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Application of Damage Index for Limit State Evaluation of a Steel Pipe Tee

Sung-Wan Kim', Da-Woon Yun®, Bub-Gyu Jeon®, Seong-Do Kim**

Abstract: Maintaining structural integrity of major apparatuses in a nuclear power plant, including piping system, is recognized as a critical safety
issue. The integrity of piping system is also a critical matter related to the safety of a nuclear power plant. The actual failure mode of a piping system
due to a seismic load is the leakage due to a fatigue crack, and the structural damage mechanism is the low-cycle fatigue due to large relative displacement
that may cause plastic deformation. In this study, in-plane cyclic loading tests were conducted under various constant amplitudes using specimens
composed of steel straight pipes and a steel pipe tee in the piping system of a nuclear power plant. The loading amplitude was increased to consider
the relative displacement generated in the piping system under seismic loads, and the test was conducted until leakage, which is the limit state of the
steel pipe tee, occurred due to fatigue cracks. The limit state of the steel pipe tee was expressed using a damage model based on the damage index that
used the force~displacement relationship. As a result, it was confirmed that the limit state of the steel pipe tee can be quantitatively expressed using
the damage index.
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Table 1 Low cycle fatigue life

Loading Number of tee Ni

amplitude specimen Standard
(mm) (ea) Each Average deviation
+20 3 81.5,8825,98.25 89.33 6.88
+40 3 19.50, 20.75,26.00  22.08 2.82
+60 3 10.25,11.00, 12.75 11.33 1.05
+80 3 6.00, 7.50, 7.50 7.00 0.71
+100 3 5.25,5.25,5.50 5.33 0.12

Fig. 3 Tee specimen with fatigue crack
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Fig. 7 Damage index calculated using damage model
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Damage index

o, e o e ot Ang ndex Banon ndex
Average 6.22 5.13 121.45 0.28 6.83 9.37
Maximum 18.63 14.40 240.62 0.54 9.83 11.50
Minimum 0.05 0.16 68.68 0.05 5.38 7.89
Standard deviation 5.46 4.20 47.39 0.12 1.17 0.94

Table 3 Normalized value of calculated damage index

Damage index (Normalized value)

Loading amplitude - -
Cumulative plastic

Cumulative work  Energy dissipation Cumulative energy

(fum) deformation index index index reduction index Park and Ang index  Banon index
+20 0.02 0.04 0.86 0.97 0.69 0.99
+40 0.16 0.20 1.00 1.00 0.71 0.93
+60 0.37 0.39 0.87 0.90 0.78 0.91
+80 0.65 0.62 0.76 0.72 0.86 0.93
+100 1.00 1.00 0.80 0.72 1.00 1.00
Table 4 Statistical information of normalized damage index
Damage index (Normalized value)
Statistics Cumulative plastic Cumulative work Energy dissipation Cumulative energy reduction  Park and Ang Banon
deformation index index index index index index
Average 0.44 0.45 0.86 0.86 0.81 0.95
Maximum 1.00 1.00 1.00 1.00 1.00 1.00
Minimum 0.02 0.04 0.76 0.72 0.69 091
Standard deviation 0.35 0.34 0.08 0.12 0.11 0.04

J. Korea Inst. Struct. Maint. Insp. 37



A R 242 1A 0 7 %33 Banon A9 €42
do] & SRS G Tt B SAVHE & &
S RIS 4= AU, Table 40014 &34 At3le
el A A BE YERA R S ™ Banon Aol T $F 251
= 0.042 gkl 7PA 28t e IR
o}, webA] o] AT A= Tee Al A 2] AA| gl =29
T7H A A E ol T g &3R5 YER B R 7}
st %1320 thgk S| 7 Batgkell 7P A 28k )
Banon A& AHE-3h= Zlo] BFEE A o0& e whet
A] ;2 e] shgx1 ol sl 4H4 ¥ Banon A9 gk
H2Ago| o 5 FEE 5 A= SASE O g O
SO E AR S 02 YERT

Y

xo
RN

e

i3

N

d
L

O

rr

5 &8 E

A A v AR 2E 9] FEEH AWH G HHE
FPat7] A e A T AALE T F e R
9o} vk 7)Fe] Ao)7) ¢ Fa5it) o] AGolAM= YA
b A v FA| 2"l o) A 2] Z13}5) F oFgh 8 A1 Z3A) il
# Tee2] AA T BEE I3 SAVSEIE &4 5E S 0]
83to] Hekz o 7 TS

AR 3} 22 HE B350 2 Q13 Tee AP A| 9] AA| vk =
=5 18 SAPEIR] F2FEE S 47 HAE o)
7HA] AUREE 7T A RS kT Tee Al A= 3914
o] 748 7R AL o 17]2] Tee9} 371 2] AAR-Z T4 H
Ak YAF HYRZEL ASMEA AANE BHsEHS
1183}7] 915+ £20mm ~ £100mm7HA] £20mm 4 0 2 4=
At RE A @A oA H EFDE QAF = Tee 2] A
FZHSoNA TR o, B stz ZoA HE2dEol
AR /A= frARSHAl UEFS T

o] ATl A= Tee AFA Q] AA| Tt 2EQ] 3] 2L
O3 F47 A S AT EN S SR ol 7|HES g
dS o] galo] gz oz THIINLE 4D A4, o
YA 24D AX ) ol A] ko] 23S 11E s 95k
A EATE Tee AP A ] AA| F3) m = v 27 Ho) 23
Fo| B2 Tl Uigh SR BE SFeRlE | tiste
FrAFSHAl UERok gt Banon A58 Al 9] g U A &34
FEL Wk vlwate] E2AR) ZA JERSTE wekA
AT T2 o A] 24k v]AE 0 F %315 Banon A5
o] &Ando] g2 SR AERTTH AA) s 2 el w47}
1S SANEE & T3S 5Hld 5= It

o] AT A AAH AT A o 2 AR
2 | FA 25 AA R ed] 32 FE2 A% T
2 5388 e AHER AN E gdsh=t) AL

l

Voo

38 SIRPEEXICH XA EE =2 F! X 26 M 4F(2022. 8)

< Aoz Uity Y3t wgle] BAIE o] g5t by
A S0] Bt gk A % Teed] FAVGEQ 55
2 TEROE AHEE 5 9IS ZlolTh w2

L

=
o] FFHX= FFEEF X FH s HUE 33
)

AR =
o] k= AR BT AU O R AT

ftlo
e

o} =38 A(No. 2021R1A2C1013782).

References

1. Surh, H. B., Ryu, T. Y., Park, J. S., Ahn, E. W., Choi, C. S., Koo,
J. C., Choi, J. B. and Kim, M. K. (2015), Seismic response analysis
of a piping system subjected to multiple support excitations in a
base isolated NPP building, Nuclear Engineering and Design, 292,
283-295.

2. Choi, S. Y. and Choi, Y. H. (2004), Piping failure frequency
analysis for the main feedwater system in domestic nuclear power
plants, Journal of the Korean Nuclear Society, 36(1), 112-120.

3. Bursi, O. S., Reza, M. S., Abbiati, G. and Paolacci, F. (2015),
Performance-based earthquake evaluation of a full-scale
petrochemical piping system, Journal of Loss Prevention in the
Process Industries, 33, 10-22.

4. Varelis, G. E., Karamanos, S. A. and Gresnigt, A. M. (2013), Pipe
elbows under strong cyclic loading, Journal of Pressure Vessel
Technology, 135(1), 011207.

5. Ravi Kiran, A., Reddy, G. R., Agrawal, M. K., Raj, M. and Sajish,
S.D. (2019), Ratcheting based seismic performance assessment of
a pressurized piping system: Experiments and analysis,
International Journal of Pressure Vessels and Piping, 177,
103995.

6. Nakamura, I. and Kasahara, N. (2017), Excitation tests on elbow
pipe specimens to investigate failure behavior under excessive
seismic loads, Journal of Pressure Vessel Technology, 139(6),
061802.

7. Takahashi, K., Ando, K., Matsuo, K. and Urabe, Y. (2014),
Estimation of low-cycle fatigue life of elbow pipes considering the
multi-axial stress effect, Journal of Pressure Vessel Technology,
136(4), 041405.

8. Kim, S. W, Jeon, B. G., Hahm, D. G. and Kim, M. K. (2020),
Ratcheting fatigue failure of a carbon steel pipe tee in a nuclear
power plant using the deformation angle, Engineering Failure
Analysis, 114, 104595.

9. Hasegawa, K., Miyazaki, K. and Nakamura, 1. (2008), Failure
mode and failure strengths for wall thinning straight pipes and
elbows subjected to seismic loading, Journal of Pressure Vessel
Technology, 130(1), 011404.

10. Watakabe, T., Tsukimori, K., Kitamura, S. and Morishita, M.
(2016), Ultimate strength of a thin wall elbow for sodium cooled
fast reactors under seismic loads, Journal of Pressure Vessel



Technology, 138(2), 021801. components, Earthquake spectra, 3(1), 27-41.
11. Wang, Z., Pedroni, N., Zentner, 1. and Zio, E. (2018), Seismic 19. Gosain, N. K., Brown, R. H. and lJirsa, J. O. (1977), Shear

fragility analysis with artificial neural networks: Application to requirements for load reversals on RC members, Journal of the
nuclear power plant equipment, Engineering Structures, 162, Structural Division, 103(7), 1461-1476.
213-225. 20. Darwin, D. and Nmai, C. K. (1986), Energy dissipation in RC

12. Ma, Q., Kwon, O. S., Kwon, T. H. and Choun, Y. S. (2020), beams under cyclic load, Journal of Structural Engineering,
Influence of frequency content of ground motions on seismic 112(8), 1829-1846.
fragility of equipment in nuclear power plant, Engineering 21. Castiglioni, C. A. (1999), Failure criteria and cumulative damage
Structures, 224, 111220. models for steel components under low-cycle fatigue, In

13. Koo, G. H., Kwag, S. Y. and Nam, H. S. (2021), Study on inelastic Proceedings of 17th California Teachers Association Conference,
strain-based seismic fragility analysis for nuclear metal Napoli.
components, Energies, 14(11), 3269. 22. Park, Y.J. and Ang, A. H. S. (1985), Mechanistic seismic damage

14. Udagawa, M., Li, Y., Nishida, A. and Nakamura, I. (2018), Failure model for reinforced concrete, Journal of Structural Engineering,
behavior analyses of piping system under dynamic seismic 111(4), 722-739.
loading, International Journal of Pressure Vessels and Piping, 23. Park, Y.J., Ang, A. H. S. and Wen, Y. K. (1987), Damage-limiting
167, 2-10. aseismic design of buildings, Earthquake Spectra, 3(1), 1-26.

15. Harun, M. F., Mohammmad, R. and Kotousov, A. (2020), Low 24. Banon, H., Biggs, J. M. and Irvine, H. M. (1981), Seismic damage
cycle fatigue behavior of elbows with local wall thinning, Metals, in reinforced concrete frames, Journal of the Structural Division,
10(2), 260. 107(9), 1719-1729.

16. Castiglioni, C. A. and Pucinotti, R. (2009), Failure criteria and 25. Banon, H. and Veneziano, D. (1982), Seismic safety of reinforced
cumulative damage models for steel components under cyclic concrete members and structures, Earthquake Engineering &
loading, Journal of Constructional Steel Research, 65(4), Structural Dynamics, 10(2), 179-193.

751-765. 26. American Society of Mechanical Engineers (2004), ASME Boiler

17. Kim, S. W., Yun, D. W., Jeon, B. G. and Kim, S. D. (2021), and Pressure Vessel Code, Section VIII, American Society
Damage Index Evaluation Based on Dissipated Energy of SCH 40 Mechanical Engineers, New York, USA.
3-Inch Carbon Steel Pipe Elbows Under Cyclic Loading, Journal
of the Korea Institute for Structural Maintenance and Inspection, Received : 06/14/2022
25(1), 112-119. Revised : 07/02/2022

18. Krawinkler, H. (1987), Performance assessment of steel Accepted : 08/19/2022

R : QAL 307719 R4 HAE FEEe] BT Bsto] i T8 BAZ A4 H T Qon vlgA 2wl Ay
QAR 0] b7 BRI v SR8 Aol AWaHEo 2 ARk WA 2Ee] A4 T R w2 gl o @ Faoln T2
S HAUEE UL WAL 5 Qi 2 AES) R Q7 AT 1 Zolt, o] Aol A ARl s Hl A B0 A 3914
3R 2|05} 3R] w1 Tee 2 T8 A @A ol thate] Thaba 27)0) QA E Z ol thajo] PulurEsl R A9 & asdTh Ao
Ll 2 Rlol A el AThaS)E TR e Slelel SlENE S 2RO, A e Teeo] BAAHI) T 2E Aol o @ r47)

12 & SR SE ol gale] DA RRSAT, T AT SRS
ol g:51e] A Wik Teeo] FAENE HA 0 2 AL+ 922 A 5 AT

180« SA T, 4R, AF7] D=, A vl Tee

=

o

Mt 1@ o o X oo fo
N

g
o>

J. Korea Inst. Struct. Maint. Insp. 39




<<
  /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


