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ABSTRACT and design margin. However, EPFM analyses require the use of

• Large diameter thin-walled pipes are encountered in low sophisticated finite clement methods, which arc expensive and

pressure nuclear power piping system. Fracture parameters, such time consuming. To overcome these difficulties, an engineering
:ts K and J, associated wilh postulated cracks are needed to assess approacl, was dcvel.pcd by Elcstric P.wer Research Institute
the salL'tv -f the structure, l_r example, prediction of the onset of (EPRI) l l,2l t,_ provide simple and acceptable solutions to
the crack gr,_w_h and the stahility of the crack. The Electric cnginccrs. The EPRI mcthod,logy is dcscrd_cd in the following
i_,,wcr Re,,,carch Im,titutc IEPRll has completed a comprehensive sections.

study _I ,:racks in pq_cs and handbook-type data is available.
II_wcvcr. f,,r some large dtameter, thin-walled pitms the needed
lllh_rHmtl,u_ tS n_,t included in tile handbook. This paper rel_rts 1.2 Elastic-P!astic En.qineerjnq ADl}roach
,,ur .,,tudv ,,1 circtmllcrcrttial cracks in large diameter, thin-walled For a Rambcrg-Osgood matcrml characterized by:

pipes _R/t=30 to 40) trader remote bending or tension loads.
Elastlc-Phtsttc ;tnalyscs using finite element method were _/_o=a/oo+ot(olao) " (I)

i_erli)rmcd t_ determine the elastic and fully plastic J values tor - -"-.=-="

varit_us pipe/crack geometries. A non-linear Ramberg-Osgood the elastic-plastic estimation lbrmula developed by EPRI
tHatcrml ii|oriel in used, wtth strain hardening exponents(n) combines the linear elastic and fully plastic contri_,itions and is

ranging lr, ml 3 to iO. A number of circumferential, through of the h)rm:
thickness cracks wcrc studied with half crack angles ranging from
O.063rr tt_ O.5r. Results are tabulated for use with the EPRi J(a,P)=J'(a,,P)+Je(a,P) (2)
_'Mllll;l[it Hl s_'hclll¢.

where a is half of the crack length and P is the applied le.,d,

J'(a.,P) denotes the adjusted elastic c,ntribution, JS'(a,P)
1. INTRODUCTION represents the lhlly plastic ct)ntributi,tl. :t, is the effective crack

length adjusted to include irwin's smatl-.,,cale ytcldtng correction
and is given by:

1.1 Backqround :=,=a +_r,, (3)

la i_l_l)_ systems, Iracturc processes generally occur with
,.',)nsldcr:thlc matcrml yielding. Linear elastic fracture mechanics ry= 1/(3r)[(n- l)/(n + 1)](K_/oJ: (4)
tLEFM) pr_ccdurcs usually lead to overly conservative
l_redictt, uls ;t_ld titus result in severe penalties on designs. Hence, _ = 1/[1 +(P/Po):! (5)

clastic-pl:tsttc fracture mechanics (EPFM) procedures are
i_ecessarv h3 pr_widc m_,rc realistic measures of fracture behavior and /3=2 for plane srcss; 6 for plane strain and P_ is the limit
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l,,.td c,)rrc',l_,)nding t,, til,: t,crlcctly plastic material. 2.2 Cylinders Under Remote Bendinq
I',,;=pl_i>lhcEPRI tnctl;,,d,)l,),.2'y,onemUSt obtaincstlmctesl'or A cylinderc,mtaminga tllrough-w:=llll:tw:=hdsubicctcdt,,

I' :lhd J" E._timatcs fi)r J*' ;rrc determined by api_lied load, remote bending moment M at its ends ,:ts .,,h,_wn m Figure 2) is
..:c,,t**ctrv. ,z,atcrial :m,.l a Jimcnsionless function Ih which is handled in a manner similar to the t,.'nsi,m l,_ading i'_rohlcm
,,ht:,mcd I_v finite clement :malysis under lhlly plastic condition described in section 2.1.
.,t_d ts indct_cndcnt ,)f al_phcd load and material. Estimates for J" The cl'astic solution is written:

:,rc determined Iw :q_lflicd l,_ad, geometry, material and a
,litl_cnsnmlcs.s lunctt_m F v, lucia is ohtaincd by linear-cl:tstie finite KI= a"[ r:tlk':t:(:t/h,R/t) ( 11)

,'lctnc_lt ;_t_alvsisand ix uldcpcndcnt of applied load and material
._t.,,,,.Bcc:ruse the functlon.s h_and F are indcpendcrtt of applied where _"= M R/I
l,,;td and material, ,,no can estimate JP and J" with certain

:_'c_m_ctrv li_r ;tnv applied load and material once Ih and F are != I/(4rrI(R,'LR/*)
,,hl;til|cd

J'(a.P) = Kt:/E

2. APPLICATION OF EPRI APPROACH TO CYLIDERS The fully plastic solution is written:
WITH THROUGH-THICKNESS FLAWS

JP(a,M) = ao0%c( a/b)h 1(a/b, n, R/t)( M / M,,)"' J ( 12 )

2.1 Cylinders Under Remote Tension where MO is the limit moment for a cracked pipe under pure
(',)tlsidcr :t cvhndcr ,..,,m:_ining a through-wall flaw and bending c,)rresp()nding to perfect plastic m:ttcrml n = oo, and ts

_td_lcctcd h) rctnt)tc tmll_)rm tcnsu)n as shown ill Figures _a ,,td written:
l i), _hcrc R tlcn,)tcs the mean radius, t tile wall thickness, 2",(tl_e

t,,tal ¢r:tck angle, 2a =2"tR ts the total length of the crack in the M,=M,'[c,,sl'c/2)-l/2sim_')l (131
circtJtnlcrcnttal d_rcctt, m, 21_= 2rR is the pipe cireuml'crence and
I' =sthe :tl_l_l_ctll,,ad, and M_' =4o,Rat is tile limit moment _1':m tmcracked cylinder

lt_ the linear cl:tst_c r:tngc, the stress intensity factor K_ due to Using equations (2), (11) and (12) one can write
the ,.'rack elm t_c expressed :is:

J{a.M) = f,(aJb.R/t)M _/E + o_o0%c(a/h)h,(a/h m,R/t)(M/M0)"" *(14)

K_=o'lral _:Fi:t l,.R/t) (6)
ftIa/b,R/t) = ra(R/I)_F_(a/I_,R/t)

'st' litre o" :: i),2rRt. F ts . dtnlcnsloniess hmctlon.

I ,tltc:dr:,l ,.',l_thc c,_,cut.,:cd I,lSill_ plane stress rcl:ttitmship
,,.t',_,.',:_K: :,_1,1J: 3. EVALUATION OF CIRCUMFERENTIAL. THROUGH-

THICKNESS FLAWS IN THIN-WALLED CYLINDERS

J'lt.i'_=K_" E (7)

tinder lully tqastlc cond,ti,m, the J-integral is expressed as: 3.1 Calculation For Functions F And I11

In EPRI report 12], finite element analyses were conducted to
J'(a,l') = c,o._,,claib )h la, l_,n,RIt)(P/Po) "'_ (8) calculate the dimensionless functions F(a/l_,R/t) and Ih(a/b,n,R/tl

The available data covers the R/t ratio from 5 to 20, alb from

,._hcrc o,, _,, are rcli:rcncc .stress and strain respectively, n tile .063 to .5, and material imrdening exponents n from 1 to 7.
_,tram hardening CXl_ment. h_dimensionless function, c, a material This work extends the range of coverage for functions F and h,
<,,nsnmt. 2c =2R¢,':'--(I is tt_c remaining ligament and Po is the (EPRI reports !1.21)to handle large diameter, thin-walled pipc.s
il=_ltt l_).td l,)r a i_crlcctly tqastlc material (n=o,) obtained by which atrc encountered in lt)w pressure nuclear lX_wer ifiping
t,.,,m; ttlc h,rcc ;tlld I1V,IIIICllt equilibrium till the cracked section system. The F and Ih functions were calculated at (a)R/t=30 and
.I tll_ cvlu_dcr a;,tm._t rcm,,tclv :tl_plied tcnsit, n. An expression 40; (b) a/h=O.0625, 0.10, 0.125. O.175. 020, 0.25.0.30, 0.35,
• _, I' ;' 0.40, 0.45 ;tnd 050 and (c) tnittcliitl .stl,ttt, h,trdci_ing cxl_oncn',_

n = 3, 5, 7 and IO.

1' = 2o,.kt[ r,-7-2._r,'.',m( l/2sin3,)l (9) The ABAQUS finite clement program 131 was used to carry out
detailed analyses, to cstunate F alld Iii for the ranges of R/t. a 1_

,_**k'-'cq*n,t,,,n.s (2 :. (n), - .tlltl (8) t)llC has :md n discussed aSt)rc. "File through-wall cracked cvhnders were
modeled by 9 node thin shell elements $9R5. Because ,,I

.li:_.P)---:I !.t ,h,R 't iP:/E -,-c,,: _ cIa/h)h_(a/h.n,R/t)(P/P,J"" * (10) symmetry, only a quar'cr of the cylinder _,_asmodeled. Figure 3
represents a typical linite clement mesh cmpl,)ycd m the analy.s,s.

f _:t,I,. R,t) = ,¿F:(:tri,.k t I/4 rrR_: For tile case of a/b = 0L175, it consists ()f 384 $9R5 elements with



=

., t,,tai ,,t 1599 slodes. Other tncshes were similar and consisted EPRI report 121. in equation (4), /3 was chosen to be 4 t,,
,,1 ,tl,l_rt,xll1_a_cly the .,,:tm¢ t_ttsnber of elements. F and ht represent a conditio*a between pl:mc stress (/3= 2) and plane strain

ltJllctl,,I,.', _crc ,d_t:tmcd by using the elastic and the fully plastic (/3=6). The J-integrals estimated by the bilincar interpolation aJ_d
1_,ltc_rais, rc.,,pccttvcly, which were calculated by the finite equation (14) were compared with th_sc calculated by direct finite
,..left,tilt :lzaal,._,c,s. element mcth,_d. The ct,tnparison is illustrated in Figures 4, 5 and

I:,,r ,.vl.ldcrs ulldcr rctllt_t¢ tension, the value _IF was 6.

,/_,titzmtc,.l,,,a1_ As sccn in Figures 4, 5 and 6, the results based on EPRI
cstimattt,zq_rocedure :tgrcc reasonably well with the results from

F = K., [o "ra)' :1= IJ El":/[o "( ra)":l (15) finite element method. Thcrcft)re. the EPR! estimation procedure
of clastic-phtstic J-integral a,mlysis has bccn extended to larger

,lltd I1, _,*,:ts ,)i_taiilcd lrt)lll the f_)rtnula diameter thin-walled pipes up tr) R/t=40.

h. = J ;!ao (,,eta/b)( P/P,))" ' _1 (16)
4. CONCLUSIONS

I:,,r c,,lmdcrs under remote bending, F is again given by equation The EPRI estimation scheme for estimation _,1"the applied J-
_15). but h, a.,,written integral values lhr pipes with circumferential, through-thickness

flaws under either tension or bending IL)atlsh:ts I_een extended to
h_=J/[c,o ._,,c(ail_)(MIM,O"'Jl (17) include tile range 20 < R/t <:40, 3 < n < IO and .0625 <:a/b <: .50.

V,c_,tllt.,,li,r F and h, ltmcti_ms _d_tained are tabulated in Tables 1,
_', 3... 5 ,_l,J o, 5. ACKNOWLEDGEMENT
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FIGURE 1. (a) THROUGH-WELL FLAWED CYLINDERUNDER REMOTE TENSION; (b) SCHEMATIC OF
CROSS SECTION OF CYLINDER
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FIGURE 2.THROUGH-WELL FLAWED CYLINDER UNDER REMOTE BENDING



(a)

(c) (b)

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 $9R5
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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"OD, .5"THICK (R/t=15.5) SIZE 2 20"OD, .375"THICK (R/t=26.167)
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FIGURE 6. COMPARISON OF ENGINEERING APPROACH TO FINITE ELEMENT METHOD AT 4Jb = 47
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TABLE 1 F-FUI",!CTIONSFOR TENSION

nlb R't = 30 R/t= 40,, ,,

0.0625 ! ,096 1=072

0,10 ! 275 1.269

0.125 1,408 1,411

0.15 ' 542 ..... 1 558

0,175 1,685 1,711

0.20 ......... 1.835 1.871

0.25 2.]65 2.233

i 0.30 2,558 .... 2.697
0.35 :_,020 3.189

0.40 3.592 .... 3.760

0.45 4,_1_ 4.544

n _n ._2Rq r__R7

TABLE 2. F-FUNCTIONSFOR BENDING

n/h R,'r= 30 [:{lt = 40

0.062_ 1,] 65 1.206

0.10 1 _ _ _ i, 1.406

0.125 ! ,_'5:_ 1.540

0.15 !,572 !.671

0.175 1,680 1.791

0,20 1,794 1.913

0.25 2,021 2.1_7

0,30 _,272 2.422

{) "_5 _ =39 _ 705"-' "m - ,.,

0.40 2,850 3.043

0.45 3.230 3.447

0.50 3,713 3.963



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

. 3/b n=3 n=5 I1=7 II=I0

0625 0.25 7.94 9.Q1 9.74

....IQ 7.24 8,hl3 9.23 9.16

125 7.64 8,77 8.fi6 7.76

15 7,76 8.03 7.81 .... 5.37

175 7.6t_ 7,42 6.57 5.4Q

2Q 7.41 6,64 5.63 4.54

25 6.67 5,35 4.:_6 :_.45

30 5.65 , 4.18 :_._6 2.53

_ 4.,,54 3_34 2._Q 1 92

_ 4Q :_.7_ 2.72 2.12 1.58

45 _.!6 2._1 1.71 1.24

.50 2.66 1.84 ],40 ..... ].01

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

:_!h n=3 n=5 li=7 n= 10

0625 6.87 8.62 9.98 11.70

lO 8.17 9.85 10,71 10.55

125 8.60 9173 9.74 8,84i

l_, _.73 9.34 8,63 7,43

175 8.63 8.32 7,41 6.03

20 _.22 7.48 _,29 5.12

25 7,51 6.05 4,94 3.91

30 6.42 4.79 :_,85 2.95

5 ,'_2_ 3.81 _.QQ :_.27

4Q 4.30 3.1_ 2,45 1.83

4_ _,59 2.54 1,95 1.45 j

.50 3_02 .... 2_10 1.61 ].20

i0
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T/-BLE 5. h_-FUNCTIONS FOR BENDING (R/t = 30)

a/b rl=_ rl=B , I-1=7 n= 10

..........0625 _,81 10.62 11,_1 12.56

.10 1Q,14 11.48 11.79 10.73

.125 10,;_0 11.11 10.60 9.33

,15 10,21 9.90 9,19 7.52

.175 9,5(_.... 8.99 7.87 6.48

.20 8.93 7.89 6.80 5.57

.25 7,92 6.64 5.58 4.40

.30 6,91 5.50 4,41 3.47

.35 .... 5,86 1 4.45 3.51 2.66

.40 4,9] 3.65 2.86 2.14

,45 4.10 2.98 _ 2.31 .......... 1.65

TABLE6. hl-FUNCTIONS FOR BENDING (R/t =40)

.... alb n=3 n=5 n=7 n=lO

.0625 9,93 12.25 13.88 15.06

.10 11,70 13.17 13.6_ 12.64

.125 11,92 12.79 12.35 .... !0.70

,15 11.69 11.20 ! 1.02 8.74

....... 175 1Q,87 10.13 8.81 7.49

.20 9.99 8.80 7.54 6.24

,25 8.94 7.53 6.28 4.93

.30 7,88 6.28 5,09 3.90

35 5.68 5.11 405 3,09

.40 5,61 4.20 3.26 2.49

.45 4,69 3.42 2.69 1.£4

_a -3;R,R 2 77 2 21 I 6(3

1!






