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ABSTRACT

Fvaluation of Failure Pressure of Wall Thinned-elbow
by Real Scale Pipe Test

Na Yeon Soo
Adviser : Prof. Kim, Jin Weon
Department of Nuclear Engineering

Graduate School of Chosun University

Wall thinning defect due to flow-accelerated corrosion (FAC) is one of the
degradation mechanisms of carbon steel piping component in nuclear power plant
(NPP), and it results in reducing load carrying capacity and fatigue resistance of
the piping components. Especially, the wall-thinning defect leads to abrupt rupture
of piping components under normal operating pressure. Thus, it is important to
accurately evaluate the failure pressure of piping components containing an internal
wall-thinning defect for ensuring integrity of piping system of NPP. Unfortunately,
the failure pressure data on the internally wall-thinned pipe are very rear. For
wall-thinned elbow, especially, there are no published data up to this time.
Therefore, this study performed failure tests using real-scale elbows containing
simulated wall-thinning defect under internal pressure and combined internal
pressure and bending moment. Based on the results of experiments, the effect of

thinning depth, thinning length, circumferential thinning angle and bending moment

- vil —



on the failure pressure was investigated. Also, these results were compared with
failure pressure predicted by existing models.

The results of failure tests showed that the failure pressure decreased with
increasing depth and it was decreased and saturated with increasing axial thinning
length. There tendencies are similar as those observed from the straight pipe with
local wall-thinning. Also, the failure pressure decreased with increasing
circumferential thinning angle. This is different from that observed in the results of
studies on the wall-thinned straight pipe. The effect of bending moment on the
failure pressure was negligible. The comparison of failure pressures obtained from
experiment and predicted by models showed that the existing models conservatively
estimated the failure pressure of wall-thinned elbow, and reasonably predicted the
effect of wall thinning length and depth. However, the models could not
appropriately consider the effect of circumferential thinning angle and thinning

location on the failure pressure.
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Thinning | Thinning | Minimum Pressure [MPal
Location | length, angle, thickness, Oy—criteria | Oey—criteria | Oy —criteria
L/D, o/n t,[mm] Y ! "
0.25 0.25 2 24.52 46.52 -
0.5 0.25 2 18.14 33.25 40.50
1.0 0.25 2 16.19 27.11 31.69
1.0 0.125 2 15.57 27.48 32.54
Extrados
1.0 0.5 2 16.34 25.84 30.51
0.25 0.5 2 24.0 43.25 50.00
0.25 0.25 4 38.09 - -
1.0 0.25 4 32.09 47.41 -
0.25 0.25 2 34.49 48.96 -
05 0.25 2 21.43 37.03 43.69
1.0 0.25 2 15.33 25.87 31.24
1.0 0.125 2 15.44 29.03 33.99
Intrados
1.0 0.5 2 16.59 24.13 29.67
0.25 0.5 2 31.52 44.02 -
0.25 0.25 4 36.89 - -
1.0 0.25 4 24.41 38.25 44.08




0 E>'<tradlos' | | ilu | f |
i "/ ’
‘@ 600 N .
o o
z **/‘
bﬂ)
- 400 ; -
) 4@ s’
7 >y :
= A 44| 025105 10(=LD)
IV & A ey —a =
U). 200 k /ﬁ. s /‘/:_; ° > —A— 0/7=0.25, tp—Z.O
Sy /‘ oPE Ll *— ¢ 6/r=05,1.=20
< vt e —— -4 B/TE0.25,1 =4.0
~-¥-- 0/re0.125, 1.=2.0
30 40 50 60
Pressure , P [MPa]
a) 9] W Z3sH(Extrados defect)
800 ~—
R
M !
i *
—_— i BJ
T 600 R
o ) SR
z < 4-"‘ 1
=3 S 4
Q /‘
© 400 o i
= 025; 05; 1L0(=L/D)
U). 200 @ e/Tl:025, tp=2.0
> 6/r=05,1=20
< 6/r=0.25,1 =4.0
- 0/r=0.125, t =2.0
0 [
50 60
Pressure , P [MPa]
b) Wz W ZAg(Intrados defect)
a9 214 Wgel mE TS AR J 57 v



g8 8 8 8

Load, F[N]

—8— =D, 60125, t =21m
—8— =D, 6=025, t:=21m
—A— =D, 8025, =4mm
—v—L=D, 8r=05, t=2rm
—#— L=05D,, 6=025, t:=2mm
—4—L=025D, 0F0.25, t=amm)
—>—L=025D, #7F0.25, t=4mm)
—8— L=025D,, 6/m=05, t=2rm

0 1
0 50

100

150

Digplacemat, mm

200

150k T
120k + 4
Z 0Kk - E
LL
- +L:D,G’TFO.125,tp:2‘Tm
QT 60k —e—L=D,§/025, t =2rm
3 —A— =D, 6/r=05, tp=4|’TTT1
—v—L=D, 805, {Z2m
30k +L:053,9/TFO.5,tp:2h‘m
—4—L=025D, 8re0.5, tp:?nm
——=025D, 8re0.5, tp:4nm
0 . . +L:0.5D,S’TFO.5,ID:2TITI
0 50 100 150 200 250 300
Digdecarat, gm
¢) opening loadingA] &= Zg 9
wastE-¥e T4
Iy 215 wystsol #FE&d

b) closing loading*] W&E¥ 2

—a— L=D,9/n:015,tp=2rm
—— L=D,9/n:025,tp=21m
—A— L=D,9/n:025,tp=4nm
—v— =D, 6/r=05, lp=2nm
—4— 05D, 9’71:0.25,1p=2nm
—4 L=O.BD,G’TF05,'(F=2TTT1-
- L=QBD,G’TF05,tp=4m’n
—€— L=025D, =05, t =2m

0 50

100

150 200

Digdecaret, gnm

FASF-U F4

=

ol

ol

il

150K ———— T T T
120( r -
Z 90K E
L
- —8— =D, em=01%5, tp=2nm
-8 60k +L:D,e/n:05,tp:21m
3 —A— =D, 0.5, tp=4Tm
—v—L=D,&m=05, tp:ZTm
30K —— =08, 6025, tp:mm
—4— 02D, 605, tp=2nm

d) opening loading*] W& 2

—— 02D, 605, tp:4mn
—¢— L=02D, =05, t =2m

0 50

| I I
1000 150 200 250 300

Digdeoarat, Jmm

FRFT A 22

ool

tel

RIS



a
o W A9 A R Gl Wk Aolrh o,
73

Yatze e A% Yszw A 95w APl o e BuaEel Yebs
Aoz o=y

A%z opening load closing load

intrados extrados | intrados | extrados
L/D,=0.25, 6/1=0.250, t,=2 52.27 kN 53.72 kN | 45.42 kN | 45.73 kN
L/D,=0.25, 6/1=0.250, t,=4 48.67 kN 52.66 KN | 45.59 kN | 4596 kN
L/D,=0.25, ©6/1=0.500, t,=2 30.98 kN 39.89 kN | 34.04 kN | 34.88 kN
L/D,=0.50, ©6/1=0.250, t,=2 48.27 kN 51.78 kN | 42.94 kN | 44.92 kN
L/D,=1.00, ©6/1=0.125, t,=2 4551 kN 46.47 kN | 38.13 kKN | 38.06 kN
L/D,=1.00, ©6/7=0.250, t,=2 4792 kN 49.99 kN | 40.30 kN | 43.04 kN
L/D,=1.00, ©6/7=0.250, t,=4 46.26 kN 50.73 kN | 39.48 kN | 42.15 kN
L/D,=1.00, ©6/7=0.500, t,=2 33.18 kN 3458 kN | 27.35 kN | 31.25 kN

g, ¥ 21504 B A o] 2w zANNE AT F43 AAge] A
46kN, AR EE oAM= 9w Ao A fele Ao 52N, HEw Age] 4§
B

Aol A g Fo]l AZHAY. wepA, 28 o

2
rlr
BN
=
Ul
N
=
z
oL



™

KO
@m

B

A2 & Al

/‘;:'1_

o
s

-
%

NI~

B

—_—
o

—
fils)

o
Hr

oy
T

NI
o)
W

Bl

beact.

o

Mg A4

i
I

ool

An S ol

3ol

T

BS dRel A AAFel FA uFE

oé]
g ol A

A o} ¥ A

A3

0]
=

Fah o7}

37

3

=l

g4 39 222

bl A< 7kl

o]7] 15

=

)

o

(152.4mm) 7} 2]

_ZT|
Lo

o))

ToR

7 (113.4mm), 283 ¥49

o

ol

o
ol

T

ox

|
N

o
Bl

B

™
o
Ho
_

ol
T

)
X

—
o

Ho

]_O

l—} 7]'“ (tmin) O]

HrAdA L

W T AAZES

L
Ju

7]

ASME Sec.lll

21(2.1.1)&

baact.

3|

_Z?

o
Hr

o))

N

ol

T

H 24 A &7 (tmin)

Construction Codesol A]

2} 2}

et Sob Py

B A A ol v

f:,j_

b7 9

G|

(2 2.1.1)

bol Zbgehglch,

S

2]

2233 %ol



Wall-Thinned Area

g 221 A wj

b
0%
>,
=)
o,
to
-z
ol
0%

14 2.2.2 Elbow® 9% 7t¥



[
uilh
Do
)
%)
=
4z
N
Ho
il
et
1o
o
ox



Ton

o

(Intrados defect)

(Extrados defect)



E 221 4 i EGAIFA AFEE S A4
D. N Thinning Thinning | Designed minimum | Loading | Thinning
. No.
length, L/D, | angle, ©/% | thickness, t, [mm] type location
SP-1 1.5
sSP-2 0.25
0.25
SP-3 0.5
Press.
SP-4 1.0
SP-5A 0.125
2.0
SP-6A 0.5
— 1.0 ] | Extrados
SP-5B 0.125 Press.+
SP-6B 0.5 Bending
SP-7 1.0
1.0
SP-8 1.5
Press.
SP-9 2.5
1.0 0.25
SP-10 1.5
SP-12 1.5
SP-13 0.25
0.25
SP-14 0.5
Press.
SP-15 1.0
2.0
SP-16A 0.125
1.0 Intrados
SP-17A 0.5
SP-16B 0.125 Press.+
1.0
SP-17B 0.5 Bending
SP-18 2.5
1.0 0.25 Press.
SP-19 1.5




o

4

ol W] 3 A

FA =

SR

Hj ¥

= A

Tk 19 225

243

=
=

A3 =27l

3

SEEDER

=1}
=

A} 7ol

j
.

149 FAEE ded. 1ddA 1

7 %

d

o))
r

)

)

fils)

=

Faich e

40 MPaz A3

o
T

o, 7t A e AY &%

el

4

A

X

¢+

o

4

, Wiskell wE Al

B!

BR

o
X
!
oy
ar

i
m.o

Nfo

!
‘mo

7 Askel T

—~
o

wr
H

R

I+
o
o
o

Protection Wall

Defected
Elbow

-

LOAD CELL-

a
2 -
& g 2
hU g
5 =
e
=
ol
ml
o
<&+
E=Ep
%\\
—
//
™
o
=
L o
/
Al
]
@
S o
g8
DL
H=hp

jze]

AA FA

d

s

a9 225 A

Ho
i~

i
H)
ol

file)

=

s
-

of A

&A1

o

ol
B
.
o

fuze]
;9!
j

=
=

LVDT(Linear Variable Displacement Transducer)

17 —



b

[e]
EREE

N\

A7) Ysle] AlH| & A o] X (Pressure Transducer)E A 2| 3} A t}.

295 Abghel WE ATl WHRS A5 et Aol PAE 24 Aol

2,

A (Plastic strain gauge)Z Data Logger®} A Z3sFATH T3k, 7lqto] mE AR H
d 2 9d 44 #F2TE F JEE 2709 Video 7HWEE A 2 3T

g YygRt FEHE Ao AlHe Erhe] AfFRe] mEAH F JYEE o A
o A 7hste]l w2 WS LVDTE ZAsgon, 7% AdAd 33 %52 zEA

7= AFols 29 226049 ol mEdo]l 7hed Ao Ede]l Load Celldt

| delg HAS FAS Tl 1z & AH HS5H AT




r
M

R

¢+

=

mﬁ

bl 1% 2.313%

S

Hol o

A

Al

—_
o
=

H

]
Dy
=

X
B

|

—
o

—_

)
=
o))
A

)
ol
eyl
e

il

N

o
L
N

o

2 2.3.29]

Pk 1

s

w

ol
T

‘AO
o

B

o

;OU
T

o)
-

o

)l

o

1o

o

B

sk
=

.lll ———_/
S Y Y T




Extrados
10 T — Design T T 0
--@-- SP-5A(B/T=0.125) 56.7 -
9r A -A--- SP-4(6/T=0.25) R
— 8. |~y SP-BA(B/TE0.5)
s 8 - .
é 7 i 300
g 6 1
[%] Extrados defect
8 5 1 m  SP-5A(6/7=0.125)
£ 0.0 270 ® SP-4(8/r=0.25) %
oS 4 1 A SP-6A(B/T=0.5)
= =
= 3 t=2mm T ’
2 240 120
1 1 1 1 1 1 1 1 Intrados
-200 -150 -100 -50 O 50 100 150 200
Axial position from CL [mm] 56.7.
’ 180
Intrados
10 —— —_ Design ———— 0
--m-- SP-16A(6/n=0.125) 56.7-
9L @~ SP-15(6/r=0.25) 3 i '
B —A— SP-17A(6/m=0.5) A
— 8 R
E‘ 7r t,,=8.11mm 1
— 6 ]
%) Intrados defect
o 5r 1 m SP-16A(8/=0.125)
€ 4[t,=5:324mm ] 0.0 ® SP-15(8/70.25)
S A SP-17A(0/r=0.5)
= 3t tp:2mm , » 7 \
}_
2
1 1 1 1 1 1 1 1 1 1
-100-80 -60 -40 -20 O 20 40 60 80 100
Axial position from CL [mm] 56.7.
a9 232 FASAE A vty 459 AlHe 2% 34
FA FA40] $5d AU @Y gz, Wz, 59 2 FHAEA LT FA (twin)
ool WHE AoAE A7 8l AvirlE ol g3te] WS Aveh ED,
AFR FAANAE dvl T FAE A ZA5 0] dAvle] 9@ FA g AEE Fal
stAth FA Aol $rw AlHEe 19 233949 Zo] FAF A YIH,
Zule] Faol 7tz A dowFor Ad 15% 74A AHA e dolHE
AST F de 2AANAE FASAT. AolA F o] dnd AHdAE EL S



]
X
XO
o

1o
&+

A
B

w4}

Aoty 271 5 MPazZtA &

A% 7k

TG W A

W & o]

ot 1 MPaX

1o

~
ol

o= 11

ke
T

&3k, 5 MPao]

Fol 7b

S

o

el

e
o

N
o

il
o

B
)

o)
-
;OD
b

ox
e —
o

T
ol
el

rvzel

X

e
il
B
7K
e
i
o)
-

ol
pyl
)

E

=]
£

9 2.3.3 Strain gauge

o

o
!

Tk

ol
TO

el

Nfo
3
)0
=
et

Nfo

o

4r

pe =

k)

AACA W 2 AT
7]

18

Sl
B

K

ASME NC-3653.2¢0 <7

2 A=A [18]

=

=
=

A7)

2 weo A

Alell =2

=
¢

(2 2.3.1)




2, 947]9

Section modulus of pipe, Sh

L
o

tzelH, Z
16 $3HolH, Sax ¥

5

of i o8

10 MPa® 71 A

gl Al

==
=

o
o

%]'

A= 9

ki3

o A L% o

EERIC

4

R
fu

Aztell A Wite] 27]

=R

2 o)

o
o

ol Hd 3

Y2

]

ol
T
o))
Mﬂ
o)
il
Mﬂ
o

J)

&)
)l

o

,Dro

3

|
=
nll

TR

Tk

B
—_
o

o
T

-

Mﬂ
i
gl

o

_—
o

)
=
]
o

rko

B’

1
~K
el
TR
T

ol

2 852mm, 4

ol

;OO
o

i3

il
adl

ol

A
o

o)
B

BN
RK
el
ol
T

B
;O._

L
o

@ Apzolt.

prce]

T

a9 234 A W



oA T T o8 W T W F K P H
w = W A o
LR © ¥ o Do ™ T
T T % o = T om B OO m T
ol WY — S ok oW e om
(R e T S~ T 9 = o]

LN T o) s T oy oy
mrt Y k- —~ m BIA O @. Mo_m Nowr g
K~ S RK roon ! = VI
o STEL eItz
0 ey
o M o | _m mﬁ Zo A N To B 4 o
N T & g Py oy . M R
S s ® ) o o o) e
N = = AK o
% W o o MH T RS T o
) ARG ook "
AT ~ o N =
X 3 B 4 L ow £ g P
o \_II.VH_ ~ o Mﬂ
ooy Hr I = N o !
o - T A W o=
W ox = + o N >
N mv Zo M 5 M_ L - =
—_ vze) )
- T4 Firg s
J = —_— o ~
\mM 4 © Sl Y waw AN o T T
S W o < o 5 Do =
I _.n_u ) T e o ™ MWAA = ok
— - ) —_
Do R . S m_mm = N - o =
3 5 37 p N LT Eoew T
T K W oo T o R
R J B oS
w B\ % ¢ M Lﬂf O A
Tor = - ? ,_m ul B %o_l ToR ’
% X o 50 OE ) N ‘ME ) T o=
T S ol —
sy X N (! F OB o
R KT — Il W o s
S S ool T ° o] R
= g - & wn B % T W
4w o . I ﬂ o BoE 4
o O o o X =
) ~ [ ﬂ_1m T~ ~X
™ M T I RO SV
N o1 F g ¢ o & R
"o SR T oM B o e

a9 3.1.19 Aot

L
o

dl, °]

L

T

5]

)
— 923 —

SATH[17] whebA,

& A

=



3

4

H

rvze]

s

= ool va] ool 2uf

A A Aol

A 5-ol A

’

=
=

o 32 o] o,
7] w2l

71

0.774,8/7=0.25
Exp

--0--

Extra Intra
7.7

(tnom -tp)/tnom

10MPa

P=

o ©
o o

S
o

N
o

Q
o

°d/d ‘ ainssaid ainjre} paziewloN

1.0

0.9

0.8

0.7

0.6

L
o

)t

’(tnom p’/" "nom

Thinning depth

4

ol

)
N

TH

™

—_—
o

, A Al w

E,l_

]

3=

o] o4 %

=1

=0
pu

‘;H

dlol ¥

o
T

o]

|

o] A A

%o

B
ol

jze)

A

of Al A

ofp
o0

o

AL
;00
=0

N

W sbel wE

o 2ol

Agdol7t &7

e P A

RS

|

o



=0.774
)it =0.833
-, =0.774

nom p

I
0.25, (t,, )/t
b
© (), =0.706

_70

_———— (t

Extra Intra

L/D

25 30 35 40

15 20
Pressure , P [MPa]

[96] 3 urens

5 10

0

ﬁo

TR

0.774) 9}

Zé] -(?l' 7_\_‘11_ O] ((tnom_tp)/tnom

Q]
=

3.1.3&

a9

ofp

o]

I

°]7} L/D, = 0.25° 4

el

(40 MPa)oll A &2

o &

)
K
ofp
o
pyl

B
ol

B
ol

I

T
oI
~

4

158 718 o

o

0.5414 L/D

beach.

S



mX loau
SRR
X . T
Tyt T o= E
s xw B om o
T T T Lo D N = it
Te) AN C 1oru ) >
o o S o w4 L7
E G T -
= g o e L L2
E by o) IR SIS
: lo I Bl v R -
T N - T % s 207
JE® o4 = < F >
\Upa U = — X @u N do B Gl
| < = A .
@mm u O | - M2 e i 4w
© —s off " e 4 ° 0 M
o o ~n oty G -
s c " % £
S [\ m I ¢
= 5 ) )l T mﬂ ) L
- . Fle ¢ ge=ijlig
28 - faw,37%F
I | e
£ 3 o & A i ]
_m W w o 2 - e
L oy (G Wom Mow jy
0 m Lo o o B °| %
5 13 5 EaxElxE
i = . O T -
= — ~ B 0 T =z °
m - o 5 T B O oy T og
o = A -
1 | 1 . .
0 © L o = B% Bowowx ® TR
S S S o~ o0 = TR Y
o ) z T > L
n_\_ d ‘ ains v n X 28 .
said ainj|re) pazijew.oN " S ;ﬁ TE1 2
oF o] oo <° oy R
L oz
bW E ma Mﬂ bl m% wﬁ o
5 or o o o -
e B oo B
T o
Po oW



T oW

g}

DU To N
) x
s ® L .
T " Lo w i 5 R
) _ ~~
4 Nz feRE ;-
L N o To S0 lr o <
E % Er s g ¢
| @ ° K IO, T
leg | TLE e I
IR — omw W oy T < -
L s ¥ TEITY e
| T2 | i) W of T % Mo o i
EE . 1 S Gy w T
i 140 o i . Vo
© — ~ 1o o 8 T
i o o N BoES
g o . w Y
S| 'z il 5 4+ Z TS %
B d £ B 2 <° G
lozg TR s S %
- * s X o i
= o o & X[ v
- @© o T 3 ﬂﬂ : <
=i oG et ’ CI) :
o e o =K < A..t le W
i < o] e = 3 b
B 13 g g T ow W R
L B = g o N A N
g—= 2 v Tw v - = 2
L - FEmx e ° o3 Z
o) AT § o 1. Ty T s w o
=) © < N o0 o o ¥ e :
o o ; : R " o wmoP
S S - — ToR o
°d/d * ainssaid A o P
aid ain|re} pazipewloN i e e
[aN]
CoS T oo ooy T
R A ;T o = Q
o i ) m° > of
R S = =
e L T A
;OL ~ o) O @E
v o
Moo W ok B * q
. o  5° Moor
~ N~ ™ R 90 B



T

AL
;OO
=0

G

o
iy

o
T
B
;O.ﬁ

o

> O] 6/]-[ =

=

1

loR
T

o
il

B

el
‘_Lmo

—~
o

o

of utel &4

7

=
o

0.125°14 6/t = 05%
0.50] A= AY

=
s 7

0.774)

( (tnom 7tp)/tnom

el
T
oI
~

4

o|J
e

B 5o

ol
=

1.0

0.774
BExp

nom
[ J

bt
0.8

o

Extra Intra 6/7=1.0

L/D =1.0, (t

0.6

Circ. thinning angle , 6/t

P=10MPa
0.4

0.2

1 | 1 | 1 | 1 O-
Q © < N e
o o o o o
°dfd ‘ @inssaid ainjie} pazifew.ioN

At

4

]

9

B4

)

)l

wmo
~
o

N

G

ol
T
oI
Nro
)

Mo

s

]

FA[19~24], ¢

S

9]

AT At

zZolet Aolo| =AA

23]



o

-
s}

Ton

pyl

o]

oz dHA dv. 24,

A

ﬂo
T
)

—~
o

Jr
o

s

Baom, O/ > 05 dAE #F4 AE7F A9 1|

S
=

=

ﬁo

o)
)

Y ol AL FARE vt

of e}

o

o)
-

;OD

H

7F& A 2t

=
o

Z o]

1o®
=0

N

G

o)
!

T
)

)
o

ar

To

o] 2717 ge

=]
"
Fol7b

oS
°

e

=
o

e

HA

S

x

Aol .

5

E3
S

o
o
0

Yo

3

HH
RN

o

ol
o

B
=
—_

prin
o
R

Mo

el

Mo

ol

&

BH

o
T

B
;O.ﬁ

4ol L/D, = 1.0, ©/1 = 0.125%1 4-%¢ L/D, = 1.0, 6/n = 0.5%1 9]

3

S

23

%} L/D, = 1.0, 6/1 = 1.021 4]

]

}\]ﬁ

ol

—
o

o

(Closing mode)

IR

3
=4

CT, = B
T

A

=

]

A

)
K

ol
o
py)
B
ol

ol

on

ol
1o®

(Opening mode) %

2 852mm, W

ol

o°
o

3

hy2

o
T

tgoh 219 321

£73

A
A

EEE

8.29mm 9]

ZER:

L
T

[e}}
A

=
T

o)
=

7l e AT 2 el A

3}
=

oo

NI

Nfo

—
o

TR

)

G



—
o

TR

)l

—~
o

Fol 7k &

=

A A= A 33% = A9

wmo

3

ol

Foll ola) A wjEc). wea,

w ol vk ek, Wl 9

"
Mo
o

M

oW
e

rJ

Wy
o
L)
-

;OO

o
o
L)
wmo
o
N

o
il
Ton
el
o
o

Nfo

—
o

—

oH

Mk

o|J

2 1
2
K
< 44
< ,
.nWMaURR -
|=LEH ,
B o
S eV .
__Or
(oS e
® © < o O
o o o o o

°d/d * ainssaid ainjie) pazijewion

1.0

0.5
Thinning angle , &/t

0.125

wmo

TTY
OO

o
Nlo

o

TR



strain , € [%0]

strain , € [%)]

20

Press. Press.+Bending .:
15§ — : .
10 .
5L i
0 N 1 L "
0 5 10 40
Pressure , P [MP4q]
a) 9&¥ 23 (Extrados defect)
20 T T T T T T T T T I: T T T
Intrados defect I E
Press. Press.+Bending .:
15 — ; i
10 .
5L i
0 . . R R 1 R
0 5 10 15 20 25 30 35 40
Pressure , P [MPa]
b) =W Z 3% (Intrados defect)
a9 322 wEstsel wE AT T4l
AF4F WY E



& b

Ang

2 99

ol

mﬂo_.o

ToR
k]

&

o
To
)
~
o
oo
NI
e
ol

&

)

—~
o

R

=]
=

7}

Feb whebA, Wefel we =

S

=
[¢]

oAl AT e, ugtol

A}

[e]
S

<

o
"
‘_Lmo
=0

N

ofp
o0

g
OO

o
L)
o}
il

;OU
pyl

AL
1o®

ol
il
I-

<0
4

o
!

ol
BN

Ol
na

Kl

F

A3

o

=0

4

ToR

331 ~ 1% 3344 vERH 27

w

o]

we} s ol

3 7 gkl

]

oo

o

o

o:
i\

B

[e]
=

w

)

g o] %

7 ok 45°

L
-

G

ol

F43F Hoop stress7F <&

=

331 ~ 19 3334 el 3%

e
s}

%E‘E’ja L

o

FolA =

o7} FArTFE FAAl

7‘31

I

i

9

!
w

A

A el

o

j—

X

!

T

1
L.

19 3.3.3(a), )l A B

ddol+=

iy

)

T
-

!

=
(g}

A Fol #Aglel 4 Aol7t A9

3k

=
=4}

G
)
o
ﬁo
o

ToR
Nl
Bl
ol

|

(=}

K

, O/t =

]

=R
i~

ﬂ.o

o}

B
=

o

o

13 3.3.3(c)ol A

1
T

Fo] Aol whet L/D, = 1.0014]

3.3.3(d)ell A <F

= 1504 ¥

L/D,

e

S

-
;OU
pl
TR
3
5

ol

Ay

(Intrados)oll A/ €4} o]



ol

~

A4

o)
il

!
el
o
o)

it

B

)
o
T

AL
;00
=0

o

b

)

| &4l A H ook

A

wmo

T
OO

ol

a9 314942 " L/D, > 1.0°]

71 4]

fo}. w9

Xés

[}
=

el

HoET of 264

e

Hol7F W

W
v
B

B

o
el

<0

4

—

B
ol

o]
He

54L& a9 3349

A}

4
o

el
=
oo

NI

Njo

—_
o

TR
Tk
o

0o

X
oW

Bl

ol
o

Flek. 9l

S

4 5}

°]

B
H

e

A

derel 2 3



(tnomitp)/tnom = 0.774 -~ 0.884 (tnomitp)/tnom = 0.706

a) ?]&¥ Z3%H(Extrados defect)

(tnom_tp)/tnom = 0774 -~ 0884 (tnom_tp)/tnom = 0706

b) W& Zg(Intrados defect)

1% 331 A7 Zole] W& AJH &N



=15

L/D,

= 1.0

=025 ~ L/D,

L/D,

A 3 (Extrados defect)

=15

L/D,

= 1.0

=025 ~ L/D,

L/D,

(Intrados defect)

2%






b) W& Z3g(Intrados defect)

1% 334 Z3eFo] wE AT &AR



HI =24

fr
ol
<0
4.

Rl

F

3

A1

1. Battelle Model

ANSI/ASME

3

_CH

2 Battelle[21]0] A]

el

NI

HOPHS o

A

A

& o

B31G[19]¢} Modified B31G[20]el

1

_‘~OL

Al Al

}2ltl. Battelleo]

S

7 opEe Al

el

B

T
oI
~

n

4

I

Toh
el

T
ol
—

4]
)
oF
ﬁo
ol
(i

A

AA FA 7

Fee kel

(e}
O]’ H

EaS
L

2]

% w9

k4

il

o] x

|

x5 A

Zol 7]

R
L

ey, 71E9 ANSI/ASME B31G9F Modified B31G

aob A At

o

BK

—_—
o
Bo
Gt

—_—

o
il
_ZT

ol

doj A=

7

=
-

7ol wt

=
o

Fel ol

7}

&

3%

o % et Modified B31G

W

pl

Hat AolE HAh

(2 4.1.1)

201t tnom
D

(2] 4.1.2)

BA

u}2} A4 Battelle> 2 3o

4



| Az &

0 gl o
=]

<)

T Hoop

[e]

]

3L

(4.1.2)8F o] Y&

A
A

k3

<5 A

ol
2
o

ol

—_—
o

7]

=

Curve fitting3sto] =35t}

(4.1.2)

=

=3

A
2

=

5f A

(4.1.1)3%

3

A
2
)

2~
T

s
ofr

2 3ol A

LS|
&

o] &= 2

R o]

Ay

7hkEl PCORR

o, s

(4.1.2)¢]

Al
2]

(4.1.1)3

B
_ZTI

mﬂo_.o

ol
Ton

o

(4.1.4)

Al
S

A BgAo]l FolH Y

(4.1.3)
21 (4.1.4)

Al
S

|

2

L
l)otp

)f(geometries )}
1— Exp[ 0.157

t’ﬂ, om - t[)
tn(}’ﬂ 13

|

f(geometries )

2 O-'U, tn,()’ﬂb

}

171
L.

)
5

ANSI/ASME B31G¢ Modified B31G =@ 4

&
Al
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