th. o]A& & b A oA

=i}
=

A A Lol HWHE 0.2%NA9 W] #
=1

5 4ol 1 =25 50 2
102 mme] A34E Uepdth 75 4ol 1225 mm]
7541 dA=0.906, 0.912 Z 0.93, =50 mm<2] &
H d=0.9412 &3 ¥ 6.2 MPa] HHYe &
A 215 BoAYER 25F g 5 35
245 4ol 12102 mme| d/t=0.822 E 0.818-2
A3he 6.2 MPa oldtilNE shE EE sk}
AeHA] ehokar, 11 o]Fe) qieolA Byt
AgtAty. a8y S 2ol =102 mme] ZSH|
=092 27F BT 21HAA WHIE
0.2%° A1 2] Wb Algte] APET ofzt A ¢

= o

FEoz Hrista glou, APl At =3
T wshd wiske] 28-Sk A wiake] b
A& Wb & gloa ddEnh

TRSHI|ASELR| Mg M1z, 2014 28 81



et gl o 2R 2tg XEo| o J|1F

Fig. 112 75 Zo] 1=25, 50 ¥ 102 mm 23 4.8 =
o] thEAR B A vER Zlojth (a)—‘= s
# Aol 1225 mme| M| di=09300.2 5 B AFAE 1. 1¢FY F77F 1%
«l TR FE5ol Bt J%*G}%‘\E} b) = sz w@e FaRAd oste TR

BL(oF AF Aol 1225 8102 mmef AFH - zhgaly] 4o ol @ AEe mEsted, UYge
dt=0.941 B 09200 ZHH Tl Aol ¥F  we o)n 28 H@e| HEATS AL LAY
o7 o] WSt AF WFoR T WIS o= Hrislyt Aol A= trew ot
R e (1) Wk Mg g AL 4 dolo A

16 - 2 vpeo] Wad vgkel AL

14 e /////////////% @) AREE 25 Eo o

onunderdoslgnpmsure 15 MPa; =2 uH_;,}o] c_:_}: 4 %’:.7],—3}.

4
0
32
K
)
tlo

Pressure (MPa)

00 01 02 03 04 05 06 07 08 09 10
‘Wall thinning ratio (d/t)

Fi

—

g. 10 Criterion of safety evaluation by pressure

and wall thinning ratio on straight pipe Zlo]o] o2&t}

References

1. S. K. Park and Y. H. Lee, 2008, “Application of
Thin-Walled Tubes Using Guided Wave”, Journal
of the Korea Society For Power System
Engineering, Vol. 12, pp. 58-65.

2. M. S. Sohn, W. R. Lee, S. K. Lee, J. S. Lee and

S. K. Lee, 2003, “Identification of noise source

()
from main steam line in power plant”, Journal of
Fig. 11 Appearance of ruptured pipes. (a) SP-10 the Korea Society For Power System
(=25 mm, d/t=0.930), (b) SP-11(1=50 mm, Engineering, Vol. 7, pp. 23-28.

d/t=0.941), (c) SP-15(1=102 mm, d/t=0.920) 3. K. W. Nam, S. H. Ahn, Y. S. Yoo and K. Ando,
2002, "Crack opening behavior of penetrated

82 T=FHI|IAIZERIA A8 M1z, 20144 2



10.

A
7\:,_'_00:‘

crack under cyclic or monotonic loading”,
Nuclear Engineering and Design, Vol. 214, pp.
221-229.

. Y. S. Yoo, H. Shimano, S. H. Ji, K. Ando, A.

Okamoto and K. Asao, 1999, "The Evaluation of
LBB Behavior and Crack Opening Displacement
on Indeterminate  Piping  System
Subjected of High
Pressure Institute of Japan, Vol. 37, No. 6, pp.

418-426.

Statically
to Monotonic Load", J.

. K. Matsumoto, S. Nakamura and N. Gotoh,

1991,
Coolant Leak Rates on Pipe Cracks”, Int. J.
Pres. ves. & Piping. Vol. 46, pp. 35-50.

“Study on Crack Opening Area and

. K. Hasegawa, A. Okamoto, H. Yokota, Y.
Yamamoto, K. Shibata, T. Oshibe and K.
Matsumura, 1991, “Crack Opening Area of
Pressurized Pipe for Leak-Before-Break

Evaluation”, JSME.
34, pp. 332-338.

International Journal, Vol.

. K. W. Nam, S. H. Ahn, Y. S. Yoo, K. Ando, S.

H. Ji, M. Ishiwata and K. Hasegawa, 2002,
“Fracture behavior of straight pipe and elbow
with local wall thinning”, Nuclear Engineering
and Design, Vol. 211, pp. 91-103.

. K. Miyazaki, A. Nebu, S. Kanno, M. Ishiwata

and K. Hasegawa, 2002, "Study on Fracture
Criterion for Carbon Steel Pipes with Local Wall
Thinning", J. of High Pressure Institute of Japan,
Vol. 40, No. 2, pp. 8-18.

M. Shiratori, M. Yakura, N. Ogasawara, I.
Nakamura and A. Otani, 2001, "Failure Analysis
of Degraded Piping Against Seismic Loading”,
Trans. Japan Soc. Mech. Eng. A, Vol. 67, No.
654, pp. 209-215.

J. F. Mathonet, J. M. Cherasse, C. L. Leblois and
M. A. Guyrtee, 1995, “Belgian Methodology for
Evaluation of Erosion Corrosion Phenomena in
Units I, 2, 3 and 4 of the Doel Nuclear Power
Plant(NPP)”, ASME PVP, Vol. 304, pp. 393-

L)

, O

11.

12.

13.

14.

15.

16.

17.

o
L

399.

K. Hasegawa, S. Kanno, A. Hirano, N. Gotoh and
T. Saito, 1992, “Acceptance Size of Erosion
Thinning in Carbon Steel Pipes Subjected to
Internal Pressure and Tensile Load”, Journal of
Nuclear Science and Technology, Vol.29, No.
11, pp. 1080-1085.

S. H. Ahn, K. Ando, M. Ishiwata and K.
Hasegawa, 1988, "Plastic Collapse Behavior of
Pipes with Local Wall Thinning Subjected to
Bending Load and Allowable Limit. 1st Report:
Plastic Collapse Behavior of Pipes with Local
Wall
Institute of Japan, Vol. 36, No. 4, pp. 225-233.
S. H. Ahn, K. C. Seok and K. W. Nam, 2007,

“Study on Experimental Evaluation for Fracture

Thinning®, Journal of High Pressure

Behavior of Carbon Steel Pipes for High Pressure
Wall
Vols.

Service with Local Thinning”,

345-346,

Key
Engineering  Materials, pp.
1349-1352.

S. H. Ahn, G. C. Seok and K. W. Nam, 2007,
“Characteristics of Strength and Deformation of
Inner/Outer Local Wall Thinned Straight Pipes”,
Key Engineering Materials, Vols. 353-358, pp.
559-562.

S. H. Ahn, K. C. Seok and K. W. Nam, 2007,
"Effect of Local Wall Thinned Location due to
Fracture of
Pipes", J. Ocean Engineering and Technology of
Korea, Vol. 21, No. 1, pp. 75-80.

M.S. Yoon, J. W. Kim and J. S. Kim, 2012,
“Fatigue Failure Behavior of Pipe Bends with
Wall-Thinning Under
Condition”, Trans. Korean Soc. Mech. Eng. A,
Vol. 36, No. 10, pp. 1109-1295.

K. Miyazaki, S. Kanno, M. Ishiwata, K.
S. H Ahn and K. Ando, 1999,

“Fracture behavior of carbon steel pipe with local

Erosion-Corrosion  on Behavior

Local Cyclic Bending

Hasegawa,

wall thinning subjected to bending load” Nuclear

Engineering and Design, Vol. 191, pp. 195-204.

TRSHI|ASELR| A8 M1z, 2014 28 83



