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The stress intensity factor analyses of surface cracks in various
three—dimensional structures were performed using the finite element
computer program EPAS-J1. The results obtained by EPAS-J1 were compared
with other finite element solutions or results obtained by the simplified
estimation methods. Among the simplified estimation methods, the equa-
tions propesed by Newman and Raju give the distributions of the stress
intensity factor along a crack front, which were compared with the result
obtained by EPAS-J1. It was confirmed by comparing the results that
EPAS-J1 gives reasonable stress intensity factors of surface cracks in
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1. Introduction

Fatigue crack growth often has i1l effects on the integrity of
structures, when the structures containing initially small cracks are
subjected to a cyclle load condition. The Paris-Erdogen equation is
exclusively used to predict the rate of fatigue crack growth. According
to the equation, the crack growth per one load cycle is related to the
range of stress intensity factor by an exponential function. Therefore,
in the analysis of fatigue crack growth, a stress intensity factor is
required for a crack shape which changes continuously because of crack
growth., The stress intensity-factors of various types of cracks in two-
dimensional structures are given in the Tada et al.'s handbook?l) On the
other hand, very few results are available for the stress intensity
factors of surface crack in three-dimensicnal structures except fgr
plate.

Extensive stress intensity factor analyses were performed for various
shapes of semi-elliptical surface cracks in plates and several results
are expressed by the equations which are easily applicable to the
analyses of fatigue crack growth. The results of semi-elliptical cracks
in plates can be used to calculate the stress intensity factors of semi-
elliptical cracks in other structures(z) by applying the procedure pre-
sented in ASME Boiler and Pressure Vessel Code, Sec. XI. The results
obtained by the simplified estimation methods should be compared with
the finite element solutions to check their accuracies.

This report presents the comparision.of the stress intensity factors
of surface cracks in variocus three-dimensional structures obtained by

the simplified estimation methods and by the finite element method.
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2. Stress Intensity Factor Analysis by the Finite Element Method

The finite element computer program EPAS-J1 was used to obtain the
stress intensity factors of surface cracks in three-dimensional structures.
The details of the program are well documented by the authorsSB)
Therefore, only the outline of the program is presented here.

The EPAS-J1 program has several connection elements to connect the
beam element and the three-dimensional solid element with thin or thick
shell element. The Lagrange multiplier technique is employed in the
connection elements to ensure the continuity of displacements between
two different kinds of elements. "In a surface crack problem, the three-
dimensional solid elements are employed only in the neighborheed of a
surface crack, while the remainder of the structure is modeled by the
shell or beam elements because of the reason that the three-dimensional
stress field due to a surface crack is localized near a crack front. In
the stress intensity factor analyses presented in this report, the struc-
tures including surface cracks were modeled using different kinds of
elements. The l6-node solid elements were used in the solid region near

(4)

a surface crack. The distorted elements were allocated along a crack
front to take account of the stress singularity around a crack tip. 1In
the EPAS-J1 program, the virtual crack extensicn method(5) was employed

to calculate the stress intensity factor. This method can be easily
incorporated into an existing finite element computer program and provides

relatively accurate results even under coarse finite element mesh.
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3. Simplified Estimation Methods for Calculating Stress Intensity

Factor of Surface Crack

In order to perform two-dimensional analysis of fatigue crack growth
for a semi-elliptical surface crack in a plate as shown in Fig. 3.1, the
stress intensity factors should be calculated for the deepest point A
and the surface point B. The stress intemsity factors at the points A
and B are expressed as follcws, if the stress varies linearly through

plate thickness.

,___..\/ ?Ea‘ —
Ek)

VTa
E(k>

Ki= (Mpo,+M 0,) (3.1)

Ki= (M o, +M;ay) (3.2)
in which the superscripts A and B denote the values pertlnent to the
points A and B, and the subscripts m and b represent the membrane and

bending components, respectively. K., M and ¢ denote the stress intensity

IJ
factor, stress correction factor and stress, respectively. E(k) is the

elliptic integral of second kind and can be written as

Eu@:fgjlfWQﬁ¢d¢, ﬁ—l—(iy (15

ASME Boiler and Pressure Vessel Code, Sec. XI, provides a procedure for
calculating the stress intensity factor of a surface crack in a general
three-dimensional structure. In this procedure, the actual nonlinear
stress distribution should be conservatively approximated using the
linearization technique illustrated in Fig. 3.2. The linearized stress
distribution should then be characterized by the membrane stress Om and

the bending stress Gb as shown in Fig. 3.2. The stress intensity factor
can be calculated by substituting the stresses g, and Oy obtained by the
ebove procedure into egqs. (3.1) and (3.2) together with use of appropriate
stress correction factors.

6 (7)

the semi-analytical method or alterna-
{(13) (11)

The analytical method
{8) (9)

tive method , the finite element method

(

and the boundary
integral method 12) have been applied to the stress intensity factor
analyses of a semi-elliptical surface crack in a plate. Using these
results, the stress correction factors Mﬁ, Mi, Mﬁ and Mﬁ are given in
the form of graphs or equations as a function of a/t, ajc, etc.. In

order to perform the analysis of fatigue crack growth where a crack shape
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changes continuously with a load cycle, it is convienient to use the
stress correction factors expressed in the form of equations. There-
fore, the following six types of the stress correction factors were
employed in the simplified estimation methods for calculating the
stress intensity factor of a semi-elliptical crack in a general three-

dimensional structure.

| (1) ASME Code, Sec. XI
The stress correction factors at the deepest point A, Mﬁ and Mﬁ,
are given in the form of graphs as shown in Figs. 3.3 and 3.4 which are

(13)

conservative evaluation of Smith's results On the other hand, the

stress correction factor at the surface point B, Mﬁ, is given only in

the case of a/4=0.3 and 0.2

(14)

(2) Sakakibara et al.'s equations
Sakakibara et al, gave the following equations, mainly based on

the graphs of ASME Boiler and Pressure Vessel Code, Sec. XI.

ey 5 (1o oo v oo 5 -2 )
+sas(2-) }] (3.4)

e =179+ 0215 ) - 2a1(5 )+ (o J el oo ()
TIENEY (5.5)

M2 = 1.32({‘—) (3.5)
ME= 0.8 (3.7)
(0 £ a/t £0.6)

They also gave the following correction factor to consider the effect

of the exsistence of a surface crack in a curved plate

f(2)=1+{0414-038 (1 -e™*) 34 (3.8)

1=12(1 - e/t (3.9

Tor a surface crack in a curved plate, the stress intensity factor
obtained by eqs. (3.1) and (3.2) shouid be multiplied by the value f(A).
They performed the analysis of fatigue crack growth for a surface crack

in an elbow using above equations.
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(15)

(3) Sova et al.'s equations

Soya et al. obtained the following equations, based on Shah and

Kobayashi's results.(16)

(o &) [ororm(3) oo () - {asa(2)’
S TS IBNTS [N R MY ES FES s
e x:)—om( o5

e () o )+ - oo )2
) ) 2] () osee)-o2))

(3.12)

ME= 118{ 10+ 012(1——) }1/_ M (3.13)

- vs{ios o 2T Hi-osn(2), T o
- {on()- s ) o )
-onn{e])- (s () ome(£)2)
- 01625} BENERE

A

0 £aft £0.9, 0.1 £a/e 1.0

a7

(4) Kawahara et al.'s equations

Kawahara et al. derived the followlng equations using Kobayashi's

results.(g)
MA=23 3G (36) (34 (3.16)
M =5 2D (3e) (A (3.17)
ME=3 X Es; (3 () (3.18)

<

=0 =
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The values Cj s Dij and Eij are given in Table 3.1. Equation (3.13)

was used as Mi.

(5) Scott and Thorpe's equations(ls)

Scott and Thorpe proposed the following equations.

M,ﬁ—M?%—(E(k)/%. M?)(%)DA (3.19)
M= M?[l— 1.36(~?—)(2—)°"] (3.20)

B

MiZM?+(E(k)/§—Mf)(%)_D (3.21)

12
ME:ME(1~0.3%)(1 —(%) )+ 0.394+ E(k)- (—?—)12 o (3.22)
in which
q \05 )
MP= 113 - 0.07(7) (3.23)}
B __ a a \ ﬁ
3 5
o164 3(%_)+ 8(%)(%) + 0.008(%—) (3.25)
1.3 arte C)U.Z 3
pB=o.3+1.15(%) A X: (%) (3.26)

o

E (k) :[1 + 1.47(7)1'64]0'5

. , B .
The stress correction factors for tension Mi and Mm, and those for bending

Mﬁ and Mﬁ were derived from fitting Raju and Newman's_results(lg), and

(20)

Koterazawa and Minamikawa's results , respectively.

(11)

(6) Newman and Raju's equations
Newman and Raju performed the stress intensity factor analysis of

a semi-elliptical surface crack in a finite plate shown in Fig. 3.5 with

use of the finite element emthod. Wide-range equations for stress in-

tensity factor along a crack front as a function of crack depth, crack

length, plate thickness, and plate width were derived using the results

obtained by the finite element analysis. The equations were expressed

as follows.
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K= (U,,ﬂ-HGQ%g:F | (3.27)

in which
1,68
Q=1 +1‘464(—%) (c/a £ 1) (3.28)
ay ay
F:[MlJr MZ(T)+ M3(t—) ] gfyfy (3.29)
In eq. (3.29), My, My, M, f‘i” g and f_are given by
M, = 113 — 0.09(%) ' (3.30)
__ .88
M. 0.54+ 02+ & (3.31)
' C
_ae L0 a '
M, =05 0.65 + & +14(_1'0_Cl) (3.32)
' c
a 2 174
fg', :[(T) COSZ¢+ sjnng] (3 -33)
a 2
g=1 JF[O.] +0.35(—t—)](1 —sin @ ¥ (3.34)

fo —[sec(%)/%]m (3.35)

In eq. (3.27), H is given as follows.

H=H,+ (H,— H,)sin?¢ (3.36)
where

. a a )

p=02++06 (3.37)
a a a

H,=1-034— - U-UT(T (3.38)
a a\

H2:1+G1(T)+G2 T (3.39)

. a

G, =- 122012 — (3.40)

a 0.75 a 1.5
G,= 0.55—1.05(?) + 0.47(7) (3.41)



Equation (3.27) is available for 0 < a/ec £ 1.0, 0 = a/t <1.0, ¢/b <0.5

and 0 £ ¢ < 7.

Table 3.1 Coefficients of Polynomials proposed by Kawahara et al.

JAERI-M 83-189

0 1 2 3

0 1135 | — 0211 0.190 | — 0.100

C.. 1 0.666 0175 | — 1.474 0.620
i 2 0249 | — 1671 2295 | - 0.808
3 ~ 0.020 0575 | — 0243 | — 0.230

0 1138 | —0.108 | - 0.043 0.031

D 1 —0.947 0351 | — L.785 0.943
H 2 1.099 | — 5187 9.268 | — 5132
3 — 1.766 5676 | — 8937 5.020

0 0.230 1584 | — 1.022 0.462

E.. 1 0942 | — 2581 0.979 0.103
! 2 — 0.801 1.455 1.389 | — 1.996

3 0327 | — 0367 | — 1447 1.623
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Fig. 3.1 Semi-Elliptical Crack in a plate
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Fig. 3.2 Linearized Representaticn of Stresses -—— ASME Boiler and

Pressure Vessel Code, Sec. XI.
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Fig. 3.5 Semi-Elliptical Crack in a Finite Plate
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4. Numerical Results and Discussion

Some numerical results for surface cracks in three-dimensional
structures are presented in this chapter. For relatively simple prob-
lems, the results of the finite element computer program EPAS-J1 were
compared with the exact solution and other finite element solutions to
check their accuracies. Furthermore, the stress intensity factors were
compared between the finite element method and the simplified estimation

methods for surface cracks in complex structures.

4.1 Fmbedded circular crack and semi-circular crack in a plate under

uniform tension

The results are shown for an embedded circular crack and a semi-
circular crack in a plate under uniform tension. Figure 4.1 shows an
eighth region for an embedded circular crack problem or a quarter region
for a semi—cifcular crack problem. The face ABCD is a surface of symmetry
face for an embedded circular crack problem, while this face is a free
for a semi-circular crack problem. Figure 4.2 shows the firnite element
meshes used in the analysis by EPAS-J1. The l6-node solid elements were
used in the whole region.
ments were used in the whole region.

Table 4.1 shows the results of an embedded circular crack problem
obtained by EPAS-J1. These results were compared with the exact gsolu-
tion for an embedded crack in an infinite plate. The results obtained
by EPAS-J1 agreed with the exact solution within one percent.

Figure 4.3 shows the distribution of stress intensity factor for
a semi-circular crack in a plate. Other finite element solutions are

(21)

also depicted in the figure for comparison. Ando et al. obtined the

stress intensity factor from the J-integral value calculated by path
1D

integral. Newman and Raju used nodal-force method. Yagawa and

Nishioka(zz) applied a superposition of the analytical and the finite
element solutions to surface crack problems. Yagawa et al.(23) proposed
the method based on the discretization error of the finite element tech-
nique and cbtained the accurate stress intersity factor. Figure 4.3
shows that the present result obtained by EPAS-J1 is in good agreement

with other finite element solutions.
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4.2 Semi-elliptical crack in the inner surface of a pressurized cylinder

Figure 4.4 shows a pressurized cylinder with a longitudinal semi-
elliptical crack. The dimensions of the cylinder and crack, and Possion's
ratioc v used in the analysis are as follows.

RO/Ri =1.5, a/e = 0.6, a/(R, - Ri) = 0.4, v=20.3

Figure 4.5 shows the analytical model of a quarter of the cylinder
used in the analysis by EPAS-J1. The 16-node solid elements were used
in the neighborhood of the crack and the remainder of the'cylinder was
modeled by the 4-node thin shell elements. Figures 4.6 and 4.7 show the
finite element meshes of the ﬁotal structure and the surface with a crack,
respectively. The exact solution for circumferential stress GBB normal
to a crack surface was used to apply the simplified estimation methods

mentioned in Chapter 3 to the present problem. It is given as follows:

/R*+1 r
Uaa:'gkz__'T—Pi k= R R=? : (4.1)

in which r denoetes the radial coordinate. According to the procedure
shown in Fig. 3.2, the stress Tag is separated into the membrane com-
ponent Um and the bending component ob. Then the stress intensity factors
can be calculated using egs. (3.1) and (3.2) and applying appropriate
stress correction factors.

Table 4.2 shows the comparison of the stress intensity factors at p=0°
and §=90° obtained by EPAS-J1 and those calculated using the simplified
estimation methods. The results are mormalized by the following closed

form solution K, for an elliptical crack embedded in an infinite body

subjected to a uniform tension stress d,:

O, /7
K,= h}%(i“f /3 (Csin’®+ alcas”POF (4.2)
in which
2 R?
G = —— 1 p (4.3)
0 R2 _ R? i '
(&) 1

Compared with the present results obtained by EPAS-J1, the simplified
estimation emthod using Scott and Thorpe's equations gives good result
at the surface point, $=0°, and the simplified estimation method using
Sova et al.'s equation gives fairly good result at the deepest point,

$=90°,
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Fig. 4.8 shows the distribution of the nondimensional stress

intensity factor along a crack front. Other results are also depicted

in the figure for comparison. Atluri and Kathiresan(24) used the special

element containing the singularity of stress around a crack tip and the
hybrid displacement technique to ensure the continuity of the displacement
between the special and the conventional elements. In this method the
stress intensity factor can be solved directly along with the unknown

(25)

nodal displacements. 3Blackburn and Hellen

(26)

utilized the virtual
crack extension method. Kobayashi et al. obtained the stress inten-
sity factor by applying the curvature correction to that of a surface
crack in a flat plate. Newman and Raju's solution indicates the results
obtained by the simplified estimation method using Newman and Raju's equa-
(27)

tions for the stress intensity factor. Nishioka and Atluri used

an alternative method which was the combination of the finite element
method and an analytical solution for anm elliptical crack in an iAfinite
solid. The present result obtained by EPAS-J1 agrees well with Atluri
and Kathiresan's solution near the surface of the cylinder, and with
Nishioka and Atluri's solution in the remainder of the region. The
simplified estimation method using Newman and Raju's equations provides
larger stress intensity factor than any other solutions shown in Fig.

4,8 except near the outer surface of the cylinder.

4.3 Ellipse-shaped cracks in the inner surface of a cylinder subjected

to shear force

Figure 4.9 shows a cylinder subjected to shear force F. A surface
crack was assumed to be contained in the fixed end A-A' where the dis-
placement of z-component was fixed but the deformation in the x-y plane
was not constrained. Three types of ellipse-shaped surface cracks 5T-1
through ST-3 were considered in the analysis.

Fig. 4.10 shows the analytical model of a half of the cylinder
used in the analysis by EPAS-J1. The l6-node solid elements were allo-
cated in the neighborhood of a crack, while the shell and beam elements
were used to model the remainder of the cylinder. The above modeling
was employed due to the reasons that the region near the surface crack
was governed by the three-dimensional stress field and that the whole

deformation of the cylinder could be represented by the beam type
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simplification. Figure 4.11 shows the finite element meshes in the
surface with a crack for ST-1 through 8T-3.

In order to apply the simplified estimation methods to the present
problem, the stress at the fixed end of the cylinder was calculated by
the elementary beam theory and the stress distribution along the line
A-A' was used to obtain o and C according to the method shown in Fig.
3.2. 1In the simplified estimation methods, a surface crack assumed to
be semi-elliptical shape.

Table 4.3 shows the comparison of stress intensity factor at y=0°
and =90° obtained by EPAS-J1 and those calculated using the simplified
estimation methods. A large difference can be found in the stress inten-
sity factors at the surface point (¢=0°) between the finite element
method and the simplified estimation emthods, especially in the case
of deep and large crack such as ST-3.

Figure 4.12 shows the distributions of the stress intensity factors
along a crack front. It is found from the figure that the results
obtained by the simplified estimation method using Newman and Raju's
equations are larger than the finite element solutions near the surface
point, y=0°, especially in the case of ST-3. This is bacause the stress
is overestimated in the neighborhood of the surface point in the simpli-

fied estimation method owing to neglecting the circumferential distribu-

tion of stress.

4.4 Interacting effect of multiple surface cracks

Figures 4.13 and 4.14 show a plate with three semi-circular cracks
subjected to tension o and bending Ub and a c¢ylinder with three circular
shaped cracks subjected to shear force F, respectively. The plate has
three cracks of the same shape and the same distance between the cracks
as the cylinder. The tensile stress o and bending stress % applying
the plate were determined by the stress distribution on the line A-A"
of the cylinder calculated from the elementary beam theory. Figures
4.15 and 4.16 show the analytical models for the plate and the cylinder,
respectively. The finite element meshes are presented in Fig. 4.17
for the plate and in Fig. 4.18 for the cylinder. Figures 4.19 and 4.20
show the finite element meshes in the surfaces with cracks. As shown

in Figs. 4.19 and 4.20, the single crack model was analyzed using the
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same finite element meshes as the three crack model in order to clarify
the interacting effect of multiple cracks.

Table 4.4 shows the comparison of the stress intensity factors for
a semi-circuler crack in a plate. Figure 4.21 shows the compariscn
of the distributions of the stress intensity factors along a crack
front between the finite element method and the simplified estimation
method using Newman and Raju equations. The finite element solutions
are smaller at the deepest point (P=90°) and larger at the surface point
(y=0°) than other solutions.

Figures 4.22 and 4.23 show the distributions of stress intensity
factors for multiple cracks in a plate and cylinder, respectively. The
results for single crack are also given in these figures for comparison.
The intenacting effect of multiple cracks can be seen by comparing
the results of multiple cracks with those of single crack. The intera-
ting effect of multiple cracks is given in Fig. 4.24 where the maénifica—

tion factor F is defined as

F o= The stress intensity factor for Crack No.l in multiple cracks
The stress intensity factor for single crack

FA in the figure indicates the magnification factor at the point of A

in the two-dimensional multiple cracks shown in Fig. 4.25. FA is given

as follows.(27)

_ (Ut 4F= A7V, Elm,)
FA‘(Q—J.Z)%A?)' K(m, ) (4-4)

in which
i 2 . a a
— —_— = =—2—
mB*Z(GMSZ—?@) A=g A= (4.5)
K(ms) = complete ellpitic integral of first kind
E(mg) = complete elliptic integral of second kind

(28)(29), Fig. 4.24 shows that the interacting

As pointed out by others
effect of multiple surface cracks is smaller than that of two dimensional
multiple cracks. It is also found that the multiple cracks in a plate

shows the larger interacting effect than those in a cylinder.
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4.5 Ellipse-shaped cracks in the inmer surface of elbow subjected

to in-plane bending

Figure 4.26 shows a bend pipe subjected to in-plane bending. Two
ellipse-shaped cracks were assumed to exsist at 0° and 1807 in the center
of an elbow along the longitudinal direction. As shown in Fig. 4.27,

a small crack EL-1 and a large crack EL-2 were considered in the analysis.
The stress analysis of uncracked model EL-O was performed to obtain the
stress distribution which was used in the simplified estimation methods
described in Chapter 3. Figure 4.28 shows the analytical models for
EL-0 through EL-2. In all cases, the beam elements were used to model
a straight pipe. In order ot model an elbow, only the thick shell
elements were used in the uncrackde model EL-0O, while both the

solid elements and the thick shell elements were used in the cracked
models EL-1 and EL-2. Figure.4.29 shows the finite element meshes for
EL-0 through EL-2. The finite element meshes in the surface with a
crack are shown in Fig. 4.29 for EL-1 and EL-2. Figures 4.31 and 4.32
show the distributions of the axial stress T4 and the circumferential
stress o¢ in the cross section at the centigo?f an elbow for the un-

cracked model EL-0. The experimental data and the results cbtained

from the following equations given in ASME Boiler and Pressure Vessel

Code, Sec. III, NB 3685. 1-2, are depicted in those figures for com-

parison.
O; = "I\Zé‘(atmf ygnb) (+: outside, -: inside) (4.6)
G¢::lﬂ_(ytmj:gnb> {(+: outside, ~: inside) (4.7}
Qm=sm¢+4(L5Xf~BTSQHB@%-HESMnSQF/Xd (4.8)
O=A{9X,cos 29+ 225 cos 4¢) /X, 4.9
A= tR/1*y/1 - v* (4.10)
X, =5+ 642 (4.11)
X,= 17 + 600 & (4.12)
X=X, X,~ 6.25 (4.13)
X,= (1 =) (%= 15X,) (4.14)

7 = section modulus of cress section

r = mean cross section radius
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The finite element solutions using the thick shell elements agree well
with experimental data. The distribution of U¢ through thickness at
$=90° was used to obtain the membrane stress component Cn and the bend-
ing stress component Ob shown in Fig. 3.2 which were required for the
application of the simplified estimation methods.

Table 4.5 shows the comparison of the stress intensity factors at y=0°
and }P=90°cbtained by EPAS-J1 and those calculated using the simplified
estimation methods. The present results obtained by EPAS-J1 are in fairly
good agreement with those obtained by the simplified estimaticn method
using Scott and Thorpe's equations for a small crack model EL-1 and with
those obtained by the simplified estimation method using Newmen and Raju's
equations for a large c¢rack model EL-2

Figure 4.33 shows the distributions of the stress intemsity factor
along a crack front obtained by the finite element method and the sim-
plified estimation method using Newman and Raiu's equations. For a small
crack, a good agreement is found between both results. For a large crack,
the simplified estimation method using Newman and Raju's equations
provides larger stress intensity factor than the finite element emthod,

especially in the region from 20° to 60°.
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Table 4.1 Stress Intensity Factors for an Embedded circular crack in

a Plate
@ K, K/ 20,y a/ %t
0° 1.610319 1.00912
15° 1610880 1. 00947
30° 1.606658 1. 00682
45° 1.602094 1. 00396
60° 1.603150 1. 00463
75° 1,603036 1.00455
82.5° 1.603063 1.00457
90° 1603231 100468 |

2 0,va, 7 = the exact solution for an embedded
crack in an infinite plate

Table 4.2 Comparison of Nondimensional Stress Intensity Factors for

a Semi~Elliptical Crack in Inner Surface of a Pressurized

Cylinder
. Nondimensional Stress
Intensity Factor , F
2
0° 40°
Present 1.585 - 1.278
ASME Sec. ¥ 1.452
Sakakibara.et al® 1500 (1.578) L379v(]”451j__
Soyva,et al 1.452 1.241
Kawahara,et al. 1.465 1.441
Scott & Thorpe 1.583 1.382
Newman & Raju 1.506 1.397

(*) The numerals in the parentheses indicate the stress
intensity factors multiplied by the curvature correction
factor.



JAERI-M 83-186

e W ISY GE2 e = ,,W BN |

pardizinw sJopoe] AHSUUT S8IIIS A

*JOIDBJ UOI}DAII0D 2AMIBAIND 9yi Aq

ajeoipul seseyjuated ayl ul §EISWNU 3T, (*)

LS8y 0% OF FL 61 10°1¢ a6 €l FASA nfey p UBWMIN
€205 8¢ 9% £G 61 9902 18%1 A adioyJ, % 1009
8605 Live 0e 6l ihm Bl 907l A _mzymlmwmmmﬂm—ﬂvﬂ
1099 ELFC 62 81 0t 61 3r el A ‘B 13 ‘BAOG
(1£°0Z ) 9961 (60°¢8) ve'1e (GZF1) 6L %I o (2LET)S9°¢T ()18 ¥° ‘e1qiieNe s
L9861 61 %1 - X095 HWSV
¢L Sy £0 02 T£81 T€°L1 I9%¢T 1801 Juesaid
006 104 b o0 206 10§ ch ol 506 30 3¢ o0
b ) b
(wmwgy =2 ‘Wwge=e) (Wuwrpg =0 ‘wwgy =e) (Wwgr =3 “EEmev
¢ —-LS ¢ —1LS I —-LS
(M - BJW) 'S ‘10RBY ANSUNU]  SSOIIG
0 — 0 ) h
Qw/. K ,u.u..»o,m aeoyg o3 poidefqng Ispull4A) ' jO 20BIING JI2UU] UT }OBID

006

padeyg-asdII]d Ue I0J $3030B4 AITSudjul SSBI3§ JO uostaedwo) ¢t 2IqBL



JAERT-M 83-189

Table 4.4 Comparison of Stress Intensity 9c°
Factors for a Semi-Circular
Crack in a Plate Subjected to &
Tensile and Bending Forces i 0°
Stress Intensilf;‘;i Factor
K, (MPa+ m'*)
@
0° ap°
Present 26. 01 20. 11
ASME Sec M 21. 57
Sakakibara, et al. Z23. 86 21. 18
Soya, et al. 21.53 19. 94
Kawahara, et al. 21. 64 20, 26
Scott & Thorpe 24. 82 22,17
Newman & Raju 24. 81 21. 54
1MPa« m“?=3 225Kgf* mm™>"®
Table 4.5 Comparison of Stress Intensity 90
Factors for Ellipse-Shaped Cracks
in Inner Surface of an Elbow
Subjected to In-Plane Bending '\gbon
Stress Intensity Factor, Ki (MPa+* m'*)
EL-1 EL-2
(a=8mm, ¢=24mm) (a=222mm, ¢=4085mm)
¢ ¢
G° q0° 0° 90°
Present 24, 81 22, 40 14. 22 23 81
ASME Sec, X 22. 27 T 27. 07
Sakakibara, et al*l 2357 (23 68) | 2238 (22 49) | 42 46 (47.77) | 2535 (28.53)
Soya, et al 27. 33 24. 19 41. 24 30.12 '
Kawzhara, et al. 26. 39 23 62 41. 86 26. 60
Scott & Thorpe 25. 72 22. 69 39. 67 21. 74
Newman & Raju 26, 25 23. 64 47. 12 25. 15

‘2

1 MPa » mY? =3.225Kgf* mm™

(*) The numerals in the parentheses indicate the stress intensity factors

multiplied by the c¢urvature correction factor .
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¢/b=02 b/t 1.0

Fig. 4.1 Fmbedded Circular Crack or Semi-Circular Crack in a Plate

Subjected to Tensile Force

L [

-

' \
Crack front
Fig. 4.2 Finite Element Meshes for an Embedded Circular Crack or Semi-

Circular Crack in a PFlate Subjected to Tensile Force
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Fig. 4.3 Distribution of Stress Intensity Factors for a Semi-Circular

Crack in a Plate Subjected to Tensile Force
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Present Result
Atluri & Kathiresan
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& |z Blackburn & Hellen

Sl Kobayashi , et al.
ot Newman & Raju
™. 5 -<- Nishioka & Atluri
7

o
O
O

30 60 0
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Fig. 4.8 Distribution of Nondimensional Stress Intensity Factors for

a Semi-Elliptical Crack in Inner Surface of a Pressurized

Cylinder
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Fig. 4.9 Cylinder with an Ellipse-Shaped Crack Subjected to Shear

Force
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Fig. 4.10 Analytical Model for a Cylinder with an Ellipse~Shaped Crack

Subjected to Shear Force
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Fig. 4.11 Finite Element Meshes in the Surface with a Crack
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Fig. 4.12 Distribution of Stress Intensity Factors for an Ellipse-Shaped

Crack in Inner Surface of a Cylinder Subjected to Shear Force
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Fig. 4.15 Analytical Model for a Plate with Three Semi-Circular Cracks
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Fig, 4.16 Analytical Model for a Cylinder with Three Circle-Shaped

Cracks Subjected to Shear Force
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Fig.4.18 Finite Element Mesh for a Cylinder with Three

_31 —

Circle-Shaped Cracks Subjected to Shear Force

Finite Element Mesh for a

Fig.4.17

Plate with Three Semi-~Circular
Cracks Subjected to Tensile

and Bending Forces
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Fig. 4.19 Finite Element Meshes in the Surfaces with Cracks —-—-- Plate
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Fig. 4.24 Comparison of the Present Results with 2~Dimensional Solution

Fig. 4.25 Three Symmetric Cracks
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Fig. 4.29 Finite Element Meshes of a Bend Pipe
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Concluding Remarks

The stress intensity facters of surface cracks in various

three-dimensional structures were calculated by the finite element

program EPAS-J1 and were compared with other finite element solutions

and those by the simplified estimation methods. The following conclusions

were obtained from the analyses.

(1) Compared with the exact solution and other finite element solutions,

(2)

(3)

(&)

(5)

the present results obtained by EPAS-J1 provide accurate stress
intensity factors for an embedded circular crack and a semi-circular
crack in a plate.

For a semi-elliptical surface crack in inner surface of a pressurized
cylinder, the present result obtained by EPAS-J1 agrees well with
Atluri and Kathiresan's solution near the surface of a cylinder, and
with Nishioka and Atluri's seolution in the remainder of the region.
On the other hand, the simplified estimation method using Newman

and Raju's equations provides larger stress intensity factor than

any other solutions compared with i1t except near the outer surface

of the cylinder.

‘For an ellipse-shaped crack in inner surface of a cylinder subjected

to shear force, a larger difference can be found in the stress intensity
factors at the surface point between the finite element method and
the simplified estimation method, especially in the case of deep‘and
large crack, _

The multiple cracks in a plate shows the larger interacting effect
than those in a cylinder.

For an ellipse-shaped cracks in inner surface of an elbow subjected
to in-plane bending, the simplified estimation method using Newman
and Raju's equations provides larger stress intensity factor for a
large size crack than the present method by EPAS-J1. On the other
hand, fairly good agreement is found between bcth results for a small

size crack.

ACKNOWLEDGEMENT

The authors wish to acknowledge to Dr. S. Miyazono at the Japan

Atomic Energy Research Institute for his useful comments.



5.

JAERI-M 83-189

Concluding Remarks

The stress intensity factors of surface cracks in various

three-dimensional structures were calculated by the finite element

program EPAS-J1 and were compared with other finite element sclutions

and those by the simplified estimation methods. The following conclusions

were obtained from the analyses.

1)

(2)

(3

(4)

&)

Compared with the exact solution and other finite element solutions,
the present results obtained by EPAS-J1 provide accurate stress
intensity factors for an embedded circular crack and a semi-circular
crack in a plate.

For a semi-elliptical surface crack in inner surface of a pressurized
cylinder, the present result obtained by EPAS-J1 agrees well with
Atluri and Kathiresan's soclution near the surface of a cylinder, and
with Nishioka and Atluri's solution in the remainder of the region.
On the other hand, the simplified estimation method using Newman

and Raju's equations provides larger stress intensity factor than
any other solutions compared with it except near the outer surface

of the cylinder.

‘For an ellipse-shaped crack in inner surface of a cylinder subjected

to shear force, a larger difference can be found in the stress intensity
factors at the surface point between the finite element method and

the simplified estimation method, especially in the case of deep-and
large crack. ,

The multiple cracks in a plate shows the larger interacting effect

than those in a cylinder.

For an ellipse-shaped cracks ir inner surface of an elbow subjected

to in-plane bending, the simplified estimation method using Newman

and Raju's equations provides larger stress intensity factor for a

large size crack than the present methed by EPAS-J1. On the other

hand, fairly good agreement is found between both results for a small

size crack.

ACKNCWLEDGEMENT

The authors wish to acknowledge to Dr. S. Miyazono at the Japan

Atomic Energy Research Institute for his useful comments.



L

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

JAERI-M 83-189

REFERENCES

Tada, H., Paris, P.C. and Irwin, G.R., The Stress Analysis of

cracks Handbook, Del Research Corporation (1973)

James, L.A., Estimation of Crack Extension in a Piping Elbow Using
Fracture Mechanics Technique, J. Pressure Vessel Technology, Trans.
ASME Ser. J., Vol. 96, No. 4 (1974), pp. 273-278.

Miyazaki, N., Watanabe, T and Yagawa, G., Efficient Cemputer Program
EPAS-J1 for Calculating Stress Intensity Factors of Three-Dimensional
Surface Cracks, JAERL 1276 (1982)

Henshell, R. D. and Shaw, K. G., Crack Tip Finite Elements Are
Unneccessary, Int. J. Num. Meth. Eng. Vol. 9 (1975), pp. 495-507

Hellen, T.K., On the Method of Virtual Crack Extensions, Int. J.

Num. Meth. Eng., (1975}, pp. 187-207.

Irwin, G.R., Crack-Extension Force for a Part-Through Crack‘in

a Plate, J. Appl. Mech., Trans. ASME Ser. D, Vol. 29, No. 4 (1952),
pp. 651-654,

Smith, F.W. and Alavi, M.J., Stress Intensity Factors for a Penny
Shaped Crack im,a Helf Space, Eng. Fract. Mech, Vol. 3, No. 3 (1971),
pp. 241-254.

Smith, F.W., Emery, A.F. and Kobayashi, A.S., Stress Intensity
Factors for Semi-Ciraular Cracks, Part 2 -— Semi-Infinite Solid,

J. Appl. Mech., Trans ASME Ser. E, Vol. 34 (1967), pp. 953-95% -
Kobayashi, A.S., Crack-Opening Displacement a Surface Flawed

Plare Subjected to Tension or Plate Bending, Proc. Second Int.
Conf. on Mech Mat., ASM (1976), pp. 1073-1077.

Tracey, D.M., Finite Element for Three-Dimensional Elastic Crack
Analysis, Nucl. Eng. and Des., Vol. 26 {1974, pp. 282-290.

Newman, J.C. and Raju, I.S., Analyses of Surface Cracks in Finite
Plate under Tension or Bending Loads, NASA-TP-1578 (1979).

Heliot, J. and Labbens, R.C., Results for Benchmark Prcblem 1,

The Surface Flaw, Int. J. Fract. 15 (1979), pp. R197-RZCZ.

Smith, F.W., Stress Intensity Factors for a Semi-Elliptical Surface
Flaw, Boeing Airplane Co., Structural Development Research Memo-
randum No. 17 (1966).

Sakakibara, Y., Imazu, A., Nagata, T. and Okabayvashi, K., Fatigue
Crack Program freom Surface Flaw of Elbows, Trans. 6th Int. Conf.

on Struct. Mech. in Reactor Technoleogy (1981), E7/3

— 47 -



(15)

(16)

an

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

JAERI-M 83-189

Soya, T., Kashimura, H., Hagiwara, Y., Sato, M and Minami, K.,

On the Brittle Fracture Initiation from a Surface Crack at Welded
Joint., J. Soc. Navel Architects of Japan, 140 (1976), pp. 223-232.
Shah, R.C. and Kobayashi, A.S., On the Surface Flaw Prcblem, "The
Surface Crack: Physical Problems and Computational Solutiomns”,
Edited by J.L. Swedlow, ASME (1972), pp. 79-124,

Kawahara, M., Kurihara, M. and Arakida, F., Safety Assessment of
Fatigue Failure in Structural Members Containing Flaws, Nippon
Kokan Technical Report No. 78, (1978), pp. 67-79.

Scott, P.M. and Thorpe, T.W., A Critical Review of Crack Tip Stress
Intensity Facters for Sémi—Elliptic Cracks, Fatigue of Eng. Mat.
and Struct., Vol. 4 (1981), pp. 291-309.

Raju, I.8. and Newman, J.C., Stress Intensity Factors for a Wide
Range of Semi~Elliptical Surface Cracks in Finite ThicknesslPlates,
Eng. Fract. Mech., Vol. 11 (1979, pp. 817-829.

Koterazawa, R. and Minamikawa, S., Stress Intensity Factoers of
Semi-Elliptical Surface Cracks in Bending, J. Soc. Mat. Sci. Japan,
Vol. 26 (1977), pp. 1-7.

Ande, Y., Yagawa, G, and Ishihara, K., Three-Dimensional Fracture
Analysis of Pressure Vessel Steel Plate Subjected to Thermal Shock,
tc appear in Trans. JSME.

Yagawa, G. and Nishioka, T., Superpostion Methed for Semi-Circular
Surface Crack, Int. J. Solids Struct. Vol. 16 (1980), pp. 583-595
Yagawa, G., Ichimiya, M. and Ando, Y., Two and Three-Dimensional
Analysis of Stress Intensity Factors Based on Discretization Error
in Finite Elements, Proc. lst Conf. on Num. Meth. in Fract. Mech.
(1978), pp. 249-269.

Atluri, S.N. and Kathivesan, K., 3D Analysis of Surface Flaws

in Thick-Walled Reactor Pressure Vessels Using Displacement-Hybrid
Finite Flement Method, Nucl. Eng. and Des. (1979), pp. 163-176
Blackburn, W.S. and Hellen, T.K.,, Czlculation of Stress Intensity
Factors for Elliptical and Semi-Elldptical Cracks in Block and
Cylinder, CEGB Report No. RD/B/N3103 (1974)

Kobavashi, A.S., Polvnicha, N., Emery, A.F, and Love, W.J., Inner
and Quter Crack in Intermally Pressurized Cylinders, J. Pressure
Vessel Technelegy, Trans. ASME Ser., J, Vol. 99 (1977), pp. 83-89
Nishioka, T. and Atluri, S. N., Analysis of Surface Flaw in Pressure

Vessels by a New 3-Dimensional Alternating Method, '"Aspects of



(28)

(29)

(30)

JAERI-M 83-189

Fracture Mechanics in Pressure Vessels and Piping', Edited by
Palusamy, S.S. and Sampath, S.G., ASME PVP-Vol. 58 (1982},
pp. 37-48.

Murakami, Y. and Nishitani, H., Stress Intensity Factors for
Tnteracting Two Equal Semi-Elliptical Surface Cracks in Tension,
Trans. JSME, Vol. 47, No. 415 (1981), pp. 295-303.

Murakami, Y. and Nemt-Nasser, S., interacting Dissimilar Semi-
Elliptical Surface Flaw under Tension and Bending, Eng. Fract.
Mech., Vol. 16, No. 3 (1982), pp. 373-386.

Shibata, K., Oba, T., Kawamura, R., Yokoyama, N. and Miyazcno,
S., Fatigue Test Results of Bend Pipes (EL-4, BL-5) (1982) --—-
Tnpublished Report



