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a b s t r a c t

In this study the integrated system for progressive collapse analysis, which can evaluate the damage level
of every member and automatically construct the modified structural model for the next analysis step,
has been developed. The existing nonlinear analysis program code OpenSees was used as a finite element
solver in the integrated system for progressive collapse analysis. The developed integrated system
includes a pre-processor with intuitive graphic user interfaces and a post-processor that can simulate
the progressive collapse by 3D graphic animation. Using the developed integrated system, example struc-
tures subjected to a column failure were analyzed, and the behavior of the structures was investigated in
the context of how to model the failed members and whether the dynamic effects are considered or not.
The analysis results show that the dynamic amplification can be larger than two which is recommended
by the GSA and DoD guidelines and the collapse mechanism depends greatly on the modeling technique
for failed members.

� 2008 Published by Elsevier Ltd.
1. Introduction

Progressive collapse occurs when local failure of a primary
structural component leads to the failure of adjoining members
and finally to the failure of partial or whole structure system. It
is a dynamic process, usually accompanied by large deformations,
in which the collapsing system continually seeks alternative load
paths in order to survive. One of the important characteristics of
progressive collapse is that the final damage is not proportional
to the initial damage.

In 1968 a gas explosion occurred near the top of the Ronan Point
apartment building in London, and the failure of supporting mem-
bers was vertically propagated and resulted in progressive collapse
[1]. Since that time researches on this issue were performed inter-
mittently until the terrorist attacks against the Alfred P. Murrah
Building in Oklahoma City in 1995 and the World Trade Center
in New York in 2001 accelerated research in this field [2–4].

To prevent or reduce the risk of progressive building collapse,
many building codes integrated an indirect design approach into
the specifications through mandatory strength, ductility and conti-
nuity requirements [5–7]. Recently, both the US General Services
Administration (GSA) [8] and the US Department of Defense
(DoD) [9] have issued guidelines for evaluating the progressive col-
lapse hazard which provides general information about the
Elsevier Ltd.

: +82 31 290 7570.
approach and method of evaluating the progressive collapse poten-
tial. In these guidelines, a direct design procedure known as ‘Alter-
nate Load Path Method’ was recommended as a simplified analysis
technique for investigating the potential of progressive collapse in
the design of buildings. In this analysis, information on static load
redistribution for the structure under consideration is obtained but
the inevitable dynamic effects are not taken into account. Instead a
dynamic amplification factor of 2 is used to account for dynamic
effects indirectly in the GSA and the DoD guidelines. However Pret-
love et al. [10] demonstrated that a static analysis for progressive
failure may not be conservative if inertial effects are taken into
consideration. Although several researchers presented the impor-
tance of considering inertial effects for progressive collapse analy-
sis, dynamic load redistribution in the progressive collapse analysis
of frame structures is hardly considered in practicing engineering
because most of commercial softwares do not support progressive
collapse analysis with dynamic effects.

In the GSA and the DoD guidelines, there are three allowable
analysis procedures for progressive collapse analysis: i.e. linear sta-
tic, nonlinear static, and nonlinear dynamic procedures. An ad-
vanced structural analysis computer program such as SAP2000 is
generally required to perform a sophisticated progressive collapse
analysis. However, a commercial structural analysis program usu-
ally does not provide user interfaces or modules specially designed
for progressive collapse analysis. Thus, complicated and repetitive
procedures are required for practicing engineers to perform pro-
gressive collapse analysis of buildings by using a general-purpose
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structural analysis program. That is, after initial failure of a column
member, structural analysis is performed by one of three analysis
procedures to evaluate whether progressive collapse occurs or
not. To this end, structural responses and damage levels of all the
members should be investigated by comparing with failure crite-
ria. If another members turn out to fail, re-analysis with the mod-
ified analytical model representing the next structural
configuration should be performed. By applying this procedure,
repetitive analyses are required until no progressive failure occurs
in structural members. Especially, in the case of high-rise and
large-scale buildings in which significant damage is expected, eval-
uation of failure criteria for every structural member and construc-
tion of a new analytical model for re-analysis will take a lot of time
and efforts. In addition it is quite possible that operational errors
occur during the iterative process.

Several researches on the development of analytical tools for
progressive collapse analysis were conducted [11,12]. Complicated
source level development of the finite element solver to simulate
dynamic progressive collapse problems that contain strong nonlin-
earities and discontinuities would take significant time and efforts.
Moreover, it is not easy to verify the accuracy and robustness of the
developed solver. In this regard Choi and Krauthammer [12] used a
commercial analysis program, ANSYS, as a solver for progressive
collapse analysis by introducing an external criteria screening
technique.

In this study the nonlinear analysis program code OpenSees
[13] developed by the Pacific Earthquake Engineering Research
(PEER) Center in UC Berkeley was used as a finite element solver
for progressive collapse analysis to develop the integrated progres-
sive collapse analysis system which includes modeling, analysis,
evaluation of damages, graphic simulation, etc. Using the inte-
grated system, various progressive collapse scenarios can be easily
simulated. The integrated system calculates damage index of every
structural member based on the user-defined failure criteria and
automatically construct the modified structural model for each
progressive collapse analysis step.

As the OpenSees is a non-commercial software for numerical
analysis, sate-of-the-art technologies can be directly adopted in
the integrated system. Progressive collapse analyses of example
frame structures were performed by using the integrated system
developed in this study. Based on the numerical simulation, the
importance of dynamic effects in progressive collapse analysis
was evaluated and the effect of the different modeling method of
the failed members was investigated. The integrated system was
developed by the Visual C++ and the MFC (Microsoft Foundation
Class), and the OOP (Object-Oriented Programming) was employed
for easy modification and upgrade of the system. To easily under-
stand the progressive collapse mechanism, a post-processor having
a graphic animation module has been developed by using the 3D
graphic library, OpenGL.

In this study the failure of structural members was determined
by the flexural capacity of members as recommended in the GSA
and the DoD guidelines. However, it is not uncommon for steel
structures to fail due to premature failure of connections. This,
however, is difficult to predict in numerical analysis, and therefore
it was assumed in the structural analysis that all connections have
their full design capacity and failure occurred only in structural
members.
2. Primary elements for progressive collapse analysis

2.1. Damage index

When progressive collapse occurs following an initial member
failure, other structural members undergo various levels of damage
and some of them may reach to the state of failure. In order to de-
fine failure of a damaged member, a damage index needs to be de-
fined as a damage indicator. In the literature, several damage
indices have been proposed for concrete members [14,15] and
for steel members [16,17]. Colombo and Negro [18] proposed a
generalized damage index that can be used independently of the
structural material. In this study, the generalized damage index
shown in Eq. (1) based on strength deterioration was employed
to indicate damage level of structural members:

D ¼ 1�Mac

My0
ð1Þ

Mac ¼ My0 � f l;
Z

dE
� �

ð2Þ

where Mac is the deteriorated value of the yield moment and My0 is
the theoretical yield moment of undamaged members. As shown in
Eq. (2), the deteriorated value of the yield moment is calculated by
the theoretical yield moment multiplied by the evolution equation
f l;

R
dE

� �� �
, and it is a function of the maximum attained deforma-

tion (l) and the dissipated energy ð
R
dEÞ. Colombo and Negro [18] di-

vided the evolution equation into two parts, i.e. the ductility-based
function and the energy-based function. The energy-based function
has two different terms for separate modeling of the phenomena
affecting the ductile and the brittle behavior of structural members
to effectively present damage models of various materials. Since the
damage index is employed for damage assessment of frame struc-
tures in progressive collapse analysis, dynamic effects due to sud-
den failure of structural members and unusually large
deformation will mainly affect damage levels of structures rather
than the accumulated damage from cyclic inelastic deformation.
Therefore only the ductility-based function was adopted in this
study for damage assessment as shown in Eq. (3):

f ðb1; lÞ ¼ 1� lmax

lu

� �1=b1

ð3Þ

where lu and lmax represent the ultimate and the maximum at-
tained ductility, respectively, and b1 is the accelerator factor. The
parameter b1 modifies the slope of the hardening/softening branch
of the stress–strain curve to represent various characteristics of
structural materials. The damage index (D) shown in Eq. (1) has a
value ranging from 0 (no damage) to 1.0 (total damage). In this
study, the integrated system evaluates the damage indices of all
the structural members based on the analytical results at every
analysis step. When the damage index of a structural member be-
comes 1.0, it is considered as failed.

2.2. Nonlinear material model

Since progressive collapse is inherently a nonlinear event, non-
linear analysis rather than linear-elastic analysis is desirable to
investigate the progressive collapse potential and the collapse
mechanism of buildings. Accordingly, in this study nonlinear static
and dynamic analyses were performed for progressive collapse
analysis. Fig. 1 shows the nonlinear hinge model generally used
for nonlinear analysis of structures. The model, which is expressed
by the yield moment (My), the maximum moment (Mu), the yield
curvature (/y), and the maximum curvature (/u), was used in the
DoD guideline for nonlinear analysis of a 5-story example structure
using the program code SAP 2000 [19].

Once structural elements are damaged, degradation of element
stiffness as well as strength occurs. As the level of damage in-
creases the deformation of members and the system damping also
increases, which affects the overall behavior and collapse mecha-
nism of the structure. Therefore the phenomenon of stiffness and
strength degradation needs to be included in the analytical
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Fig. 1. Nonlinear hinge model.
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modeling of the structure for accurate simulation of progressive
collapse. The OpenSees provides various nonlinear material mod-
els, in addition to the nonlinear hinge model shown in Fig. 1, such
as ‘Hysteretic Material with Damage’ and ‘PINCHING4’. Especially
the PINCHING4 material model allows three different representa-
tions of stiffness and strength degradation phenomena depending
on damage level, such as unloading stiffness degradation, reload-
ing stiffness degradation, and strength degradation as shown in
Fig. 2.
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2.3. Analytical modeling for failed members

As mentioned previously a structural member is considered as
failed when its damage index reaches a unit value. Once failure oc-
curs in one of structural members the mass matrix, stiffness ma-
trix, and load vector are changed instantly. In this study it was
assumed that plastic hinges form only at the ends of structural ele-
ments. If the nonlinear hinge model shown in Fig. 1 is used for the
progressive collapse analysis, the ends of beam members will be
modeled as hinges once the damage indices become 1.0 as shown
in Fig. 3a. In this case the programming of analysis procedure is
quite simple since the member ends will automatically becomes
hinges and reformulating mass and stiffness matrices is not neces-
sary. In this way the moment-resisting capacity of the failed mem-
bers can be eliminated; however the axial or shear force-resisting
capacities still remain and the behavior of the failed member can-
not be modeled accurately. Therefore in this study new node is
generated at the end of the failed members to separate the mem-
ber end from the node as shown in Fig. 3b. The integrated system
developed in this study automatically generates the input file for
the OpenSees by inserting new nodes for failed members. In this
paper the two different modeling techniques shown in Fig. 3a
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and b are applied in example structures and the mechanisms of
progressive collapse are compared.

2.4. Analytical modeling of sudden removal of a column

The progressive collapse is generally initiated by a sudden loss
of one or many structural members. Once a structural member
(usually a column in the first story) is suddenly removed, the stiff-
ness matrix of the system also needs to be suddenly changed. This
may cause difficulty in the analytical modeling process. To avoid
this problem, all member forces are obtained first from the struc-
tural model subjected to the applied load; then the structure is
re-modeled without a column with its member forces (P, V, and
M) applied to the structure as lumped forces to maintain equilib-
rium position (Fig. 4a and b); the structure becomes stable at time
t1 and the member force is suddenly removed at time t2 to initiate
progressive collapse. In this way the progressive collapse analysis
starts from the moment that the structure is already deformed
by the applied load, which reflects the loading situation quite
realistically.

3. Integrated system for progressive collapse analysis

The main purpose of this study is to develop the integrated sys-
tem for progressive collapse analysis based on the two major
guidelines (GSA and DoD). The integrated system supports all the
processes associated with progressive collapse analysis including
modeling of structures, input of failure criteria, iterative nonlinear
analysis, evaluation of damage indices, automatic generation of
modified analytical models, graphic simulation of progressive col-
lapse, etc. Fig. 5 shows the main flow of the integrated system di-
vided into three parts; i.e. general modeling, special information
for progressive collapse analysis, and progressive collapse analysis
control program. In the integrated system developed, the general
P
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Fig. 4. Modeling of sudden
modeling for material properties, geometric configuration, loads,
boundary conditions, etc. is the first step like other general-pur-
pose structural analysis softwares. The pre-processor developed
for convenience of the modeling effort is shown in Figs. 6 and 7.
Several input dialog boxes for nonlinear materials provided in
the OpenSees are presented in Fig. 6. The pre-processor displays
the geometry of a structure, assigned loads, boundary conditions,
sections and material properties as shown in Fig. 7. Since this
pre-processor generates an input data file for the OpenSees, it also
can be used independently as a pre-processor for the OpenSees.

The flow chart of the integrated system is presented in Fig. 8.
After general modeling of a structure using the pre-processor, spe-
cial information for progressive collapse analysis, such as the lost
members, the types of damage index and parameters, nonlinear
material properties, failure limit criteria, etc., are inputted. The
integrated system performs linear-elastic static analysis using the
input file for the OpenSees generated by the pre-processor to com-
pute member forces. Since progressive collapse caused by abnor-
mal load is an unusual event occurring under service load,
unfactored loads are generally used and the strength reduction fac-
tors are ignored in the analysis. The analysis for progressive col-
lapse starts with sudden removal of a critical structural member
(a first story column in the GSA and DoD guidelines). The inte-
grated system extracts the member forces of the removed mem-
Time
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w
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 (b) Time history of applied load
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Fig. 6. Input dialog box for material properties.

Fig. 7. Pre-processor for the integrated system.
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bers. To make the structure with a critical member removed be at
rest in its original configuration at first, the extracted internal
forces are externally applied to the analytical model and stabilize
Is
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Fig. 8. Flow chart for progre
the structure. Progressive collapse analysis starts with sudden
elimination of these external forces to simulate sudden removal
of members. After nonlinear dynamic analysis, the integrated sys-
tem evaluates the damage indices of all structural members. If the
damage index of any structural member reaches 1.0, the integrated
system automatically removes the failed member and generates
new analytical model for the next nonlinear dynamic analysis step.
This procedure continues until there is no further member failure
or until the structure becomes unstable and collapses progres-
sively. In this analysis procedure using the integrated system, the
strength and stiffness degradation of partially damaged members
are considered by nonlinear material models as shown in Fig. 2.
The strength and stiffness parameters are appropriately controlled
by an engineer based on the properties of structural members.

This progressive collapse analysis process following the GSA or
DoD guidelines may be performed manually by using a general-
purpose structural analysis program. In this case, however, an
engineer is required to trace the member forces and damage indi-
ces of all structural members at every time step, to make new ana-
lytical model with the failed members eliminated, and to carry out
iterative analysis consecutively. The efficiency of this manual oper-
ation for progressive collapse analysis will be decreased and the
possibility of operation errors may be increased as the building
structure under consideration becomes taller or larger. For tall
 Damage Index of Any
Member ‘1’? End of Analysis

NO

YES

onlinear Dynamic Analysis

Analytical Model to Express
ents or Connection Fails

egeneration of OpenSees
Input File

ssive collapse analysis.



Fig. 9. Post-processor for displaying failure modes.

Table 1
Member size of model structures

Member 2-Story 3-Story

Girders H 250 � 130 � 6 � 10 H 250 � 125 � 7 � 11
Ext. columns H 150 � 150 � 7 � 10 H 175 � 175 � 7.5 � 11
Int. columns H 200 � 200 � 8 � 12 H 250 � 250 � 9 � 14
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building structures with thousands of structural elements, in
which prevention of progressive collapse is most important, to car-
ry out the iterative procedure manually with a general-purpose
analysis program may be practically impossible. The integrated
system developed in this study is expected to solve this problem.
The analytical results are extracted by the integrated system to
simulate the progressive collapse process by a post-processor with
a graphic animator as shown in Fig. 9. The graphic animator can
present the damage level or plastic hinge rotation of each struc-
tural member at every time step by the size and color of circle indi-
cators. It also may help an engineer to clearly understand the
mechanism of progressive collapse and develop alternative design
schemes to decrease the potential for progressive collapse. One of
the primary purposes of this study is to develop the integrated sys-
tem for progressive collapse analysis to raise work efficiency of
practicing engineers. By employing the integrated system, progres-
sive collapse potential of building structures may be conveniently
investigated without complicated and repetitive procedures.

4. Numerical examples

Using the integrated system the 2- and 3-story framed struc-
tures shown in Fig. 10 were analyzed for progressive collapse.
Although the integrated system is capable of analyzing 3-dimen-
sional structures, nonlinear dynamic analysis of a 3-dimensional
structure is very time-consuming. Thus, only 2-dimensional planar
frames were used for numerical examples. The structures have 3 m
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(a) 2-story structure

Fig. 10. Model struct
story height and 6 m span length. The beams and columns are
made of SM490 (Fy = 325 MPa) and SS400 (Fy = 235 MPa) steel,
respectively, and were modeled by the Nonlinear Beam-Column
element in the OpenSees. The member sizes are presented in Table
1. The dead and live loads of 0.15 kN/cm and 0.075 kN/cm, respec-
tively, were imposed on the structures. The time interval for dy-
namic analysis was set to 0.005 s. As shown in Fig. 10 the
internal column and the external column of the first story were re-
moved from the 2- and the 3-story structures, respectively, to ini-
tiate progressive collapse. In this study a structural member was
considered as failed, i.e. the damage index became 1.0, when its
plastic rotation reached 0.035 based on the GSA and the DoD
guidelines, which is larger than 0.02, the collapse prevention limit
state for seismic load of return period of 2400 years suggested in
the FEMA-365 [20].

Using the integrated system the model structures were ana-
lyzed to investigate their progressive collapse potential, and the
analysis results were depicted in Figs. 11–13. Two different model-
ing techniques of failed members (Fig. 3a and b) and two different
analysis methods (nonlinear static and dynamic analyses) were ap-
plied. Fig. 11 shows the locations of hinges in the 2-story frame
formed by sudden removal of the first story internal column. Non-
linear static pushdown analyses were carried out to obtain the
member-end rotations, and the member ends with their plastic
rotations exceeding 0.035 (i.e. damage index of 1.0) were modeled
as hinges as shown in Fig. 3a. Fig. 11a–c show the order of hinge
formation, where it can be observed that hinges formed first at
the ends of the second floor beams located on both sides of the re-
moved 1-story column. This led to damage in the beam ends con-
nected to the second story interior column, and finally to failure of
all beam ends. No damage was observed in columns. Fig. 12 shows
the results of nonlinear dynamic analysis, in which the failed mem-
bers were treated the same way as the previous case. It can be ob-
served that in the first phase hinges formed at both ends of the
second story beams and at near ends of the roof beams connected
to the internal column. Then damage spread to the upper ends of
the second story external columns and finally to the far ends of
the roof story beams. The hinge formation in columns, which
was not observed in the nonlinear static analysis, resulted from dy-
6,000mm 6,000mm 6,000mm

(b) 3-story structure

ures for analysis.
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Fig. 11. Hinge locations obtained from nonlinear static pushdown analyses (failed members were not disconnected).

(a) (b) (c)
Fig. 12. Hinge locations obtained from nonlinear dynamic analyses (failed members were not disconnected).

(a) (b) (c)
Fig. 13. Hinge locations obtained from nonlinear dynamic analyses (failed members were disconnected).
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Fig. 14. Hinge formation in the 3-story model structure.

Table 2
Comparison of nonlinear static and dynamic analysis results (unit: rad, cm)

Responses Static analysis (a) Dynamic analysis (b) (b)/(a)

Plastic rotation (point 1) 0.003 0.020 6.67
Plastic rotation (point 2) 0.011 0.032 2.91
Plastic rotation (point 3) 0.003 0.018 6.00
Plastic rotation (point 4) 0.010 0.032 3.20
Plastic rotation (point 5) 0.011 0.032 2.91
Plastic rotation (point 6) 0.012 0.050 4.17
Plastic rotation (point 7) 0.003 0.003 1.00
Plastic rotation (point 8) 0.003 0.001 0.33
Plastic rotation (point 9) 0.003 0.003 1.00
Vertical disp. at point A 16.00 30.85 1.93
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namic effect of impact load. Fig. 13 presents the results of the non-
linear dynamic analysis, except that new nodal points were added
at the ends of failed members to disconnect them from the joints
before the structure was reanalyzed as shown in Fig. 3b. In this
way the participation of failed beams by catenary action is pre-
vented and at the same time the GSA and the DoD guidelines are
satisfied. Fig. 13a depicts that hinges first formed at near ends of
the second story beams connected to the lost column. Then the
failed beam ends were separated from the joint and the modified
structure was analyzed again for progressive collapse. The analysis
resulted in the hinge formation in the roof story beams (Fig. 13b),
which led to the separation of the roof beams from the second
story internal column. Then the second story internal column
was removed from the model because all of its support failed. Fi-
nally hinges formed in the first story external columns and the
analysis was terminated. The analysis results show that the col-
lapse mechanism for progressive collapse depends greatly on the
modeling technique for failed members and analysis methods ap-
plied (static or dynamic analysis).

To investigate the dynamic effect involved in the progressive
collapse, the 3-story three-bay frame shown in Fig. 14 was ana-
lyzed by nonlinear static and dynamic analyses. The external col-
umn in the first story was removed and the rotations at points
1–9 and the vertical deflection at point A computed by static and
dynamic analyses were compared in Table 2. In the nonlinear sta-
tic analysis the vertical load was gradually applied at point A until
the service load imposed on the removed column was reached. It
can be observed in the table that as a result of static analysis
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vertical displacement of 16 cm occurred at point A and plastic
rotations at all 9 points were less than 0.035 rad specified in the
guidelines. However dynamic analysis resulted in plastic rotation
of 0.05 rad at point 6 which is larger than the given failure crite-
rion. To take the dynamic effect into account the GSA and DoD
guidelines specify load factor of two for static analysis. It can be
observed in the table that the deflection in point A obtained by dy-
namic analysis is 1.9 times that obtained by static analysis. The
rotation angles computed by dynamic analyses ranged from 0.33
to 6.67 times those obtained by static analyses. Especially the rota-
tion angles of the beams located in the bay in which the column
was removed obtained by dynamic analyses were approximately
three to six times larger than those obtained by static analyses.
This implies that the static analysis with a load factor of 2 to con-
sider dynamic effect may lead to unconservative results. Therefore,
nonlinear dynamic analysis procedure would be needed to obtain
reliable results for progressive collapse. The integrated system
developed in this study enables engineers to carry out complicated
nonlinear dynamic analysis for progressive collapse without
difficulty.

5. Conclusions

In this study the integrated system for progressive collapse
analysis has been developed to automatically evaluate the damage
level of every member and to construct the modified structural
model for next analysis step. To save time and effort to develop
complicated solver, the existing nonlinear analysis program code
OpenSees was used as a finite element solver in the integrated sys-
tem for progressive collapse analysis. The developed integrated
system includes a pre-processor with intuitive graphic user inter-
faces and a post-processor that can simulate the progressive col-
lapse by 3D graphic animation. Using the integrated system,
example structures subjected to sudden column failure were ana-
lyzed for progressive collapse. The graphic user interface and the
post-processor developed in this study are expected to help engi-
neers to carry out dynamic analysis using various modeling tech-
niques and to compare failure mechanisms. Therefore the
progressive collapse potential and collapse mechanism of building
structures can be conveniently evaluated more accurately with sig-
nificantly reduced time and effort.

The analysis results showed that the dynamic amplification
could be much larger than two, which is specified for static analy-
sis in the GSA and the DoD guidelines. This implies that dynamic
analysis might be necessary to guarantee safety for progressive
collapse caused by sudden removal of a column. The analysis
results also showed that the collapse mechanism for progressive
collapse depends greatly on the modeling technique for failed
members.
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