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Progressive collapse is a kind of failure in which whole or large part of a structure collapses when a
local damage occurs and distributes to other parts. Earthquake inspections indicate that structural
element can be damaged during earthquakes and this initial damage distributes to the other parts, so
seismic progressive collapse is proposed as a research issue. As the earthquake induced progressive
collapse could occur in any building independent of the number of stories, in this work, seismic
progressive collapse of a one-story steel building was investigated. The effect of variation in the
number and length of spans in both directions was also studied. Based on the obtained results, by
decreasing the spans length and number in the direction of lateral loading compared with its
perpendicular direction, the behavior of the structure becomes more critical. Furthermore, failure
pattern of the structure under seismic progressive collapse was investigated. The results showed that
collapse pattern is in a way that the damaged frame as well as the nearby frames has the most
participation in supporting lateral deformations, and by distancing away from the damaged frame,
deformation of the frames decreases. At the end, non-linear dynamic column removal analysis was
carried out and the obtained results showed differences between the behavior of the structure under

seismic progressive collapse and sudden column removal analyses.

doi: 10.5829/idosi.ije.2013.26.02b.05

1. INTRODUCTION

Progressive collapse is defined as the spread of an initial
local damage from element to element eventually
causing in the collapse of whole or large part of a
structure. Initial damage can occur due to various events
such as vehicle impact, blast and fire. Many researchers
focus on the column removal analysis and study of the
structure behavior under gravity loads. In all cases, after
removing the damaged element, behavior of the
structure is investigated under the effects of gravity
loads. Sasani and Saghiroglu [1] investigated
progressive collapse resistance of a six-story reinforced
concrete structure after removal of two adjacent exterior
columns. Then the structure behavior was evaluated.
Marjanishvili and Agnew [2] analyzed a nine-story steel
moment resistant frame building using various
analytical procedures and the findings showed that the
nonlinear dynamic analysis method gives more accurate
results. In addition, it is also easy to carry out to
investigate the progressive collapse potential of
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structures. Kim and Kim [3] investigated the
progressive collapse potential of steel moment frames
using alternate path methods. Both linear static and
nonlinear dynamic analysis procedures were used for
comparison. It was shown that the nonlinear dynamic
analysis provides larger structural responses, and
variables such as applied load, location of column
removal or number of building story affect the results.

Kim and Park [4] evaluated the progressive collapse
potential of two special moment resisting frames by two
analysis procedures: nonlinear static and nonlinear
dynamic. The results indicated that the structures, which
are designed only for normal loads, have higher
progressive collapse potential whereas the structures
designed by plastic designed concept satisfy the GSA
[5] guideline acceptance criteria. Kim et al. [6]
evaluated the sensitivity of design variables of steel
buildings subjected to progressive collapse. The results
showed that beam yield strength is the most significant
design parameter in the dual system buildings.

Fu [7] built a 3-D model to analyze the progressive
collapse of a twenty-story building and the finite
element model represented the global 3-D behavior of
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the building under sudden column removal. The effect
of variation in the strength of structural steel, concrete
and reinforcement mesh size on the structure behavior
was also investigated. Kwasniewski [8] evaluated the
progressive collapse potential of a steel frame structure
subjected to column removal scenario using nonlinear
dynamic finite element model based on the GSA
guidelines and, finally, the modeling parameters
affecting the results were identified. Khandelwal et al.
[9] assessed the progressive collapse resistance of
seismically designed steel braced frames. Two systems
were considered to analyze: special concentrically
braced frames and eccentrically braced frames. The
capability of structure to absorb member loss was
studied by removing critical columns and adjacent
braces. Astench et al. [10] investigated the strength of a
typical steel structure to resist progressive collapse
subjected to column removal via analytical and
experimental studies. The tests indicated that after
removal of the middle perimeter column, due to
catenary action of steel deck and girders, the design
loads of the floor could be resisted and the floor was not
expected to collapse in the event of removal of the
column. Also, the effect of steel catenary cables in
enhancing the strength of steel structure subjected to
progressive collapse was investigated [11]. The results
indicated that catenary cables enhance the steel structure
behavior in the case of column removal.

In some cases, failure occurs in one or more
structural elements during a quake [12]. In such cases,
the failed element load is redistributed by the
neighboring elements; then the structure behavior is
totally different from what was expected [13].
Although, many researches have been done on the
behavior of structures under seismic loads [14, 15], little
attention has been paid to seismic progressive collapse.
Since this kind of collapse can occur in any structure
with any story numbers [16], in this research, one-story
building behavior under seismic progressive collapse
was investigated. It is noticeable that the findings of this
research are related to one-story steel building, and
investigation of seismic progressive collapse of tall
buildings is proposed as future research issue.

Not all buildings collapse just due to progressive
collapse during a quake; rather such a collapse occurs
mainly due to local deficiency in a part of the structure.
In this research, in order to investigate the behavior of
the structure under seismic progressive collapse, a local
damage was created in a part of the structure by
weakening a column intentionally. Therefore, the initial
damage was navigated toward a part of the structure.
After applying the gravity loads, the lateral loads were
applied to the model to evaluate the structure behavior
under seismic progressive collapse. Then in order to
identify the effect of variation in the length and number
of spans in both directions, different models were
studied using nonlinear static analysis. Finally, failure

pattern of the structure under seismic progressive
collapse was obtained. Although progressive collapse
due to sudden column removal mostly occurs in tall
buildings, sudden column removal analysis was also
carried out just to compare the structure behavior under
seismic progressive collapse and progressive collapse
under gravity loads.

The first model of this study is a one-story steel
structure, with the height of 3 meters, and has 4 spans
each 5 meters in both directions. The structure is located
at a zone with high earthquake risk, and special moment
resisting system was used as lateral load resisting
system. All beams and columns were made of box
profiles. Table 1 shows the properties of materials used
in the model. Elements with linear behavior were used
to model the columns and beams, and deformation-
controlled frame hinge properties, representing only the
plastic behavior of the elements, were used to define the
non-linear behavior of the elements. The elastic
behavior of the frame elements was determined by the
material properties of the element sections assigned to
them. The behavior of the hinges was defined based on
FEMA 356 [17] provisions.

TABLE 1. Properties of Material Used in the Models.

Material Modules of Yielding Ultimate
Elasticity [Gpa] Stress Mpa]  Stress [Mpa]
Steel 200 250 407.7

2. 3-D FINITE ELEMENT MODEL

Analytical study was carried out in two parts: First,
seismic progressive collapse of the steel building was
studied. Then the structure behavior under sudden
column removal was investigated.

2. 1. Seismic Progressive Collapse In order to
navigate the initial damage toward a part of the
structure, one of the columns was intentionally designed
weaker than required. The live load and dead load
(including the weight of elements) were assumed to be
150kgf/m* and 550kgf/m?, respectively and distributed
uniformly on the beams.

GSA progressive collapse guidelines apply the
following load combination while evaluating
progressive collapse potential of the structures:

w = (DL +0.25LL) (1)

where, DL and LL are the dead and live loads,
respectively. The load combination, recommended by
GSA, was applied. Then the push-over analysis was
performed to simulate the behavior of the structure
under seismic progressive collapse. The assumptions
such as rigid diaphragm and rigid connections were
included in the model. To investigate the critical column
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position under seismic progressive collapse, the
structure was analyzed three times: At the first analysis,
the structure had no weakened column; in the second
one, it had one weakened corner column, and in the
third analysis, one of the external columns beside the
corner column was weakened. The position of the
corner and external columns is shown in Figure 1.

Since whole plastic hinge rotations show the amount
of energy absorbed by the structure due to strains and
deformations [18], sum of plastic hinge rotations of the
frames during the mentioned three analyses was
obtained. To have better judgment about the mentioned
analyses results, energy absorption diagrams of the
corresponding frames in all the three analyses are shown
in one figure (Figure 2).

In the first analysis, energy absorption had the same
value in the corresponding frames. Non-linear behavior
was triggered from the interval frames, which had more
participation in supporting the gravity loads, and was
distributed uniformly to the other parts of the structure.
However, in the second and third analyses, energy
absorption of the damaged frame had more value in
comparison with that in the first analysis. By getting far
away from the damaged frame, sum of plastic hinges
rotations of the frames decreases. Graphs acquired from
the third analysis showed that the damaged frame and
the one beside it had the most participation in
supporting the lateral deformations. That is because
that, by weakening of the external column, two beams
located above the weakened column lose their
performance in supporting the lateral loads; whereas in
the second analysis, by weakening of the corner column,
only one beam, located just above the weakened corner
column, does not participate in supporting the lateral
loads. Hence , the results of the third analysis are the
sign of more critical behavior when the structure is
subjected to lateral loading. Lateral displacement of
different frames obtained from the third analysis is also
plotted at various loading steps in Figure 3. As
indicated, the damaged frame has the most lateral
displacement, and by distancing away from it,
displacements of frames decease. This can be due to
displacement of the stiffness center that leads the
structure rotate around an axis far from the damaged
column and causes the most lateral displacement at the
damaged frame.

Figure 1. 3-D model of the first structure and weakened
column positions of the second and third analyses.
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Figure 2. Energy absorption indices of three models, (a)
Frame 1, (b) Frame 2, (c) Frame 3, (d) Frame 4 and (e)
Frame 5.



Lateral

Displacement{cim)

N. Parsaeifard and F. Nateghi-A / IJE TRANSACTIONS B: Applications Vol. 26, No. 2, (February 2013) 143-152 146

6.1
4.1
2.1
9 115 14 165 19
Loading Steps

Figure 3. Lateral displacements of the frames (Third

analysis)

0.38
0.3

0.22

Damage Index

-.-——-.._-__-

. 3 4 5 6
Displacement of Magss Center(cm)

Second Analys1g == ==Third Analysis

Figure 4. Damage indices of the second and third analyses.

Based on the results of three analyses, it can be
concluded that torsion is an important parameter in
determining the structure behavior. So to evaluate the
behavior of structures, a damage index (DI) was
introduced that includes torsion effects.

DI= (Af - AJ/A e 2)

where, Ay, A. and A, are lateral displacement of the
damaged frame, lateral displacement of the frame
located at the farthest position to the damaged frame and
lateral displacement of mass center, respectively. By
calculating the damage index at various steps of analysis
and plotting this parameter versus the displacement of
mass center, the diagram presented in Figure 4 is
obtained. As Figure 4 shows, the damage index obtained
from the third analysis has more value than that of the
second analysis because the structure behaves more
critically.

Then the effect of variation in length and number of
spans in two directions of structure was studied. To this
end, several models with different spans length and
number were considered. Table 2 represents the
specification of models. In all models, one of the
external columns, which is located in the frame 1 (see
Figure 1), has been weakened.

TABLE 2. Specifications of Models with Different Ny/Nx and Ly/Lx values.

Model

Number of Spans in Y

Number of Spans in X

Spans Length in Y Spans Length in X

Number Direction (Ny) Direction (N,) Direction (Ly) Direction (Ly) N/Ns Ly/L
1 3 5 5.164 5.164 0.6 1
2 4 5 4.472 4.472 0.8 1
3 4 3 5.773 5.773 0.75 1
4 2 5 6.32 6.32 0.4 1
5 3 6 4.71 4.71 0.5 1
6 2 6 5.77 5.77 0.33 1
7 5 3 5.164 5.164 1.67 1
8 5 4 4.472 4.472 1.25 1
9 3 4 5.773 5.773 1.33 1
10 5 2 6.324 6.324 2.5 1
11 6 3 4.71 4.71 2 1
12 6 2 5.773 5.773 3 1
13 4 4 5 5 1 1
14 4 4 6.25 4 1 1.56
15 4 4 4 6.25 1 0.64
16 4 4 5.95 42 1 1.42
17 4 4 42 5.95 1 0.7
18 4 4 4.5 5.55 1 0.81
19 4 4 5.55 4.5 1 1.23
20 4 4 5.21 4.8 1 1.08
21 4 4 4.8 5.21 1 0.92
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After push-over analysis, the results obtained from
the models were compared with each other. Models No.
1 - 13 were analyzed to investigate the effect of
variation in the spans number. For example, the damage
index of Model No.1 at different loading steps and the
lateral displacement of different frames are shown in
Figure 5.

Figure 6 compares the damage index of Models No
1 and 13. It can be seen that the damage index of Model
No. 1 has more values than that of Model No. 13. So it
seems that by raising Ny/Nx value, the structure’s
behavior becomes more critical.

The graphs obtained from the analysis of all 13
models are shown in Figure 7. Based on the equation of
regression, by increasing of Ny/Nx value, the damage
index in all models increases.
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Displacement of mass center at the final step of
analysis (the step in which the first plastic hinge reaches
the strength reduction) is also plotted versus Ny/Nx (see
Figure 8). As shown, by increasing of Ny/Nx value,
mass center of all models gains less lateral displacement
at the final step of analysis, so the structure can support
less lateral displacement before strength reduction.

Figure 9 indicates the graph in which the damage
index versus the displacement of mass center at the final
step of analysis is plotted.

The acquired equation indicates that by decreasing
of the displacement of mass center at the final step of
analysis, the damage index of all models increases, so
the models behave more critically. In other words, if the
structure undergoes more lateral displacement before
strength reduction, the value of damage index will
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decrease and the structure will have better behavior
against seismic progressive collapse.

To obtain the failure pattern of the models, energy
absorption levels at different frames were considered.
At an undamaged model (including no weakened
column), hinges rotation of the corresponding frames
has approximately the same value as shown for Model
No. 8 in Figure 10 (a).

Figure 10 (b) indicates the energy absorption
parameter in different frames of Models No. 1 - 13. In
all models, energy absorption value of different frames
has been normalized to the value of the damaged frame
(frame 1). In Models No. 1 - 13, the energy absorption
of the damaged frame has more value and by getting
away from the damaged frame, the amount of energy
absorption decreases. Therefore, the damaged frame and
the neighboring frames have more participation in the
undergoing lateral deformations, whereas farther frames
have less participation. In the models with much N/Ny
value, participation of the frames far from the damaged
frame in supporting lateral displacement equals almost
zero. So collapse pattern is in a way that the
deformation of the damaged frame as well as the nearby

ones increases by enhancing of the N,/Ny value, and by
distancing away from the damaged frame, deformation
of the frames is decreased.

To evaluate the effect of L,/L variation, Models No.
13 - 21 were analyzed. Damage index and displacement
of frames were obtained for all models. By plotting the
damage index versus L,/L, for different models, the
below graph was obtained (see Figure 11).

According to the graph, increasing of the L,/L, value
leads to the raise of the value of damage index in all
models, so the models have more critical behavior. Also
the obtained equations in Figures 7 and 11, show that
variation in L,/L, value is more effective on the
structure behavior than the variation in N,/Ny value.

Figure 12 also indicates the displacement of mass
center at the final step of analysis for different values of
L,/Ly. The graph shows reduction in displacement of
mass center by increasing of the L,/L value. In other
words, increasing of the L,/Ly value leads to the onset of
lateral strength reduction at less displacement of mass
center. So the structure can undergo less lateral
displacement before strength reduction and thus show
more critical behavior.
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Figure 10. (a) Energy absorption index of different frames of model no. 8 with no weakened column and (b) Failure pattern of the

structures with different N,/N, values
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Damage index versus L,/L, is also plotted in Figure
13. Based on the equation of regression, if the first
plastic hinge reaches strength reduction at more lateral
displacement of mass center, the damage index will
have less value. It means that if the structure supports
more lateral displacement before the first plastic hinge
reaches the strength reduction, damage index will
decrease, so the structure will have better behavior
against seismic progressive collapse.

Figure 14 indicates the energy absorption index in
different frames of Models No. 13 - 21. In all models,
energy absorption values of different frames were
normalized to the value related to the damaged one
(frame 1).

As the graphs indicate, frame 1 and the frames
beside it have maximum energy absorption and have the
most participation in supporting the lateral deformation.
However, by getting away, energy absorption of the
distant frames decreases and in the models with large
value of L,/L,, it equals almost zero.

2. 2. Behavior under Column Removal without
Lateral Loading At the second part of the research,
structure behavior subjected to sudden column removal
without lateral loading was investigated. In this part, the
models have no weakened column. Instead, a column
was removed. The assumptions such as rigid diaphragm
and rigid connections were included in the model.

Similar to the previous part, the static load
combination, recommended by GSA, was applied to
Model No. 13. A corner or external column was
removed in two separate scenarios (see Figure 1). To
simulate sudden column removal, after applying the
GSA load combination, the forces equal to the member
forces of the failed column were applied to the node
connecting to the failed column so that static
deformations were obtained. At a time step of 0.01sec,
the applied forces (P, V and M) were removed to
simulate column removal. The amplitudes of applied
loads are presented in Figure 15. For non-linear
dynamic analysis, bilinear material model was used and
the post-yield stiffness of the material was assumed to
be 3% of the initial stiffness. As the sudden column
removal analysis does not contain load reversal, to use
hysteretic model was not necessary [3].

Based on the results of analyses, vertical
displacements of the joints connected to the removed
column were obtained at both column removal scenarios
(see Figure 16).

According to the acquired graphs, the joint above the
removed column, has more displacement in the corner
column removal scenario, because catenary action
capacity of the beams above the removed external
column causes less vertical displacement of beams,
whereas the beams above the removed corner column
support the loads of removed column just by their
flexural action. So the corner column removal causes
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the structure behaves more critically and this is
compatible with the findings of Pretlove et al. [19].

To investigate the effect of variation in N,/Ny on the
vertical displacement of the joint connected to the
removed column, nonlinear dynamic analysis was
carried out on Models No. 1 - 13 (The models have no
weakened column). In all models, an external column
was removed, and the position of the removed external
column is shown in Figure 1. The vertical displacement
time history of the joint above the removed column was
obtained, and the results indicated that there is no
regular  relation between maximum  vertical
displacement and N,/N, value. The results are affected
only by increasing the load bearing area of the removed
column that leads to increment of maximum vertical
displacement.

At the last step of the research, an external column of
Models No.13 - 21, which have no weakened column,
was removed and vertical displacement of the joint
above the removed column was studied. The relevant
graphs are plotted in Figure 17. For avoiding confusion,
Figure 17 has been divided into Figures 17 (a) and 17
(b) and the results are shown after the 4™ second. The
maximum vertical displacements versus Ly/Lx value are
also plotted in Figure 18. According to the regression
presented in Figure 18, by decreasing of L,/L, value,
vertical displacement is increased, which can be due to
increase in the length of the beam located above the
removed column. This result is different with that is
obtained from investigating the effect of variation in
L/Ly on the structure behavior under seismic
progressive collapse.

3. RESULTS AND DISCUSSION

Progressive collapse studies are mostly threat-
independent researches that do not consider the type of
triggering event. Structure behavior is evaluated by
removing load-carrying members and investigating
alternative load paths to carry the loads of the removed
element. In this research, lateral loading was applied to
the structure which had a weakened column to simulate
seismic progressive collapse. With regard to the
different results obtained from seismic progressive
collapse and sudden column removal analyses, the
importance of considering lateral loading as the
triggering event becomes more obvious.

Here, seismic progressive collapse of one-story steel
buildings was investigated and failure pattern of the
structure was obtained. A column in the different
position was weakened and the critical column position
was evaluated. As indicated before, the number of the
beams, which lose the flexural performance during the
lateral loading on the structure, has important role in
determining the position of critical column.

The effect of variation in spans number and length
on seismic progressive behavior was also studied. Based
on the results obtained, increasing in Ny/N, and L,/L,
values caused more rotation in the structure around an
axis far from the damaged column.
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4. CONCLUSIONS

Most important findings of the present research are as
follows:

1.

Weakening of an external column in the presented
position causes more critical behavior of the
structure under seismic progressive collapse rather
than the weakness of the corner column.

Increasing the values of Ny/N, and L,/L; causes
more rotation and more critical behavior in the
structure, so the damaged frame and nearby ones
will have most participation in supporting the lateral
loads.

If the structure can support more lateral
displacement before the strength reduction, it will
have better performance against seismic progressive
collapse.
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In the case of seismic progressive collapse, failure
starts from the damaged frame and nearby ones, and
is distributed to other parts of the structure.
Therefore, failure is concentrated to the damaged
frame and neighboring frames and has no uniform
distribution in the structure.

The investigation of the position of critical column
and the effect of variation in Ny/Ny and L,/L gave
different results against the sudden column removal
analysis and seismic progressive collapse evaluation.
So the lateral loads should be considered when
studying the seismic progressive collapse of
structure and the studies could not be carried out as a
treat-independent progressive collapse analysis.
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