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ABSTRACT

Numerous stress intensity factor solutions have been proposed so far depending on the objects of evaluation
including the variations of structures, cracks, and applied loads. In applying the flaw evaluation methodol ogy to
components of nuclear power plants, the use of reliable stressintensity factor solutionsisessential. In this study,
cracked cylinders were focused on as one of the typical configurationsin actual plants. Existing stress intensity
factor solutions for cracked cylinders were reviewed, and the accuracy of these solutions was investigated
thorough the comparison with each other. Specific solutions were then recommended for cylindrical structures.
Approximate expressions were newly derived for axially through-wall cracked cylinder subjected to linear stress
distribution and for circumferentially through-wall cracked cylinder subjected to bending to realize simple
evauation of stressintensity factor. Considering that the cylindrical structures are often replaced with flat plates
in the evaluation of actual components, the propriety of the replacement was also studied.
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1. INTRODUCTION

Stress intensity factor plays a dominant role in the regime of the linear elastic fracture mechanics, and
numerous solutions have been proposed depending on the objects of evaluation including the variations of
structures, cracks, and applied loads. Intheflaw evaluation or fitness-for-service codes/standards for components
in nuclear power plants, consistent systematization of the stress intensity factor solutions is quite essential in
predicting crack propagation behavior due to fatigue and/or SCC and the possible occurrence of unstable fracture.

In this study, cracked cylinders were focused on as one of the most common configurations in actual plants.
Existing stressintensity factor solutions for cracked cylinders were collected. The solutions were then compared
each other and the applicability of the solutionswas evaluated. Since the cylindrical structures are often replaced
with flat plate in the evaluation of actual components, the adequacy of the replacement was additionally studied.

2. COMPARISON OF STRESS INTENSITY FACTOR SOLUTIONS

Cylindrical structureswith cracks can be categorized as shown in Figs. 1(a) to (f). Inthefigures, R, Ry, and
t are the inner radius, mean radius, and thickness, a, ¢, and (are the crack depth, half crack length, and half crack
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angle, u isthe coordinate in cracked section along thickness, /(u) is the stress distribution, and /i, /p, and /bg are
membrane stress, through-wall bending stress, and global bending stress, respectively. Numerous stressintensity
factor solutions have been developed based on detailed numerical analyses for these structures [1-20].
Considering the implementation of the solutions to codes/standards, they have to possess the applicability to wide
range of structure and crack sizes, applicability to various applied loading, simplicity of evaluation aswell asthe
accuracy.
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Fig. 1 Cylindrical Sructureswith Cracks

2.1 Sample Case for Axially Semi-Elliptical Surface Cracked Cylinders

As an example, available stress intensity factor solutions for axially semi-elliptical surface cracked cylinder
shown in Fig. 1(a) are listed in Table 1(a). Figures 2(a) to (d) show the comparison of stress intensity factors
obtained from the solutions listed in the table. Here the stress intensity factors are presented by their normalized
value defined as K, | oJza , and the inner radius-to-thickness ratio, Ri/t, wasfixed to 10. Not only in the cases
illustrated in Figs. 2(a) to (d), but also in the other cases with wide variations of analysis conditions, the solutions
were reasonably consistent with each other regardiess of crack location (inner/outer surface), evaluation point
(deepest/surface point), applied loading (membrane/through-wall bending stress), crack depth-to-thickness ration,
alt, and aspect ratio, a/c. This suggests that all of the solutions in Table 1(a) have similar accuracy. From the
viewpoint of the applicability to widerange of parameters (crack depth, aspect ratio, and radius-to-thicknessratio),
and fineness of matrices, use of CEA’s solution [1] could be recommended for general application.
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Tablel Comparison of Available Sress Intensity Factor Solutions

(a) Axially Semi-Elliptical Surface Cracked Cylinder

. . . ] Applicable range
Solution Type of solution Applied loading Crack depth Aspedt ralio Riol 1o
CEA Interporation 3rd-order polynomial [ 0o<a/t<08 | 0.0<a/c<10 1<R/t<o
of tables stress distribution (6) (6) (8)
SAQ?4 Interporation | 3rd-order polynomial | 0p<a/t<08 | 02<a/c<10 | 4<R/t<10
of tables stress distribution (4) (3) (2
AP Interporation 4th-order polynomial 02<alt<08 | 1/32<alc<10 5<R/t<w
of tables stress distribution (4 (6) (6)
shirator@ | 'Merporation 3rd-order polynomial [ gi1<a/t<08 | 02<a/c<10 | V9<R/t<10
of tables stress distribution (5) (4 2
Approximate .
zahoor!? expression Tensile 0.2<alt<0.8 1/6<alc<2/3 | 45<R/t<195

() denotes number of division for each parameter in table to interpolate correction factor

(b) Axially Infinite Surface Cracked Cylinder

. . . ] Applicable range
Solution Type of solution Applied loading Crack depin Aspedt ratio Rtol ratio
CEAS Interporation 4th-order polynomial 0.0<al/t<08 R 1<R/t<400
of tables stress distribution (9 (9)
SAQ[Z' 9 Interporation Arbitrary 0.0<al/t<0.75 R 05<R/t<4
of tables stress distribution (9) (4
AP Interporation 4th-order polynomial 0.0<al/t<08 R 2<R/t<1000
of tapl es stress distribution (5) 9)
Zahoo | APProximate Tensile 0.125<a/t<0.75 . 5<R/t<20
expression
() denotes number of division for each parameter in table to interpol ate correction factor
(c) Axially Through-Wall Cracked Cylinder
. . . ) Applicable range
Solution Type of solution Applied loading Crack lengih Aspedt ralio Rtot ratio
Interporation Linear .
@ 0.2<c/,/Rt <50 -
CEA of tables stress distribution EoN Not provided
SAQ2 ™ Interporation Tensile, 00<c/t<125 B 10<R/t<20
of tables Through-wall bending (9) (2
Interporation Tensile, 3<R/t<100
[5.11,12] ! <6. _ R
AP of tables Through-wal bending |0 ¢/V/Rt <688 6
Approximate . .
[13] < -
ASME' expression Tensile 0.0<c/{Rt <50 Not provided
Interporation Tensile, . 25<R/t<99.5
(14] < R R
AEA of tables Through-wall bending |>° </ VR <673 (6)

() denotes number of division for each parameter in table to interpolate correction factor
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Tablel Comparison of Available Sress Intensity Factor Solutions (Cont’ d)
(d) Circumferentially Semi-Elliptical Surface Cracked Cylinder

. . . ) Applicable range
T f Applied | - -
Solution ype of solution pplied loading Crack depth Aspect ratio R tot ratio
- Interporation | Srdrorderpolynomial | o6 a/i<08 | 00<alc<10 | 1<R/t<wx
CEA* of tables stress distribution, ©) ©) ®)
Global bending
oo | Inteporation | Srorderpobnomid o6 a8 | wi6<arc<10 | 5<R/t<10
SAQ“™ of tables stress distribution, ®) ®) @
Global bending
AP Interporation 4th-order polynomial | 02<a/t<08 | 1/32<a/c<10| 5<R/t<w»
of tables stress distribution (4) (6) (6)
- Interporation ; : 01<alt<08 | 02<alc<10 | 1L25<R/t<10
(6 L1l<a/t<0. .z<a/C<1ll
Shiratori of tables Tensile, Global bending ) @ ®
Approximate :
1 .2<alt<0. <alc< 45<R/t<195
Zahoor expression Tensile 0.2<a/t<08 1/6<alc<2/3 R

() denotes number of division for each parameter in table to interpolate correction factor

(e) Circumferentially Full-Circumferential Surface Cracked Cylinder

. . . ) Applicable range
Solution Type of solution Applied loading Crack depih Aspect ratio RotTaio
“ Interporation | 4f-order polynomia 1 5/1 <08 1<R /<400
CEA of tables stress distribution, ©) - ©
Global bending
A2 9 Interporation 3rd-order polynomial 00<al/t<06 ) 7/3<R/t<10
Q of tables stress distribution ) @)
APIS Interporation 4th-order polynomial 00<al/t<08 i 2<R/t<1000
of tables stress distribution (5) (9)
Approximate .
Y| 1125<a/t<0. - 5<R/t<20
Zahoor expression Tensile 0.125<a/t<0.75 R

() denotes number of division for

each parameter in table to

interpolate correction factor

(f) Circumferentially Through-Wall Cracked Cylinder

) ) ; ) Applicable range
Solution Type of solution Applied loading Crak angle Aspect rafio Riotraio
Interporation : i 0° <@ <110° 1<R/t<80
18,17] < i
CEA of tables Tensile, Global bending (12) 7
. Tensile
’ 0°< 8 <90° 5<R/t<20
saQz8 Int:fri):t;a:son Through-wall bending, (11) - R( 2
Global bending
Depend on R; /t
(5,11, 12] Interporation Tensile, P ' 3<R/t<100
AP of tables Through-wall bending | & <¢=8%° - ®
9 9 | whenRy/t =10
Approximate . )
" ° < 0 <99° - 45<R/t<195
Zahoor expression Tensile, Global bending 0°<0<99 R
Approximate : )
[19] o o - 45<R/t<145
Klecker expression Tensile, Global bending| 0°<@ <110 R
. Approximate . )
= ° <6 <110° - 1<R/t<80
Takahashi A Tensile, Globa bending 0°< 6 <110 R
. Tensile
d 25<R/t<995
AEARM lm:}ri’:t;a:son Through-wal| bending, [0.0<a/{/R t <6.7 - R(G)
Global bending

() denotes number of division for each parameter in table to interpolate correction factor
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Fig. 2 Comparison of Sress Intensity Factors for Axially Semi-Elliptical Surface Cracked
Cylinder (R/t = 10)

2.2 Sample Case for Axially Infinite Surface Cracked Cylinders

Asanother example, stressintensity factor solutionsfor axially infinite surface cracked cylinder shown in Fig.
1(b) are listed in Table 1(b). Figures 3(a) and (b) show the comparison of stress intensity factors obtained from
these solutions. The inner radius-to-thickness ratio, Ri/t, was fixed to 10 again. All of the cases with various
analysis conditions including the cases in Figs. 3(a) and (b) again show good consistencies with each other
regardless of the differences of crack location (inner/fouter surface), applied loading (membrane/through-wall
bending stress), and crack depth-to-thickness ratio. This suggests that all of the solutions in Table 1(b) have
similar accuracy. From the viewpoint of the applicability to wide range of parameters, use of CEA’'s solution [8]
can be recommended.

2.3 Comparison for Other Cylindrical Structures

The similar review and comparison were conducted for the other types of cracks shown in Figs. 1(c) to (f).
Available stressintensity factor solutionsfor these cracks are listed in Tables 1(c) to (f), respectively. Differences
between the solutions were eventually similar to those shown above.
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Fig. 3 Comparison of Sress Intensity Factors for Axially Infinite Surface Cracked Cylinder
(R/t = 10)

3. DEVELOPMENT OF APPROXIMATE EXPRESSIONS OF STRESS INTENSITY FACTOR

In most of the solutions reviewed in the preceding section, correction factors are given as discrete values in
tables and need to be interpolated in regard to geometrical parameters such as aft, a/c, and Ri/t. Although linear
interpolation in terms of these parameters is usually employed, its effectivenessis not trivial and interpolation by
nonlinear functions might be more proper in some cases. In addition, expressions are much easier to implement
than matrices storing many components. In these regards, approximate expressions with similar accuracy and
applicablerange would be useful.  In this section, approximate expressions for through-wall cracks were derived.

3.1 Axially Through-Wall Crack Subjected to Linear Stress Distribution
Based on the comparison of the solutions shown in Table 1(c), CEA's solution [1] was selected as the base of
the solution for an axially through-wall cracked cylinder subjected to linear stress distribution along thickness.

KI Jouter — |:F0,outer Oy + Fl,outer O'ljl\/%* K| jnner = [Fo,inner Oy + I:1,inner 0-1]\/%

O'(U)=0'0+0'1% @

where subscriptions “outer” and “inner” denote the outer and inner surface points of the crack front, respectively.
The correction factors, Fo outers F1,outers Fo,inners @d F1 inner, are givenin tabulated formsin Reference[1].  Since
thesefactorsarethe function of only 1 =c//R,t , they could be approximated by polynomial equationsin regard
to 7. Foouter» Fojinner» @d F1jnner Weresetto L at 7 =0, and Fy guer Was set to O at 7 = 0 so that the factors were
asymptatic to theoretical solutions, thus the following expressions were derived by the least square method.
Fooue = Foime =1+0.18471+0.44274? -0.11124° + 0.00952"
Foue = 0.04921 +0.3594% - 0.1324° + 0.02194" - 0.00144° 2
Foime =1+0.06431 +0.21164% - 0.05314° + 0.00461*
Figure 4 shows the comparison of the correction factors from CEA's solution [1] and those from the
approximate expressions.  Satisfactory agreement was achieved over the whole range of 7 (0.2 to 5) with the error
less than 6.2%.
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Fig. 4 Comparison of Correction Factors for Axially Through-Wall Cracked Cylinder
Subjected to Linear Sress Distribution

3.2 Circumferentially Through-Wall Crack Subjected to Through-Wall Bending

For a circumferentially through-wall cracked cylinder, Takahashi's solution [20] is available in the form of
expressions for tensile and global bending. On the other hand, SAQ's tabulated solution [2] is a unique solution
currently available for through-wall bending, and no approximate expressions were provided so far. The
correction factorsin SAQ's solution are function of (//7and R/t. They were converted to the same manner as the
form of the Takahashi’s solution, then the approximate expressions were derived by the least square method as
follows:

KI outrer Fb,outer O-b N7ZC

6 A% oY AN
Fb,outet = An,outet + Bb,outer ;+ Cb,outer (;j + Db,ouler (_j + Eb,outer (_j

T V4
(Ao | [-1112 -0.3412 -0.09810]
By ouer 5179 2506 2000 |[1
Coouer |=| —2409 -2317 1540 || &
Dy ouer 5406 6392 3838 || &2
| Eooue | | 4457 -5592 3125 |
Kl,inner = Fb,innaab\/%
2 3 4
Foine = Pbjinner T By joner 2+Cb,imer [2) + Dy ioner (gj + By e (gj
T /4 Vi T
[Aume | [1132 04708 0.1453]
Byme | |-8548 -7.285 -4.826| 1
Come |=| 4472 6179 40.04 || &
Dyimer | | -1156 —1915 -117.1 &2
| Eyime | | 1035 1850 1090 |
E=log(t/R,) 3

Figure 5 shows the comparison of the correction factors from SAQ's solution [2] and those from the
approximate expressions.  Good agreement can be seen over the whole applicable range (5 < R/t <20, 0 < (/7/<
0.5). Theerror was at most 6.0%.

Based on the comparison of stress intensity factor solutions in the preceding section and the development of
approximate expressionsin this section, the recommended solutionsfor specific cracked cylinders are summarized
as shown in Table 2.
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Fig. 5 Comparison of Correction Factors for Circumferential Through-Wall Cracked
Cylinder Subjected to Through-Wall Bending

Table2 Summary of Recommended Solutions for Cracked Cylinders

Characteristic of crack

Recommended solution

. ) . . . I Applicable range
Orientation Type Solution Type of solution Applied loading Crack depih Aspedt 1alio R ot o
Semi-elliptical CEAY Interporation 3rd—0rder‘ po!ynqmlal 00<a/t<08 00<al/c<10 1<R/t<w
surface of tables stress distribution
. Infinite Interporation 4th-order polynomial
Axia @ POSTE 0.0<alt<08 1< R/t <400
X surface CEA of tables stress distribution R
Present Approximate . o (Crack length) :
Through-wall Study expression Linear stress distribution 02<c/ Rt <50 Not provided
R . 3rd-order polynomial
Semi-elliptical || - g [ Interporation stress distribution, 00<a/t<08 | 00<a/c<10 | 1<R/t<w
surface of tables )
Global bending
Full Interporation 3rd-order polynomial
. . e L
Circumferential |  circumferential CEA of tables stress dlstrlbu.tlon, 0.0<al/t<0.8 1<R/t<400
surface Global bending
Tekahashi@|  APPPOITAE | engie Global bending [ (S andie) 1<R/t<80
Through-wall = ~Sxbress o ( :d<— 5
esent pproximate ’ ' Crack angle 5<R/t<20
Study expression Through-wall bending 0° < 6 < 90° <R/t<

a: Crack depth, c:

Half crack length, R;: Inner radius, Ry,: Meanradius, t: Thickness, #:Half crack angle

4. COMPARISON OF CRACKED CYLINDER SOLUTIONS WITH CRACKED PLATE SOLUTIONS
When stress intensity factors are evaluated for actual components with postulated cracks, axisymmetric

structures are often replaced with cylindrical structures.

In addition, the stress intensity factor solutions for

cracked plates are sometimes substituted for those for cracked cylinders. The following replacement can be
generally considered concerning surface cracked structures:

>
>
>

cracked plates, and

>
plates.

Replacement of axially semi-elliptical surface cracked cylinders with semi-elliptical surface cracked plates,
Replacement of axially infinite surface cracked cylinders with single-edge cracked plates,
Replacement of circumferentially semi-élliptical surface cracked cylinders with semi-elliptical surface

Replacement of circumferentialy full-circumferential surface cracked cylinders with single-edge cracked

The adequacy of the replacement was studied in this section. The recommended stress intensity factor
solutions shown in Table 1 were used for cracked cylinders, and Raju-Newman’s solution [21] and Tada's solution

[22] were adopted for semi-€lliptical surface cracked plates and single-edge cracked plates, respectively.
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4.1 Sample Case for Axially Semi-Elliptical Surface Crack

Figures 6(a) to (d) show examples evaluating the effect of radius-to-thickness ratio on stress intensity factors
for axially semi-elliptical surface cracked cylinders. The reciprocal of Ri/t istaken as the horizontal axis and the
normalized stress intensity factor defined as K, lo~/ra is taken as the vertical axis. The normalized stress
intensity factors for the equivalent semi-elliptical surface cracked plates were also plotted on the figure, where the
width of the plate was assumed to be infinity. As the cylinder becomes thinner (t/R; is smaller), the normalized
stressintensity factorsfor inner and outer cracks get closer to each other, and they eventually converge to the same
value at t/R; = 0, which is almost equa to the normalized stress intensity factor for the plate, in spite of the
differences of crack location (inner/outer surface), evaluation point (deepest/surface point), and applied loading
(membrane/through-wall bending stress).

Variations of the normalized stressintensity factors with normalized crack depth are compared in Figs. 7(a) to
(d). For the deepest points of deep cracks (e.g. a/t = 0.8) at outer surface in the thick cylinder (Ri/t = 10), the
normalized stress intensity factors are slightly higher than those for cracked plates, however, the normalized stress
intensity factors for cracked cylinders are in good agreement with those for the cracked platesin al of the other
cases. For the cracks with a/td 0.6, the errors of the stress intensity factor at the deepest points due to the
replacement of the cracked cylinderswith the cracked plates areless than 7%, 9%, and 12% for R;/t =, 80, and 10,
respectively. Theerrors at the surface points due to the replacement are less than 6%, 6%, and 8% for R/t =1, 80,
and 10, respectively. Thus we can conclude that the replacement of axially semi-elliptical surface cracked
cylinders with semi-elliptical surface cracked plates is acceptable in the case of &/t & 0.6 and R/te 10.
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Cylinders and Semi-Elliptical Surface Cracked Plates

4.2 Sample Case for Axially Infinite Surface Crack

Figures 8(a) and (b) show examples of evaluation on the effect of radius-to-thickness ratio on the stress
intensity factors for axially infinite surface cracked cylinders, where the notation of the axesis the same as Fig. 6.
The normalized stressintensity factorsfor the equivalent single-edge cracked plates were a so plotted on the figure.
Asthe cylinder becomes thinner (/R is smaller), the normalized stress intensity factors for inner and outer cracks
increase, and they converge to the same value at t/R; = 0, which is quite close to the normalized stress intensity
factor for the cracked plate, without regard to crack location (inner/outer surface) and applied loading
(membrane/through-wall bending stress).

Figures 9(a) and (b) show the variation of the normalized stress intensity factors with crack depth. The
normalized stress intensity factors for cracked cylinders coincide with those for the cracked plates for shallow
cracks, while the normalized stress intensity factors for the thick cylinder (Ri/t = 10) with deeper cracks (a/t € 0.6)
are much smaller than those for cracked plates. Assuming that the allowable error of the stress intensity factor
dueto the replacement is tentatively 10%, the upper bounds of allowable a/t are 0.8, 0.7, and 0.4 for Ri/t = 400, 80,
and 10, respectively. However, it isproven that the replacement always gives conservative evaluation beyond the
above limits.
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4.3 Other Types of Crack

Similar examinations were aso conducted for the replacement of circumferentially semi-elliptical surface
cracked cylinders with semi-elliptical surface cracked plates, and for the replacement of circumferentialy
full-circumferential surface cracked cylinders with single-edge cracked plates. For the former case, the
replacement exhibited the similar features with the case of axially semi-élliptical cracks, and was acceptable in the
case of a/t 6 0.6 and R/t €10. For the latter case, the replacement again showed the similar features with the case
of axidly infinite cracks, however, the error due to the replacement was larger than the case of axia cracks
especially for deeper cracks (a/te 0.5). The replacement of thick cylinders with deeper cracks requires a special
attention.

5. CONCLUSIONS

In this study, existing stress intensity factor solutions for cracked cylinders were reviewed and compared with
each other. Generally good agreement was observed between available solutions for various types crack either
axialy or circumferentialy expanded. Specific solutions were recommended for general use mainly from the
viewpoints of the width of applicable geometry, applicable loading, and simplicity of evaluation. Approximate
expressions were newly derived for axially through-wall cracked cylinder subjected to linear stress distribution
and for circumferentially through-wall cracked cylinder subjected to trhrough-wall bending to facilitate the use of
tabulated solutions. The adequacy of the replacement of cracked cylinders with cracked plates was then studied.
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The replacement of semi-elliptical surface cracked cylinders with the semi-élliptical surface cracked plates was
found to be generally acceptable, while the replacement of cylinders with an infinite axia or full-circumference
surface cracks with the single-edge cracked plates brings about large conservatism in the case of thick cylinders
with deep cracks.

This study was performed under the sponsorship of the Ministry of Economy, Trade and Industry (MET]I) of
Japan as a part of the project for developing new reactor technologies.
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