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Inelastic Buckling Analysis of Frames with Semi-Rigid Joints
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Abstract - An improved method for evaluating effective buckling length of semi-rigid frame with inelastic behavior is newly
proposed. Also, generalized exact tangential stiffness matrix with rotationally semi-rigid connections is adopted in previous
studies!"®). Therefore, the system buckling load of structure with inelastic behaviors can be exactly obtained by only one element
per one straight member for inelastic problems. And the linearized elastic stiffness matrix and the geometric stiffness matrix of
semi-rigid frame are utilized by taking into account 4th terms of taylor series from the exact tangent stiffness matrix. On the other
hands, two inelastic analysis programs(M1, M2) are newly formulated. Where, M1 based on exact tangent stiffness matrix is
programmed by iterative determinant search method and M2 is using linear algorithm with elastic and geometric matrices.
Finally, in order to verify this present theory, various numerical examples are introduced and the effective buckling length of

semi-rigid frames with inelastic materials are investigated.
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Fig. 2. Frame element with rigid connections
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P-P | 2072.6 |2072.6|2072.6| 1 |347.83|347.83| 2.4410

C-C | 8290.5 |8290.5|8292.2| 0.5 [395.72|395.72| 2.2886
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9 7134.8 1312.8 | 1.2207 | 805.43 | 1.5584
10 7927.5 1330.8 | 1.2124 | 808.95 | 1.5550
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Fig. 9. 3-Story Semi-rigid frames

Table 3. Elastic and inelastic 7, (kN) by Ml

K, Sway model Non-sway model

R
(kN-m/rad) Elastic | Inelastic | Elastic | Inelastic
0(Pinned) 0 0 11245 | 9447.6
0.0165 150 21981 | 21.981 11265 | 9462.7

0.1 906.99 119.05 | 119.04 | 11348 | 9525.8

0.2 1814.0 211.73 | 211.66 | 11420 | 9580.6

0.5 4535.0 398.45 | 397.92 | 11548 | 96779

9069.9 567.29 | 565.74 | 11647 | 9752.5

18140 723.88 | 720.66 | 11726 | 9811.6

36280 843.00 | 837.94 | 11778 | 9850.6

1
2
3 27210 798.86 | 794.54 11760 | 9836.7
4
5

45350 872.12 | 866.52 | 11790 | 9859.4

oo(Rigid) 1014.5 | 1005.7 | 11844 | 9899.0
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(a) Relations of R-P, for sway model
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(b) Relations of R-P, for Non-sway model
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ke

Semi-Rigid Spring Parameter R
(c) Relations of R-k,

Fig. 10. Buckling parameters of 3-Story Semi-rigid frames
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Fig. 11. Buckling modes for sway model
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Fig. 12. Buckling modes for Non-sway model

152 =2 71x33 =23 4268 A3E(EA A1303) 20149 69



5.2 8
i Aol FEAE w2 S Yele S ghot
at7] 9ot RHFm S vied =R AMAE ddist
I AA F2AE Yok NE BAe fagtEdolE 4
sty ol fI5td, FTE ol &5t HAYE P
I Agste By 2 7]kt redde] s Efo] <
g A=A vgby AsS 1 = YEE o235l o
Fortran ¢10}& o] &%t e S| Z=adlE 7dstyl
ot T3, oheFst Al A RIS Fol R Eo] 2
ol 3 S

(1) Ef¥l(iwasaki) S 2-§3te] E2u A% 2751
Wt 0 R fEHBAP 3Bt
44 BFAL 2o ofo] Yot Aze FA
SASE AEFORA REFY Wrj 7R v]Ehy
A2 Y-S A

Ae] AlolA AAE A RERE w7z
3} u]/\ &10 @ d 5 G| kfg} /Had E}k]7¥£8§€§
g olgslo] TxEol vt

4
F2 e 4 % 424 229 A

—‘4’3‘ A=l RIS X

HB 1A 0] /\]

X 2% (References)

[1] American Association of State Highway and Transpor-
tation Officials (2002) AASHTO LRFD Bridge Design
Specifications (2nd Ed., Interim Revisions), USA.

[2] Yura, J.A. (1971) The Effective Length of Column in Un-
braced Frames, Engineering Journal, American Institute
of Steel Construction, Vol.8, No.2, pp.37-42.

[3] LeMessurier, W.J. (1977) A Practical Method of Second
Order Analysis, Part 2: Rigid Frames, Engineering Jour-

=)
ok
i

nal, American Institute of Steel Construction, Vol.14, No.2,
pp-49-67.

[4] Cheong-Siat-Moy, F. (1986) K-Factor Paradox, Journal of
Structural Engineering, American Society of Civil Engin-
eers, Vol.112, No.8, pp.1747-1760.

[5] Galambos, T.V. (1988) Guide to Structural Stability De-
sign Criteria for Metal Structures (4th Ed.), John Wiley
& Sons, USA.

[6] Salmon, C.G., and Johnson, J.E. (1996) Steel Structures:
Design and Behavior, Harper Collins, USA.

[7] Aristizabal-Ochoa, J.D. (2004) Column Stability and Min-
imum Lateral Bracing: Effects of Shear Deformations,
Journal of Engineering Mechanics, American Society of
Civil Engineers, Vol.130, No.10, pp.1223-1232.

[8] e, 784 EA(2004) FrAZA|le) H2HA S

St Heker FEABAG APY, THRHERS= A,
etE &35S, A244, ABAS, pp.509-519.
Jin, M.-S., Kyung, Y.-S., and Kim, M.-Y. (2004) Determi-
nation of the Accurate Effective Length Factor for Buck-
ling Design of Plane Frames, Journal of the Korean So-
ciety of Civil Engineers A, KSCE, Vol.24, No.3A, pp.
509-519.

[9] e °ﬂ, ST, 74-8(2005) T Y wEAd H= 3174

3w o0 A s o), AR

Hﬂﬁl E H, a2 s, 418, #1235, pp.
169-179.
Kim, M.-Y., Song, J.-Y., and Kyung, Y.-S. (2005) Deter-
mination of Effective Buckling Length of Plane Frames
Using Elastic and Inelastic System Buckling Analysis,
Journal of Computational Structural Engineering Insti-
tute of Korea, COSEIK, Vol.18, No.2, pp.169-179.

[10] AAZ, A7, BFe(2011) =7sf=o] PYsh=H-F

7+ BBy o] 7he of]| T3 AL, SHLF LRSS =52 Bt
732513, 234, Al6d, pp.647-657.
Seo, G.H., Seo, S.J., and Kwon, Y.B. (2011) A Study on
the Moment Capacity of H-Section Flexural Members
with Local Buckling, Journal of Korea Society of Steel
Construction, KSSC, Vol.23, No.6, pp.647-657 (in Kore-
an).

[11] o]dZ, 345, A, 3], A2, o2, st
(2012) 800MPa+ 117 a7t B HA) o] e Bl vl ekyd
75, gt t, S aste], 424 A
4%, pp.479-490.

Lee, C.H., Han, K.H., Kim, D.K., Park, C.H., Kim, J.H.,
Lee, S.E., and Ha, T.K. (2012) Local Buckling and Ine-
lastic Behaviour of 800MPa High-Strength Steel Beams,

da g xets] =2 A26W AZE(EY A1305) 20149 68 153



e L EEC I CRE R

Journal of Korean Society of Steel Construction, KSSC,
Vol.24, No.4, pp.479-490 (in Korean).

[12] B3], o=, jt-8, HRE, ol st XY

(2013) I ZAE0) vk F-ulSUHE A0S 9
3 YA A, SRR, Syt
A25¢, A2%, pp.115-130.

Park, C.H., Lee, C.H., Han, K.H., Kim, J.H., Lee, S.E., Ha,
T.H., and Kim, J.W. (2013) Laterally Unbraced Length
for Preventing Inelastic Later-Torsional Buckling of High-

[15] "8, 738 A9 (2008) F27d= A= gm
AL

=

o] At gl ol by g siAl
S8l A, S EetE], 4204, Al
%, pp-81-92.

Min, B.C., Kyung, Y.S., and Kim, M.Y. (2008) Exact Tan-
gent Stiffness Matrix and Buckling Analysis Program of
Plane Frames with Semi-Rigid Connections, Journal of
Korean Society of Steel Construction, KSSC, Vol.20, No.
1, pp.81-92 (in Korean).

Strength Steel Beams, Journal of Korean Society of Steel [16] Bathe, K.-J. (2006) Finite Element Procedures, Prentice

Construction, KSSC, Vol.25, No.2, pp.115-130 (in Kore- Hall.

an). [17] Timoshenko, S.P., and Gere, J.M. (1961) Theory of Elastic
[13] Iwasaki, H., Nogami, K., and Nagai, M. (2001) Precision Stability, McGraw-Hill, USA.

of Ef Method for Evaluating Load-Carrying Capacity of [18] Sekulovic, M., and Salatic, R. (2001) Nonlinear Analysis

Long-Span Cable-Stayed Bridges and Its Ultimate Strength of Frames with Flexible Connections, Computer & Struc-

Check, IABSE Reports (Proceedings of IABSE Conference tures, Elsevier, Vol.79, No.11, pp.1097-1107.

Seoul 2001), International Association for Bridge and Struc- [19] Mageirou, G., and Gantes, C.J. (2006) Buckling Strength

tural Engineering, Vol.84, pp.110-111. of Multi-Story Sway, Non-Sway and Partially-Sway
[14] AT EZ(2000) E20AA 7|2

Ministry of Construction and Transportation (2000) High-

Frames with Semi-Rigid Connections, Journal of Con-
structional Steel Research, Elsevier, Vol.62, No.9, pp.893-

way Bridge Design Standard, Korea (in Korean). 905.
2 o Ao 2R mi g vjey Hasdrie AAsl) st o)de] Ao AAEIE FRE wih
20| QUE FEAG AFHAL 913 B D /I3 JABS EUSHT vy HBHALS 1) ERTAA L] FHpY 71F

T EFHE ol gsto] Fard wojatzo] wighyd 2zey Z2ass el AEsolch & AtollA AR 27 wohre) A7
EPAL AT ARGl weh FA o shte] aantoz el vjeky e AaE EE 4 low AfHEE o8t HlEyd
H2EE e & e AL etk =3 Jud A= El s Taylor A74E st 4x7d7kA] nefgo e e =g
o 7|5tk A= ES festal Aok H2shA7HE AXSk: A=, HAdEREE o183 viAY s Z2aRMDI Y 2
715teHe] RS ol 87t AF spHZRasM2)0] HEEeH o|E olgste] FAdR dd wirlyREe] v dRleel iRt
A28 Fzslsat NERA Y] fFaEREATE ARl wet Firdol AAl F2A Y =y ERA Y] fFERELol nAls dFe
thefRt sideAE S AR





<<
  /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


