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Abstract

In this paper the progressive collapse potential of building structures designed for real construction projects were evaluated
based on arbitrary column removal scenario using various alternate path methods specified in the GSA guidelines. The analysis
model structures are a 22-story reinforced concrete moment frames with core wall building and a 44-story interior concrete core
and exterior steel diagrid structure. The progressive collapse resisting capacities of the model structures were evaluated using
the linear static, nonlinear static, and nonlinear dynamic analyses. The linear static analysis results showed that progressive
collapse occurred in the 22-story model structure when an interior column was removed. However the structure turned out to
be safe according to the nonlinear static and dynamic analyses. Similar results were observed in the 44-story diagrid structure.
Based on the analysis results, it was concluded that, compared with nonlinear analysis procedures, the linear static method is
conservative in the prediction of progressive collapse resisting capacity of building structure based on arbitrary column removal
scenario.
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1. Introduction

The progressive collapse refers to the phenomenon that

local damage of structural elements results in global col-

lapse of the structure. The load which may trigger pro-

gressive collapse includes any loading condition that is

not considered in normal course of design but may cause

significant damage to structures such as gas explosion,

bomb blast, car impact, etc. To prevent the progressive

collapse caused by abnormal loads, the Eurocode 1 (2002)

presented a design standard for selecting plan types for

preventing progressive collapse, and recommended that

buildings should be integrated. In the United States, the

General Service Administration (GSA) presented a prac-

tical guideline for design to reduce collapse potential of

federal buildings (GSA 2003), and the Department of

Defence (DoD) also presented a guideline for the new

and existing DoD buildings (DoD 2005). The analysis

method recommended in these guidelines is the alter-

native path method, in which the structure is designed in

such a way that alternate paths are available and a general

collapse does not occur. In most cases design for redund-

ancy requires that a building structure be able to tolerate

loss of any one column without collapse.

Research effort on progressive collapse of structures has

been carried out on steel structures (Khandelwal and El-

Tawil, 2008; Kim and Park, 2008) and on reinforced con-

crete structures (Sasani and Kropelnicki, 2008; Tsai and

Lin, 2008; Kim and Choi, 2011). However most resear-

ches on progressive collapse have been conducted on

simplified model structures such as two dimensional

moment frames or beam-column subassemblages. In this

paper the progressive collapse potential of building struc-

tures designed for real construction projects were evalua-

ted using various alternate path methods specified in the

GSA guidelines. The analysis model structures are a 24-

story reinforced concrete building and a 44-story interior

concrete core and exterior steel diagrid structure.

2. Analysis Procedure for Progressive 
Collapse

The GSA guidelines recommend both static and dynamic

analyses for evaluation of progressive collapse resisting

capacity of building structures. For static analysis the

GSA guidelines use dynamic amplification factor of 2.0

in load combination as shown in Fig. 1. For linear static

analysis the GSA guidelines utilize the Demand-Capacity

Ratio (DCR), the ratio of the member force and the

member strength, as a criterion to determine the failure of

main structural members by the linear analysis procedure:

(1)

where QUD is the acting force (demand) determined in

component (moment, axial force, and shear etc.); and QCE
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is the expected ultimate, un-factored capacity of the com-

ponent (moment, axial force, shear etc.). In the GSA

guidelines the inherent strength is obtained by multiply-

ing the nominal strength with the overstrength factor of

1.1, and the strength reduction factor is not applied. The

acceptance criteria for DCR vary from 1.25 to 3.0 de-

pending on the width/thickness ratio of the member.

The step-by-step procedure to conduct the linear static

analysis method recommended in the GSA 2003 is as

follows: 

Step 1: Remove a column from the location being

considered and carry out linear static analysis with the

following gravity load imposed on the bay in which the

column is removed:

(2)

where DL and LL represent dead load and live load,

respectively.

Step 2: Check DCR in each structural member. If the

DCR of a member exceeds the acceptance criteria in

shear, the member is considered as failed. If the DCR of

a member end exceeds the acceptance criteria in bending,

a hinge is placed at the member end. A rigid offset (a half

of the beam depth in this study) can be applied to model

a hinge in proper location. If hinge formation leads to

failure mechanism of a member, it is removed from the

model with its load redistributed to adjacent members.

Step 3: At each inserted hinge, equal-but-opposite bend-

ing moments are applied corresponding to the expected

flexural strength of the member (nominal strength multi-

plied by the overstrength factor of 1.1).

Step 4: The Steps 1~4 are repeated until DCR of any

member does not exceed the limit state. If moments have

been re-distributed throughout the entire building and

DCR values are still exceeded in areas outside of the

allowable collapse region defined in the guidelines, the

structure will be considered to have a high potential for

progressive collapse.

The nonlinear analysis procedures are generally more

sophisticated than linear procedures in characterizing the

performance of a structure. When such procedures are

used, the guidelines generally permit less restrictive ac-

ceptance criteria recognizing the improved results that

can be obtained from such procedures. The GSA guide-

lines specify maximum plastic hinge rotation and ductility

as acceptance criteria for progressive collapse. The duc-

tility ratio is the ratio of the ultimate deflection at a refer-

ence point (e.g., location where a column is removed) to

the yield deflection at that point determined from the

nonlinear analysis procedures, and the rotation angle is

obtained by dividing the maximum deflection with the

length of the beam.

The nonlinear static analysis procedure can account for

nonlinear effects without sophisticated hysteretic material

modeling and time-consuming time-history analysis. The

disadvantages are the inability to consider dynamic effects

caused by sudden removal of columns. However this pro-

cedure is useful in determining elastic and failure limits

of the structure. In this study the vertical push-over analy-

sis or push-down analysis was carried out by gradually

increasing the vertical displacement in the location of the

removed column to investigate the resistance of the struc-

ture against such deformation.

To evaluate the progressive collapse potential of struc-

tures using nonlinear dynamic analysis, all member forces

are first obtained from the full structural model subjected

to the applied load (DL + 0.25LL). The structure is then

re-modeled with a column removed and its member

forces applied to the structure as point reaction forces.

The reaction forces are suddenly removed after a few

seconds to initiate progressive collapse as shown in Fig.

2. If the vertical displacement keeps increasing unbounded,

then the structure is considered to have high potential for

progressive collapse.

3. Design of Model Structures

Two building structures, designed for real projects, were

analyzed to evaluate progressive collapse potential. The

first model structure is a 95.2 m-high 22-story reinforced

concrete structure composed of central core walls which

were designed to resist all lateral loads and moment

frames designed for gravity loads. The 22-story central

tower structure is surrounded by five-story podium struc-

ture. The span length is 8.4 m in the transverse direction,

2 DL 0.25LL+( )

Figure 1. Applied gravity load for static analysis.

Figure 2. Time history of applied loads for dynamic analy-
sis.
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and is 7.8 m in the longitudinal direction. The concrete

strength varies from 24 MPa to 30 MPa depending on the

height, and two types of re-bars with ultimate strength of

400 MPa and 500 MPa were used. The wind load was

obtained using the basic wind speed of 40 m/sec. and the

seismic load was computed using the design spectral ac-

celeration parameters SDS and SD1 equal to 0.28 and 0.15,

respectively, in the IBC format. The response modification

factor of 5.0 was used in the calculation of the design base

shear. Figure 3 shows the structural plan and side view of

the 22-story structure. The locations of column removal

are marked on the structural plan.

The second analysis model structure is the 201.6 m high

44-story building consisting of RC core walls and exterior

steel diagrid structure. Both the core walls and diagrid

structure were designed to resist the lateral loads. The

span length varies from 9.3 m in the first story to 7 m at

the top story. The basic design wind speed is 30 m/sec.

and the design spectral acceleration parameters SDS and

SD1 are 0.37 and 0.15, respectively. As the response modi-

fication factor of diagrid structure is not specified in the

design code, the seismic load was obtained using the R

factor equal to 3.0. The diagrid members were designed

to have the strength ratio of demand and capacity around

0.9. The nominal strength of concrete varies from 55 MPa

in the lower stories to 30 MPa at the top, and the structural

steel with ultimate strength of 490 MPa was used in the

lower story diagrid structure and the 570 MPa steel was

used in the top stories. The structural plan and side view

of the structure is shown in Fig. 4, and the location of

removed column is shown in Fig. 5.

For nonlinear analysis the beams and columns were

modeled by beam elements and the braces were modeled

by truss elements. The nonlinear force-deformation rela-

tionship of structural members is depicted in Fig. 6,

which is suggested in the FEMA-356 (2000), where Py is

the yield strength, θ is the rotation angle, and ∆ is the

displacement. For braces the post-buckling strength (P'cr)

was determined to be 40% or 20% of the buckling strength

(Pcr) depending on the width-thickness ratio. The para-

meters a, b, and c also vary depending on the width-

thickness ratio of the structural members, and were deter-

mined based on the guidelines provided in the Tables 5-

6 and 5-7 of the FEMA-356. The post-yield stiffness of

3% was used for modeling of bending members.

4. Analysis Results of the 22-Story Building

A series of step by step procedure recommended in the

GSA guideline was applied to the 22-story model struc-

ture using the program code MIDAS (2006). Two columns

were removed from the first story of the structure one at

a time, and the member forces were computed to obtain

the DCR values. Figure 7 depicts the locations of failed

members obtained from linear static analysis, where the

DCR values exceed the limit state specified in the guide-

Figure 3. Twenty two-story reinforced concrete analysis
model structure.

Figure 4. Forty four-story structure with RC core and steel
diagrid.

Figure 5. Locations of removed diagrid members in the 44-
story structure.



232 Kwangho Kwon et al. | International Journal of High-Rise Buildings

lines,. When one of the exterior columns was removed,

DCR of two beams in the fifth story exceeded the limit

state as shown in Fig. 7(a). This implies that the removal

of the exterior column will not lead to progressive failure

of the members located above the removed column. Fig.

7(b) shows the locations of the failed members when an

interior column, which becomes an exterior column of the

tower structure above the sixth story, was removed. It can

be observed that the beams located above the removed

column up to fifth story failed.

As the possibility of progressive collapse was observed

by the linear analysis procedure, more rigorous method

needs to be applied to confirm the progressive collapse

potential of the structure. To this end nonlinear static and

dynamic analyses were carried out to observe nonlinear

behavior of the structure. Figure 8 shows the pushdown

curves of the 22-story structure subjected to the loss of an

exterior and an interior column. As in the case of linear

static analysis, the load combination 2(DL + 0.25LL) was

applied and the displacement-controlled pushdown analy-

sis was carried out. It can be observed that the maximum

strengths reached the load factor of 3.62 and 3.41, which

implies that the structure has strength more than three

times higher than the applied load and thus safe for

progressive collapse caused by the removal of a column

Figure 6. Nonlinear force-deformation relationships of structural members used in the analysis.

Figure 7. Locations of failed members obtained from
linear static analysis.

Figure 8. Pushdown curves of the 22-story structure.

Figure 9. Plastic finge formation in the 22-story structure
at failure.
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in the first story. Figure 9 depicts the plastic hinge for-

mation in the structure at the maximum strength, where it

was observed that even though some members were

damaged, total collapse mechanism did not occur.

Figure 10 shows the vertical displacement of the joint

from which a column was removed obtained by nonlinear

time-history analysis. In the dynamic analysis the load

combination (DL + 0.25LL) was applied without the

dynamic amplification factor of 2.0. It was observed that

when the exterior column was suddenly removed the

structure vibrated vertically and the vertical displacement

became stable at the displacement of 0.87 cm, which is

significantly smaller than the limit state specified in the

GSA guidelines. In case the interior column was removed,

the vertical displacement reached 1.34 cm and the struc-

ture remained stable.

The comparison of linear and nonlinear analysis results

indicates that the linear static analysis procedure resulted

in highly conservative prediction on the progressive col-

lapse potential of the model structure.

5. Analysis Results of the 44-Story Building

In this section the 44-story diagrid structure with RC

core was analyzed to investigate its progressive collapse

potential. Figure 11 shows the locations of the failed mem-

bers obtained from linear static analysis with a couple of

diagrid removed from the first story. When a couple of

diagrid were removed from a corner, the DCR values of

many structural elements exceeded the limit states as

shown in Fig. 11(a). However no element turned out to be

failed when a couple of exterior diagrid were removed

from the first story, which implies that alternate load path

is provided after the loss of the members.

Figures 12(a) and 12(b) show the pushdown curves of

the 44-story diagrid structure when a couple of diagrid

were removed from the corner and from an exterior face

of the structure, respectively. When the diagrids were re-

moved from the corner, the maximum load factor reached

1.4, which implies that the structure has enough strength

against progressive collapse. When the diagrids were

removed from the exterior face, the maximum strength and

thus the progressive collapse resisting capacity increased

slightly. Figure 13 depicts the locations of members

damaged by the column removal at the state of maximum

strength obtained by pushdown analysis. It can be ob-

served that the damaged members are more widely dis-

tributed when diagrids are removed from the exterior

Figure 10. Vertical displacement time history of the 22-story structure obtained by nonlinear dynamic analysis.

Figure 12. Pushdown curves of the 44-story structure.

Figure 11. Failed members in the 44-story structure obtained
by linear static analysis.
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face. It also can be noticed that as the diagrids surround

the building surfaces, the damaged members propagate

not only on the surface from which the diagrids are

removed, but on the other surfaces around the structure.

This implies that diverse alternate load paths may exist

after a member is lost.

Figure 14 depicts the time histories of vertical displace-

ments obtained by nonlinear dynamic analysis. As expected

from the results of nonlinear static pushdown analysis,

the vertical displacements remain less than 2 cm after a

couple of diagrids were removed from the first story. It

was observed that the structure behaved elastically after

the diarid members were suddenly removed.

6. Conclusions

This paper investigates the progressive collapse poten-

tial of building structures designed for real construction

projects based on arbitrary column removal scenario using

various alternate path methods specified in the GSA

guidelines. The analysis model structures are a 22-story

reinforced concrete moment frames with core wall build-

ing and a 44-story interior concrete core and exterior steel

diagrid structure. The progressive collapse resisting capa-

cities of the model structures were evaluated using the

linear static, nonlinear static, and nonlinear dynamic

analyses.

The linear static analysis results showed that progres-

sive collapse occurred in the 22-story model structure

when an interior column was removed. However the

structure turned out to have enough strength against pro-

gressive collapse according to the nonlinear static and

dynamic analyses. Similar results were observed in the

44-story diagrid structure, where the damaged members

were more widely distributed when diagrids were re-

moved from the exterior face. It was also noticed that the

damaged members existes not only on the surface from

which the diagrids were removed, but on the other sur-

faces around the structure. This implies that diverse alter-

nate load paths may exist after a member is lost. Based on

the analysis results, it was concluded that, compared with

nonlinear analysis procedures, the linear static method is

conservative in the prediction of progressive collapse

resisting capacity of building structure based on arbitrary

column removal scenario.

Acknowledgements

This research was supported by a grant (Code# ’09

R&D A01) funded by the Ministry of Land, Transport,

and Maritime Affairs of Korean government.

References

AISC. (2000) Load and resistance factor design specification

for structural steel buildings, American Institute of Steel

Construction, Chicago.

DoD. (2005) Unified Facilities Criteria (UFC) - Design of

Figure 13. Damaged members in the 44-story structure ob-
tained from pushdown analysis.

Figure 14. Vertical displacement time history of the 44-story structure obtained by nonlinear dynamic analysis.



Evaluation of progressive collapse resisting capacity of tall buildings 235

Buildings to Resist Progressive collapse, Department of

Defense, Washington, D.C.

Eurocode 1. (2002) Actions on structures, European commit-

tee for standardization. Brussels, Belgium.

FEMA. (2000) Prestandard and Commentary for the Seismic

Rehabilitation of Buildings, FEMA-356, Federal Emer-

gency Management Agency. Washington, D.C.

GSA. (2003)  Progressive Collapse Analysis and Design

Guidelines for New Federal Office Buildings and Major

Modernization Projects, The U.S. General Services Ad-

ministration.

Kaewkulchai, G. (2003) Dynamic progressive collapse of

frame structures, Ph. D. Thesis. University of Texas at

Austin.

Khandelwal, K. and El-Tawil, S. (2007) Collapse behavior of

steel special moment resisting frame connections. Journal

of Structural Engineering, 133(5), pp. 646~655.

Kim, J. and Park, J. (2008) Design of steel moment frames

considering Progressive collapse, Steel and Composite

Structures, 8(1), pp. 85~98.

Kim, J. and Choi, H. (2011) Progressive collapse-resisting

capacity of RC beam-column sub-assemblage, Magazine

of Concrete Research, 63(4), pp. 297~310.

MIDAS. (2006) General Structure Design System for Windows.

Sasani, M. and Kropelnicki, J. (2008) Progressive collapse

analysis of an RC structure, The Structural Design of Tall

and Special Buildings, 17(4), pp. 757~771.

Tsai, M. H. and Lin, B. H. (2008) Investigation of progres-

sive collapse resistance and inelastic response for an

earthquake-resistant RC building subjected to column

failure, Engineering Structures, 30(12), pp. 3619~3628.



<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


