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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-
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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:

DCRz@ (1)

CE
where Qyp is the acting force (demand) determined in
component (moment, axial force, and shear etc.); and Ocg
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Figure 1. Applied gravity load for static analysis.

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:

2DL+0.25LL) @)

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-
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Figure 2. Time history of applied loads for dynamic analy-
sis.

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,
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(a) Structural plan (b) Elevation

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

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 Spg and Sp; 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 Sps and
Spi 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 P, is
the yield strength, € is the rotation angle, and A is the
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(a) Structural plan (b) Elevation

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

(b) Exterior diagrid

(a) Corner diagrid

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

displacement. For braces the post-buckling strength (P’,,)
was determined to be 40% or 20% of the buckling strength
(P.;) depending on the width-thickness ratio. The para-
meters a, b, and ¢ 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-
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Figure 6. Nonlinear force-deformation relationships of structural members used in the analysis.

(a) Removal of an exterior column (b) Removal of an interior column

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

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

Load Factor
1

0 T T T
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Displacement (cm)

(a) Removal of an exterior column

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

(a) Removal of an exterior column (b) Removal of an interior column

Figure 9. Plastic finge formation in the 22-story structure
at failure.

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

Load Factor

0 T [
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(b) Removal of an interior column
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(b) Removal of an interior column

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

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

e
i

o

o

s

i
SRS

S

i

.

AT

..m:f

L
i

gy
AT AT T

22

ta

e

Zis

s

=

(a) Removal of corner diagrids (b) Removal of exterior diagrids

Figure 11. Failed members in the 44-story structure obtained
by linear static analysis.
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Figure 12. Pushdown curves of the 44-story structure.
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(a) Removal of corner diagrids  (b) Removal of exterior diagrids

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

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
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(a) Removal of corner diagrids

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.
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