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ABSTRACT

In recent years, Stress Corrosion Crackings (SCCs) in welded joints of pressurized water reactors of
nuclear power plants have been reported. The rules on fitness-for-service of the Japan Society of
Mechanical Engineers (JSME) for SCC assumes semi-elliptical-shaped flaws. The SCC propagation
often stops at the fusion line between the weld and base metal. SCC propagates only in depth direction.
The assumption of rectangular flaw may give more appropriate approximation than that of semi-
elliptical flaw. Hence, formulae of the stress intensity factor for rectangular surface flaws have been
developed in this investigation. The developed formulae are valid upto ratio of flaw depth to plate
thickness to be 0.8.

BACKGROUND AND OBJECTIVES

Evaluation methodologies for stress corrosion cracking, the so-called PWSCC, in nickel alloy welds of
primary piping system of nuclear power plants were discussed by Hojo and Kamaya (2012). The rules
on fitness-for-service for nuclear power plants of the Japan Society of Mechanical Engineers (JSME)
provides procedures for modelling and evaluating flaws (Japan Society of Mechanical Engineers
(2020)). The flaws were assumed to be semi-elliptic in their shapes. On the other hand, it has been seen
that flaws propagated in the weld metal. They did not penetrate the fusion lines and the flows were
contained in the weld metal. A possible way to reproduce the behaviour of such flaw propagation may
be to treat the flaw to be rectangular in its shape, as proposed by Kamaya et al. (2023).

In this study, we developed formulae of the stress intensity factor for rectangular surface flaw.
The stress intensity factor was calculated using finite element method with quadratic tetrahedral
elements. An automatic finite element analysis model generator and three-dimensional J-integral for
rectangular surface cracks based on domain integral method were employed. They were developed in
the authors’ research group. This paper is organized as follows. Following background and objectives,
the J-integral and the finite element model preparation methodologies are discussed. The results of the
stress intensity factor evaluations by the J-integral method are briefly presented. Then, the developed
stress intensity factor formulae are proposed, followed by conclusions.

COMPUTATIONS OF STRESS INTENSITY FACTOR BY J-INTEGRAL METHOD

The stress intensity factor was computed by the J-integral method. Figure 1 and Equation 1 show the
integral domain and the formulation of the three-dimensional J-integral by the domain integral method.
The first term in the right-hand side of Equation 1 is the domain integral. The second and third integrals
are related to the crack face loads. W' is the strain energy density, o;; are the stresses, and u; are the
displacements. AA is the area of virtual crack extension. q(x) represents the virtual crack extension
along the crack front and is extended to be a continuous and piecewise differentiable function in the
integral domain (see, for example, Okada and Ohata (2013)).
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Figure 1. Schematics of the integral domain for the three-dimensional J-integral and variation of the
function q(x).

In this study, we proposed that the J-integral for rectangular flaws be computed with virtual
crack extension spanning for entire length of each straight edge of the crack, as shown in Figure 2.
Hence, the computed J-integral represents the energy release rate when each straight edge of the crack
extends parallelly at once. In other words, the present J-integral method computes the energy release
rate along each straight edge in an average sense. The mode I stress intensity factor is evaluated by the
relationship of Equation 2 with assuming the plane strain condition.

J= £ K; (2

A:Length of a crack front element

Figure 2. Virtual crack extension for J integral evaluation assuming the entire edges of the deepest and
the surface locations of the rectangular crack.

FINITE ELEMENT ANALYSES AND STRESS INTENSITY FACTOR EVALUATIONS
The problem of a plate with a rectangular surface flaw as shown in Figure 3 is considered. A uniformly

distributed load (o) is applied to the crack surface. Then, the stress intensity factor is computed by the
J-integral method.
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Figure 3. Finite element model for the problem of the rectangular surface crack [(a) Plate with a

rectangular surface flaw subject to a uniformly distributed load and boundary conditions and (b)
whole view of the finite element model].
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In order to develop a stress intensity factor equation for rectangular crack, a number of finite
element analyses and stress intensity factor computations were carried out. We introduced two
parameters s and u for specyfing the depth and aspect ratio of the flaw. s specifies the aspect ratio
of the rectangular flaw and u is the ratio of the square root of area of the rectangular flaw to the plate
thickness. They are defined as shown in Equation 3 and 4. Table 1 summarizes the ranges of u and s
for which finite element analysis was performed. The parameter s was set to be from —0.90 to 0.90
with an increment of 0.05. However, the larger the crack area, the deeper the crack, even for the same
aspect ratio. In this study, the ratio a/t of the crack depth to the plate thickness was limited to be equal
or less than 0.6. It was because the stress concentration due to the narrower ligament width affected the

stress intensity factor value. The stress intensity factor calculation was performed in the range of s <
0.85 for u > 0.28.

s=1¢ ¢ (3)
(c>10)

2 s > 1.0
u =Y 4)
Table 1: Ranges of s concerning the value of u.
u -] s -]
0.55 -0.90 ~ 0.60
0.50 -0.90 ~ 0.60
0.44 -0.90 ~0.70
0.33 -0.90 ~ 0.80
0.28 -0.90 ~ 0.85
0.22 -0.90 ~ 0.90
0.17 -0.90 ~ 0.90
0.039 -0.90 ~ 0.90
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Figure 4(a) shows the relationship between the stress intensity factor at the deepest point
normalized by ovma and s which is the parameter representing the aspect ratio of the rectangular
flaw. s approaches to unity, the stress intensity factor values converged to the same value regardless
of the value of u. However, s approaches to “-1”, the stress intensity factors somewhat depend on the
value of u.

Figure 4(b) shows the relationship between s and the ratio of the stress intensity factor at the
surface point to that at the deepest point. The ratio monotonically increases. The values do not exhibit
a strong dependency on the aspect ratio of the flaw.
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Figure 4. Stress intensity factor at the deepest and the surface point [(a) Stress intensity factor at the
deepest point vs. s and (b) Ratio of stress intensity factors at the deepest to that at the surface point].

DEVELOPMENT OF STRESS INTENSITY FACTOR EQUATION FOR THE DEEPEST
POINT OF THE RECTANGULAR FLAW

Based on the results that are presented in previous section, we developed a stress intensity factor
equation for the rectangular surface flaw. The equation is composed of two functions A(s) and B(s,u),
as shown in Equation 5. A(s) approximates the stress intensity factor at the deepest point as a function
of s for infinite plate (u = 0.039). It was found that the case of u=0.039 could represent the flaw in
infinity thick plate. B(s,u) is a correction term that takes into account the effect of the finite plate, as
a function of s and u.

Kacen _ A(s) + B(s,u)

p~— )

DEVELOPMENT OF FUNCTION A(s)

Figure 5 shows the relationship between the stress intensity factor at the deepest point and s for u =
0.039. For s = —1, the stress intensity factor value can be considered to be the same as that of edge
crack problem (Brown and Strawley (1966)), because the crack length is infinite in a limiting sense.

These results were approximated using the polynomial approximation function of Microsoft
Excel (least-squares method). The developed functions A(s) are presented in Equation 6 and 7. They
are the cubic and quartic polynomials, respectively.

A3(s) = —0.178s% — 0.0417s% — 0.314s + 0.678 (6)

A4(s) = —0.0598s* — 0.188s3 + 0.00540s2 — 0.310s + 0.674 (7)
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Figure 5. Stress intensity factor at the deepest point vs. s at u=0.039.
DEVELOPMENT OF FUNCTION B(s,u)

Figure 6 shows the relationship between s and the difference between the stress intensity factors at the
deepest point with u = 0.039 and those with u = 0.17~0.55. They are shown by colored solid
circles. The difference decreases as s approaches —1 because a / ¢ is zero at s = —1 regardless

of the value of u. Figure 6 also shows approximate lines created by the polynomial approximation
function of Microsoft Excel.
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Figure 6. Difference from Normalized SIF at u=0.039 vs. s and approximate lines.
We express the approximate line, as presented in Equation 8.
B(s,u) = a(u)s + b(u) (8)

Powers of u can approximate the coefficients @ and b, and the function B(s,u) can be expressed
as Equation 9.

B(s,u) = —0.182u?7%s + 0.110u?32 9)

COMPARISON OF THE PROPOSED EVALUATION FORMULA AND STRESS INTENSITY
FACTOR CALCULATED BY FEM

From Equations 5, 6, 7, and 9, the developed equations for the stress intensity factor at the deepest point
of a rectangular surface flaw can be expressed in two ways, as presented in Equations 10 and 11.

A3(s) + B(s,u) = —0.178s3 — 0.0417s?
—(0.182u?7* + 0.314)s + 0.110u?3? + 0.678 (10)

A4(s) + B(s,u) = —0.0598s* — 0.188s3 + 0.00540s2
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—(0.182u?7* + 0.310)s + 0.110u232 + 0.674 (11)

Table 2 summarizes the maximum difference between the stress intensity factors by the
developed formulae and by the J-integral method in their absolute values. For s = —0.9 to 0.9 and
a/t < 0.6, the maximum difference when Equation 10 is employed is about 5%. When Equation 11
is employed, it is about 2%. According to the rules of fitness-for-service (Japan Society of Mechanical

Engineers, (2020)) evaluation formulas should be valid for %S 0.8. Hence, the differences were

compared in the range of s = —-0.9t00.9 and a /t < 0.8 also. For s = —0.9 to 0.9 and 0.6 <
= a/t <= 0.8, the maximum difference when Equation 10 is employed is 2.41%. When Equation 11
is employed, it is 1.97%. Thus, the developed stress intensity factor equations do not lose their accuracy
even when the range of a / t is extended to a/t < 0.8.

Table 2: Maximum difference between the values of the stress intensity factors by the developed
stress intensity factor equations and the J-integral method.

Ranges s =—-09~09and a/t <0.6 s =—-0.9~0.9
and 0.6 < a/t < 0.8
A3 + B (Equation 10) 5.26% 2.41%
A4 + B (Equation 11) 2.05% 1.97%
CONCLUSION

In this study, two formulae for evaluating the stress intensity factor for rectangular surface flaws were
developed. The maximum difference between the developed formulae and the J-integral method using
the results of the finite element analyses was about 5%. We believe that the accuracy of the developed
formulae is sufficient.

REFERENCES

Brown, W. F. and Strawley, J.E. (1966) “Plane Strain Crack Toughness Testing of High Strength

Materials,” ASTM special technical publication, Vol. 410, p.12.

Hojo, K. and Kamaya, M. (2012). “JSME FFS Rule Making of Flaw Evaluation for Nickel Based Alloy
Components,” Transactions of the Japan Society of Mechanical Engineers A, Vol.78, No.790,
pp-14-19.

Japan Society of Mechanical Engineers. (2020). Codes for Nuclear Power Generation Facilities: Rules
on Fitness-For-Service Nuclear Power Plants, JPN, JSME S NA1-2020.

Kamaya, M., Sugamura, K. and Okada, H. (2023) “Stress intensity factors of rectangular shape cracks
for crack growth prediction,” International Journal of Pressure Vessels and Piping, Vol. 201,
104864.

Okada, H. and Ohata, S. (2013). “Three-dimensional J-integral evaluation for cracks with arbitrary
curvatures and kinks based on domain integral method for quadratic tetrahedral finite element,”
Engineering Fracture Mechanics, Vol 109, pp. 58-77.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


