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ABSTRACT : 

At present, inelastic static pushover analysis is widely used in engineering practice to predict seismic capacity of
building structures because of its simplicity compared to the inelastic dynamic analysis. In this paper, the
maximum displacements of 9 eccentrically braced steel frames with various geometries are obtained with
inelastic static pushover analyses based on FEMA-356 load patterns. Model frames are designed according to
LRFD (1999) and the capacity based design principles are based on AISC-Seismic Provisions for Structural 
Steel Buildings (2005). Loads and load combinations are compatible with ASCE 7-05. Inelastic dynamic 
analyses of these frames are also conducted under 20 SAC ground motions. Both static and dynamic inelastic
analyses are carried out with the DRAIN-2DX program. During inelastic dynamic analyses each earthquake
record for each frame is scaled by a coded program by modifying the DRAIN input files in an automated manner
until the frames reach their limit states and the resultant scaled earthquake records are used for obtaining the
frames’ maximum displacements. The maximum displacements obtained by these methods are utilized in order 
to assess the validity of the pushover analyses. 

KEYWORDS: Eccentrically braced steel frame, pushover analysis, lateral load pattern, inelastic
dynamic analysis. 

 
1. INTRODUCTION  
 
In this study validity of the pushover analysis is investigated. Special attention is given to the distribution of the
maximum link rotations along the frame height. To this aim both inelastic dynamic analyses and pushover
analyses are performed till the target link rotation is reached, which is 0.08 rad. for shear yielding links and 0.02 
rad. for flexural yielding links. Four different load patterns from FEMA-356 are used for pushover analyses. The 
resultant maximum link rotation distributions obtained from different analyses are compared. Obtained 
distributions are considerably different for model frames with shear yielding links and flexural yielding links.
Apart from that it seems that the link length is also an effective parameter as well as the frame height.    
 
 
2. MODEL FRAMES   
 
9 eccentrically braced frames (EBFs) are designed according to LRFD (1999) and seismic design of these frames 
are based on Seismic Provisions for Structural Steel Buildings (AISC, 2005). The loads and load combinations 
are taken from ASCE 7-05. A computer program is coded for optimum design of EBFs, the algorithm and brief 
description of which are given in a recent paper (Özhendekci and Özhendekci, 2008). Material and cross section 
types chosen are also given in the referred paper. The basic characteristics of the model frames are given in Table 
2.1 
 
For inelastic analyses, columns and braces are modeled as beam-columns capable of developing strain-hardening 
plastic hinges. Moment-axial force interaction surface is determined for each element based on the section 
properties and plastic design principles. Uang and Richard’s link element model is utilised. The details of the
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model can be found in (Richards, 2004). 
 

Table 2.1 Characteristics of the model frames 

Plan view and area 
(m2) 

Link yielding 
type 

Number of 
stories Link length (cm) Frame 

Name 
EBF Span 

length (m) h (m)

3 70 FR-01 

3 120 FR-02 

6 70 FR-03 

6 120 FR-04 

9 70 FR-05 

 
 
 
 
 
 
 
     EBF 

750 

SHEAR 

9 120 FR-06 

3 280 FR-07 

6 280 FR-08 

 
 

 
 
 

250 

FLEXURAL 

9 280 FR-09 

8  3.5 

 
 
3. INELASTIC ANALYSES 
 
Inelastic analyses of model frames are performed with DRAIN-2DX. During pushover analyses the scale of the 
lateral loads and during dynamic analyses scale factor of each ground motion acceleration record is increased till 
each frame reaches its limit state. The limit state is reached, when one of the links of a frame reaches its plastic
rotation capacity. Generally, the 1st storey links reach their capacities first, but in rare occasions the upper storey
links can reach their capacities first. The plastic rotation capacity of shear yielding links is given as 0.08 rad. in
the code and it is given as 0.02 rad. for flexural yielding links (AISC, 2005).    
 
3.1.Pushover Analyses 
Pushover analysis is expected to represent the inertia forces under the considered earthquake. The distribution of
lateral inertia forces determines the relative magnitudes of link rotations along the frame height. Four different
load patterns are used for the analyses. These patterns are explained below: 
 
(1) Vertical distribution proportional to the values of xF  given in Eqn. 3.1. 
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Here, xw  is the portion of the total effective frame weight assigned to floor level x and xh  is the height from 
the base to the same floor level. 0V  is a constant force value to use in the pushover analyses, initially. Exponent
k is determined by linear interpolation between 1 and 2 with the corresponding period values of 0.5 s and 2.5 s. It 
should be noted that ASCE7-05 allows using the constant value of 2 where the interpolation is required, thus 2 is
used for the design of model frames. 
 
(2) A vertical distribution proportional to the shape of the fundamental mode and denoted as 1F . 
 
(3) A vertical distribution proportional to the story shear distribution calculated by combining modal responses

Simple Frame 
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using CQC rule including all the modes of the frame. This distribution is denoted as VF . 
 
(4) A vertical distribution proportional to the total mass at each level which is nearly uniform and denoted as

MF . 
 
3.2.Inelastic Dynamic Analyses 
Inelastic dynamic analyses of each model frame are performed under 20 SAC ground motions. During inelastic 
dynamic analyses each earthquake record for each frame is scaled by a coded program by modifying the DRAIN
input files in an automated manner until the frames reach their limit states and the resultant scaled earthquake
records are used for obtaining the frames’ maximum link rotations. 
 
Table 3.1 provides detailed information on the 20 SAC ground motion records generated for Los Angeles having 
probabilities of exceedence of 2% in 50 years. These acceleration time histories include records from historic 
earthquakes as well as artificially-generated time histories based on modeling of the rupture process and wave
propagation through the soil strata  (Somerville et. al., 1997).  
 
 

Table 3.1 Properties of the earthquake records 
Record Name Magnitude Distance (km) Duration (s) PGA (cm/s2)

1995 Kobe 6.9 3.4 59.98 1258.00 

1995 Kobe 6.9 3.4 59.98 902.705 

1989 Loma Prieta 7 3.5 24.99 409.95 

1989 Loma Prieta 7 3.5 24.99 463.76 

1994 Northridge 6.7 7.5 14.945 851.62 

1994 Northridge 6.7 7.5 14.945 925.29 

1994 Northridge 6.7 6.4 59.98 908.70 

1994 Northridge 6.7 6.4 59.98 1304.10 

1974 Tabas 7.4 1.2 49.98 793.45 

1974 Tabas 7.4 1.2 49.98 972.58 

Elysian Park (simulated) 7.1 17.5 29.99 1271.20 

Elysian Park (simulated) 7.1 17.5 29.99 1163.50 

Elysian Park (simulated) 7.1 10.7 29.99 767.26 

Elysian Park (simulated) 7.1 10.7 29.99 667.59 

Elysian Park (simulated) 7.1 11.2 29.99 973.16 

Elysian Park (simulated) 7.1 11.2 29.99 1079.30 

Palos Verde (simulated) 7.1 1.5 59.98 697.84 

Palos Verde (simulated) 7.1 1.5 59.98 761.31 

Palos Verde (simulated) 7.1 1.5 59.98 490.58 

Palos Verde (simulated) 7.1 1.5 59.98 613.28 
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6.RESULTS 
 
The values and the distributions of maximum link rotation angles along the frames’ heights, evaluated according 
to the inelastic dynamic analyses and the pushover analyses with various lateral load patterns, are given in 
Figures 1, 2 and 3. According to the results, for nearly all of the analysis types the limit rotation angles occur at 
first storey levels. Except for the pushover analyses of FR-01 and FR-03 with F1 load pattern, and for inelastic 
dynamic analyses of FR-03 under 2 records, FR-05 under 5 records, FR-06 under 2 records and FR-09 under 1 
record.  
 
For all of the model frames the distribution of the maximum link rotation angles along the heights under the 
pushover lateral load patterns of FV and FM are similar. Furthermore, for nearly all of the frames the distributions
are similar for F1 and FX load patterns, except for some storey levels of the frames with short shear links, namely 
top stories of FR-03 and FR-05, and all the stories of FR-01. The distributions evaluated by F1 and FX load 
patterns are very similar for the high frames with flexural yielding links, namely FR-08 and FR-09.  
 
 

 
 

Figure 1 Distribution of maximum link rotations along the frame height (a) FR-01 (b) FR-02 (c) FR-07 
 
 
Among all of the procedures, pushover analyses with FV load pattern give the minimum values of maximum link
rotations except for a few situations where the limit rotations do not develop at the first storeys. The 
displacement values evaluated by the FM load patterns are generally close to the values obtained by FV load 
pattern.  
 
For the frames with short shear links, among all of the procedures, the maximum link rotations obtained by the 
pushover analyses with the load pattern of F1 give generally the maximum values. Namely, for FR-01 except for 
the 1st storey F1 gives the maximums, and the values obtained by FX are close to the maximums; for FR-03 
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except for 3rd and 6th storeys F1 gives the maximums, and the values obtained by FX are not close to the 
maximums; for FR-05 except for the 8th storey F1 gives the maximums, and the values obtained by FX are far 
from the maximums.  
 

 
                        

Figure 2 Distribution of maximum link rotations along the frame height (a) FR-03 (b) FR-04 (c) FR-08 
 
 
 

Among all of the procedures, for the frames with long shear link lengths, the rotation values obtained by the load
patterns of F1 and FX are generally similar and in some occasions they are close to the maximum values for 3 and 
6 storey frames. Namely, these load patterns give the maximums for 1st and 2nd storeys of FR-02, close to 
maximums for FR-04 except for the 5th and 6th storeys. 
 
For the frames with flexural yielding links, the rotation values obtained by the load patterns of F1 and FX are 
generally similar, but they are not close to the maximums, in fact they are almost close to the minimums for
especially the 6 and 9 storey frames. 
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Figure 3 Distribution of maximum link rotations along the frame height (a) FR-05 (b) FR-06 (c) FR-09 
 
 

 
7.CONCLUSIONS 
 
The maximum link rotation distribution patterns of pushover analyses are not generally similar to the distribution 
patterns obtained with inelastic dynamic analyses for the EBFs with shear links and the rotations obtained by the 
load patterns of FV and FM are similar and may be accepted as lower limit. The rotations obtained by F1 load 
pattern may be accepted as upper limit for the EBFs with short shear links, but this is not valid for the EBFs with 
long shear links. 
 
The maximum link rotation distribution patterns of pushover analyses are similar to the distribution patterns 
obtained with inelastic dynamic analyses for the EBFs with flexural yielding links. None of the lateral load 
patterns is proper for the purpose of evaluating upper limit for the EBFs with flexural yielding links.
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Furthermore, the lower limit obtained by the FV (or FM) load patterns is below the findings of the dynamic 
analyses.    
 
 
REFERENCES  
 
American Institute of Steel Construction, (1999). Load and Resistance Factor Design Specification for Structural 
Steel Buildings. 
 
American Institute of Steel Construction, (2005). Seismic Provisions for Structural Steel Buildings, ANSI/AISC
341-05. 
 
American Society of Civil Engineers, (2006). Minimum Design Loads for Buildings and Other Structures,
ASCE/SEI 7-05. 
 
Özhendekci, D.; Özhendekci, N. (2008). Effects of the Frame Geometry on the Weight and Inelastic Behaviour
of Eccentrically Braced Chevron Steel Frames. Journal of Constructional Steel Research 64:3, 326-343. 
 
Prakash, V.; Powell, G.H.; Campbell, S. (1993). DRAIN-2DX Base Program User Guide, Version 1.10.  
 
Richards, P.W. (2004). Cyclic Stability and Capacity Design of Steel Eccentrically Braced Frames, Ph.D. Thesis, 
University of California, San Diego, USA.             

 
American Society of Civil Engineers, (2000). Prestandard and Commentary for the Seismic Rehabilitation of
Buildings, FEMA 356.  
 
Somerville P, Smith N, Punyamurthula S, Sun J. Development of ground motion time histories for phase 2 of the
FEMA/SAC steel project. Report No. SAC/BD-97-04, 1997. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


