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ABSTRACT

Large diameter thin-walled pipes are cncountered in low
pressure nuclear power piping system. Fracture parameters, such
as K and J, ussociated with postulated cracks are necded to assess
the satety of the structure, lor example, prediction of the onset of
the crack growth and the stability of the crack. The Electne
Pawer Rescarch Institute (EPRD has completed a comprehensive
study of cracks in pipes and handbook-type data is available.
However, for some large diameter, thin-walled pipes the needed
mlormation s not included i the handbook. This paper reports
our study of circumterential cracks in large diameter, thin-walled
pipes (RA=30 (o 40) under remote bending or tension loads.
Elastic-Plastic analyses using  {inite  ¢lement  method  were
performed o determine the elastic and fully plastic J values for
various pipe/erack geometrics. A non-lincar Ramberg-Osgood
maternial model v used, with strain hardening exponents(n)
ranging from 3 o 10. A number of circumferential, through
thickness eriacks were studied with half crack angles ranging from
0.0637 to 0.57. Results are tabulated for use with the EPRI
oshunation scheme.

1. INTRODUCTION

1.1 Background

In piping systems, fracture processes generally occur with
considerable matenal viclding. Lincar clastic fracture mechanics
(LEFM)  procedures usually  lead  to overly  conservative
predictions and thus result in severe penalties on designs. Henee,
clastic-plastic  fracture  mechanics  (EPFM)  procedures  are
necessary to provide more realistic measures of fracture behavior

and design margin. However, EPFM analyses require the use of
sophisticated finite clement methods, which are expensive and
time consuming. To overcome these difficulues, an engineering
approach was developed by Elestric Power Research Institute
(EPRI) {1.2] to provide simple and aceeptable solutions to
engineers. The EPRI methodology is deseribed in the following
seetions.,

1.2 Elastic-Plastic Engineering Approach
For a Ramberp-Osgoad matenial characternized by:

eleg=alay+alalay)" (1)
the clastic-plastic cstimation formula  developed by EPRI
combines the linear clastic and fully plastic contrit:ations and is
of the form:

Ja,Py=J(a,,P)+1"a,P) (2)

where a is half of the crack length and P is the applied lo.d,
Ja,,P) denotes the adjusted clastic  contribution,  J%(u,P)
represents the fully plastic contribution, a, is the effective crack
length adjusted to include Trwin's smadi-seale yviclding correction
and is given by:

a,=a+or, (3)
r,= H(Bm)l(n-D/(n+ DK /oy)* (4)
@=LI[1 +(P/P)] (5)

and B=2 for plane sress; 6 for plane strain and P, is the limit



load carresponding to the pertectly plastic material.

o appiy the EPRDmctiodology, one must obtain estimetes for
Ioand 37 Estimates tor 17 are determined by applied load,
seometry, naterial and a Junensionless function by which s
obtained by finite clement analysis under fully plastic condition
and s independent of appited load and material. Estimates for J¢
are determuned by applied load, geometry, material and a
Junensondess function F which is obtained by lincar-clastic finite
clement analvsis and 1» mdependent ot applied load and material
also. Because the tunctions Iy and F are independent of applied
load and material, one can estimate J* and J¢ with certain
seometry tor any applicd load and material once hy and F are
abtmned.

2. APPLICATION OF EPRI APPROACH TO CYLIDERS
WITH THROUGH-THICKNESS FLAWS

2.1 Cylinders Under Remote Tension

Consider a0 cvhnder containing a through-wall  flaw  and
subjected o remote unitform tension as shown in Figures La wad
Ih, where R denotes the mean radius, t the wall thickness, 2y the
otal crack angle, 2u=2+R s the total length of the crack in the
circumiterential direction, 2h =27xR is the pipe circumference and
s the applied load.

hi e hinear clastic range, the stress intensity factor K, due
the crack can be expressed as:

K,=o0"[rua] ‘Fra b RN (6)
where o =P 27RU F

Jantegral van be caculated usig plane stress relationship
sotween Ky and 1

18w gunensionless tunction,

k=K E N
Under tully plastic condition, the J-integral 18 expressed as:
1" Py = aogecta/bh b n, RY(PIPY* ! (8)

where o, ¢, are reference stress and strain respectively, n the
strain hardening exponent, b, dimensionless function, a a material
constant, 2e=2R(7-v) is the remaining ligament and P, is the
it load 1or a perfectly plastic material (n=o00) obtained by
using the torce and moment equilibrium on the cracked section

Uthe evhinder azanst remotely applied tension. An expression

L i' I

Pz 20 Rt 7y 2uresmc 1/ 2siny)) 9)
dsnIg Cqiitions (2 0, and (8) one has
JeePy=1 b R GPYE = ao e ca/Wh(a/b.n RIGP/PY™ ! (10)

Vb Ry =aF /b R /4w RY?

to

2.2 Cylinders Under Remote Bending
A cvlinder contning a through-wall flaw and subjected o

remote bending moment M at its ends tas shown in Figure 2) 1s
handled in a manner similar o the tension loading problem
desenibed in section 201,

The clastic solution 15 written:

K, =0 x| Fa/b,RN) (n
where 07 =MR/|
I=1/4mHR,* R
I, P)=K/E
The fully plastic solution is written:
1%, M) = aogegea/b)h (a/b,n, RAYM/M, )" (1

where M is the limit moment for a cracked pipe under pure

bending corresponding to perfeet plastic maternial n=o0, and 15

written:
M,y=M,'[cos(y/2)-1/2sin(y)] (13

and My’ =40,R% is the Limit moment ol an uncracked cylinder
Using cquations (2), (11) and (12) one can wrile

J(a,M)=1(a/b,RIMYE + aggeqe(a/bih(a/b n RIOIM/M)""H(14)

f,(a/b R/t = ra(R/FHa/b R

3. EVALUATION OF CIRCUMFERENTIAL, THROUGH-
THICKNESS FLAWS IN THIN-WALLED CYLINDERS

3.1 Calculation For Functions F And h,

In EPRI report (2], finite clement analyses were conducted to
caleulate the dimensionless functions F(a/b,R/AY) and h,(a/b,n,R/1).
The available data covers the R/ ratio from S to 20, a/b from
.063 to .5, and material hardening exponents n from | to 7.

This work extends the range of coverage for functions F and h,
(EPRI reports [1,2)) to handle large diameter, thin-walled pipes
which are cncountered in low pressure nuclear power piping
system. The F and h, functions were caleulated at (a) Rt=30 and
40; (b) «/b=0.0625,0.10, 0.125, 0.175. 0.20, 0.25. 0.30, 0.35,
0.40, 0.45 and 0.50 and (¢) material stra hardemng exponents
n=3,5, 7and 10.

The ABAQUS finite clement program {3] was used to carry out
detailed analyses, to estunate F and hy for the ranges of R/t a b
and n discussed above. The through-wall vracked eylinders were
modeled by 9 node thin shell clements S9RS. Because of
symmetry, only a quarter of the eylinder was modeled. Figure 3
represents a typical finite clement mesh cimployed in the analysis.
For the case of a/b=0.175, it consists of 384 SRS clements with




4 tatal o 1599 nodes. Other meshes were similar and consisted
ol approxunmately the same number of elements. Foand by
functons were obtained by using the elastic and the fully plastic
Tantegrais, respectively, which were caleulated by the finite
clement anatyses.

For ovlinders under remote tension, the value of F owas

ostinted using

F=Kolo® ma) | =UE o™ (ra)?) (15)
and iy swas ontamed from the formula

h, =Hao ecta/b) PP} (16)

For eylinders under remote bending, F is again given by equation
t15), but hy s written

Il =lilao ecta/bUMIM)" W)

Results tor Fand by functions obtained are tabulated in Tables |,

voor g

2o 4 S and o,

3.2 Verification Of Resuits For F And h,

Elistic-Plastic J-mtegrals for several prototypic pipe sizes
1670D. S"thick (R1=15.5); 20"0D, .375"thick (R1=26.167);
240D, 3757thick (R1=31.5) and 42"0D, .5"thick (R/t=41.5)
with halt crack angle ¥y = 1837 (a/b=0.183), y=.25x (a/b=.25)
ad = 477 G b =0.47) were caleulated using both finite clement
advses and the EPRE estimation procedure using results in
Fables 1o o under bending loads from 0 to twice limit loads
ML =2 The hardenmg exponent n=5, E=30x10° Ib/in?,
ceU 30,30 A 10 han, =05, As noted in previous seetion,
the EPRL estumation procedure for J-integral under bending load

s equaation o S

Ihe Foand hotunctions for these speeific cases were obtained by
bilmear mterpolation of the F and hy data in Tables 2, 5, 6 and

EPRI report [2]. In cquation (4), 8 was chosen to be 4 1o
represent a condition between plane stress (8= 2) and plane strain
(B=6). The J-integrals estimated by the bilinear interpolation and
cquation (14) were compared with those cateulated by direct finite
clement method. The comparison is iHustrated in Figures 4, 5 and
6.

As scen in Figures 4, 5 and 6, the results based on EPRI
estimationprocedure agree reasonably well with the results from
finite ¢lement method. Therefore, the EPRI estimation procedure
of clastic-plastic J-integral analysis has been extended to larger
diameter thin-walled pipes up to R/t=40.

4. CONCLUSIONS

The EPRI estimation scheme for estimation ot the applicd J-
integral values for pipes with circumferential, through-thickness
flaws under either tension or bending loads has been extended to
include the range 20 RN 40, 3 <n< 10 and .0625 <a/b <.50.
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(a) (b)

FIGURE 1. {3) THROUGH-WELL FLAWED CYLINDER UNDER REMOTE TENSION; (b) SCHEMATIC OF
CROSS SECTION OF CYLINDER

FIGURE 2.THROUGH-WELL FLAWED CYLINDER UNDER REMOTE BENDING
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FIGURE 3. (a) FINITE ELEMENT MODEL OF A CYLINDER CONTAINING A CIRCUMFERENTIAL CRACK; (b)

DETAILED FINITE ELEMENT MESH AROUND CRACK TIP; (c) 9 NODE SHELL ELEMENT S8R5
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FIGURE 4. COMPARISON OF ENGINEERING APPROACH TO FINITE ELEMENT METHOD AT a/b=.183
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FIGURE 5. COMPARISON OF ENGINEERING APPROACH TO FINITE ELEMENT METHOD AT a/b=.25



SIZE 1 16"0D, .5"THICK (R/t=15.5) SIZE 2 20"0D, .375"THICK (Rit=26.167)

........

....... "
BRI } " AT
DR
; Ay
4 9]
/ .
M R
S|
WM, ' ‘ ‘ o
SIZE 3 24"0D, .375"THICK (R/t=31.5) SIZE 4 42"0D, .5"THICK (R/t =41.5)
..... Y Y]
Lot piv g CEer f et
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TABLE 1. F-FUNCTIONS FOR TENSION

alb Rt =30 R/t =4Q
0.062% 1.096 1Q72
010 1.275 1.269
Q125 1408 1.41]
0195 1 942 1 558
Q.17% 16895 1.711
020 _1.83% 1.871
Q25 _2.16% 2,033
Q.30 _2.558 2.697
0395 3.020 3.189
0.40 3,592 3.760
Q.45 4319 4.544
080 __ 08 269 808687

TABLE 2. F-FUNCTIONS FOR BENDING

alh R =30 Rit=40
0.0625 1,168 1.206
Q.10 1 336 1.406
0.12% 1,453 1.540
Q.15 1,572 1.671
0,175 1.680 1.791
Q.20 1,794 1,913
0.25 2.021 2.157
0.30 2.272 2422
D39 =239 2705
0,40 2.890 3.043
0,45 3.230 3.447
L0.50 —3.713 3.963 )




TABLE 3. h,-FUNCTIONS FOR TENSION (R/t =30)

RT40) n=3 n=9 n=7 n=10
0625 6.25 7.94 .01 9.74
10 7.24 8.93 9.23 9.16
125 1.64 8.17 8.66 7.76
15 7.76 8.03 7.81 6.37
175 7.66 7.42 6.57 5.40
20 7.41 6.64 563 4.54
25 6.67 5.35 436 3.45
30 5.65 4.18 3.36 2.53
32 4.54 3.34 2.60 192
40 3.78 2.72 2.12 1.68
49 3.16 2.21 1.71 1.24
___s0 | 266 L84 140 | 101

TABLE 4. h,-FUNCTIONS FOR TENSION (R/t =40}

4 n=3 n=9 nu=7 0=10
0629 6.87 8.62 998 _11.70
10 817 9.85 1071 10,85
125 8.60Q 9.73 974 _8.84
15 8.73 9.34 863 243
175 8.63 8.32 7,41 8,03
20 822 7.48 6.29 512
25 2.51 6.05 4,94 391
30 6,42 4.79 385 2.95

2 5.22 3.81 _3.00 227
40 4.30 3.13 245 1.83
19 3.89 2.54 195 1.45
20 3.02 2.10 161 1.20




T+BLE 5. h,-FUNCTIONS FOR BENDING (R/t =30)

a/b n=3 n=9% n=17 n=10
0625 881 10,62 1161 12,56
10 10.14 11.48 1179 10,73
125 10.30 1111 10,60 9.33
15 10.21 9.90 9.19 2.52
125 9.56 8.99 2.87 6.48
20 8,93 2.89 6.80 5.57
25 2.92 6.64 5.58 4,40
30 691 5.80 4.4]1 3.47
35 5.86 4.45 3.51 .66
40 491 3.65 2.86 2.14
45 4.10 2.98 2.31 1.65
50 3140 2.33 185 1 133 |

TABLE 6. h,-FUNCTIONS FOR BENDING (R/t=40)

P e ,
ah n=3 n=95 n=7 n=10
0625 9.93 12.25 13.88 15.06
10 11.70 13,17 13.69 12.64
1295 11.92 12,29 12.35 10,70
15 11.69 11.20 11.02 8§74
178 10,87 Q.13 8.81 7,49
20 9,99 8.80 7.4 6.24
25 8.94 2.53 6.8 4.93
30 7.88 628 5.09 3.80
- 5.68 511 405 309
40 561 4,20 3.26 2.49
45 469 3.42 2.69 1.54
80 3 88 222 221 1. 60
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