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a b s t r a c t

In this study the progressive collapse potential of steel structures having WUFB, RBS, and WCPF connec-
tions was investigated considering the uncertainty inmaterial properties such as yield strength, live load,
and elastic modulus. The beam-end rotation was used as a member-level limit state for progressive col-
lapse. Pushdown analyses of the model structure with three different connection types were carried out
after removing one of the first-story columns. Fragility curves were obtained based on the probability
of exceeding a given limit state for vertical displacement using the First-Order Second Moment (FOSM)
method. The analysis results showed that the RBS connections showed the highest load resisting capacity
against collapse due to their highly ductile behavior and that the loss of an exterior column turned out to
be more vulnerable for progressive collapse than the loss of an interior column.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Progressive collapse refers to the phenomenon whereby local
damage of structural elements caused by abnormal loads results
in global collapse of the structure. An abnormal load includes
any loading condition that is not considered in normal design
process but may cause significant damage to structures. The
potential abnormal loads that can trigger progressive collapse are
categorized as: aircraft impact, design/construction error, fire, gas
explosions, accidental overload, hazardous materials, vehicular
collision, bomb explosions, etc. [1]. For a realistic simulation
of progressive collapse, the analysis process needs to include
uncertain characteristics of material properties. Nevertheless,
most recent studies on progressive collapse of building structures
have been conducted based on deterministic approaches where
the nominal or average values of the design parameters were used
[2–7]. However, the progressive collapse mechanism and the
capacity of structures can be affected by probabilistic properties
of the design parameters and load combinations. An application
of the theory of probability to the structural analysis is one of
the ways to deal with uncertain material properties which are
considered as random variables.
In structural engineering field a conditional probability of

exceeding a limit state is generally expressed by fragility curves.
Fragility analyses have been successfully carried out to investigate
seismic vulnerability of various structures [8–12]. In this study
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fragility analyses were carried out to investigate the progressive
collapse potential of steel structures with ‘welded unreinforced
flange-bolted web’ (WUF-B), ‘reduced beam section’ (RBS), and
‘welded cover-plated flange’ (WCPF) connections considering the
uncertainty of design variables such as yield strength, live load, and
elastic modulus. The beam-end rotation was used as a criterion for
initiation of progressive collapse. Pushdown analyses of the model
structure were carried out after removing one of the first-story
columns. Fragility curves were obtained based on the probability
of exceeding a given limit state for vertical displacement using the
First-Order Second Moment (FOSM) method.

2. Procedure for drawing fragility curves

2.1. Limit states for progressive collapse

The GSA guidelines for progressive collapse [13] regulate that
the maximum allowable extents of collapse resulting from the in-
stantaneous removal of a column shall be confined to the structural
bays directly above the instantaneously removed column as shown
in Fig. 1. Any structural failure outside of the allowable extents is
defined as the occurrence of progressive collapse. Table 1 shows
the limit states specified in the FEMA-356 [14] for various seismic
connections.

2.2. Probability of collapse

Building failures can result from a multiplicity of hazards,
such as occupancy loads and other demands, misuse, extreme
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(a) Exterior consideration. (b) Interior consideration.

Fig. 1. Maximum allowable collapse areas (GSA 2003).

Table 1
Limit states for seismic connections specified in FEMA-356 (d: beam depth; IO:
Immediate occupancy; LS: Life safety; and CP: Collapse prevention).

Connection type Limit states
IO LS CP

WUF 0.0128–0.0003d 0.0337–0.0009d 0.0284–0.0004d
RBS 0.0125–0.0001d 0.0380–0.0002d 0.0500–0.0003d
WCPF 0.0078 0.0177 0.0236

environmental effects, fires, and other abnormal loads. If each of
these distinct hazards is represented by an event, H , and if simply
local damage rather than a damage state is specified, then the total
probability of structural collapse P(C) due to the event H can be
represented as:
P(C) = P(C |LD)P(LD|H)P(H) (1)
in which P(H) = probability of hazard H , P(LD|H) = probability
of local damage given that H occurs, and P(C |LD) = probability
of collapse given that hazard and local damage both occur. In
this study the probability of hazard and the probability of local
damage caused by the hazard were assumed to be 1.0, and only
the probability of collapse given the occurrence of the hazard and
the local damage was considered for simplicity.

2.3. Damage index

To express a damage state of a structural element, Powell and
Allahabadi [7] proposed the following damage model:

D =
umax − uy
umin − uy

(2)

where umax is the maximum displacement, umin is the maximum
displacement under monotonic load, and uy is the yield displace-
ment. In this study the above damage index was modified as fol-
lows to express damage state under progressive collapse:

D =
umax
umin

(3)

where ulim and umax represent the displacement at limit state and
the maximum displacement response, respectively.

2.4. Fragility curves

The fragility curve for seismic load is generally drawn based on
a system-level limit state such as inter-story drift. In this study
the vertical deflection at the maximum beam rotation caused by
the sudden removal of a column was defined as the limit state
for system-level collapse to obtain fragility curve. The mean and
standard deviation of vertical deflection were obtained based on
the probability distribution of design variables using the First-
Order SecondMoment (FOSM). The fragility curvewas drawnusing
the probability of collapse obtained from the probability of the

Fig. 2. Procedure for deriving fragility curves.
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(a) Plan. (b) Elevation.

Fig. 3. Analysis model structure.

maximum deflection exceeding the limit state. Fig. 2 depicts the
procedure for drawing the fragility curve of a structure with a
column suddenly removed.

3. Analysis model structures

3.1. Design of analysis models

The prototype structure for an analysis model is a three-bay,
three-story steel moment resisting frame as shown in Fig. 3. The
structure was designed with dead and live loads of 5 kN/m2 and
2.5 kN/m2, respectively, and seismic load with SDs and SD1 equal
to 0.36 g and 0.15 g, respectively, with the response modification
factor of 6.0. The interior and exterior columns were designed
with H300 × 300 × 10 × 16 and H250 × 250 × 14 × 14,
respectively, and beams were designed with H300 × 120 × 8 ×
13. The beams and columns were made of SS400 and SM490
steel, respectively. The panel zone flexibility was considered in
the analysis model of beam–column joints based on the work of
Krawinkler et al. [15]. As an analysis model the exterior frame
enclosed in the dotted rectangle in Fig. 1 was analyzed using
the nonlinear analysis program code OpenSees [16]. The beams
and columns were modeled using the nonlinear beam–column
elementswith five integration points and 2% of post-yield stiffness.
The catenary action of a beam caused by large deflection was
considered using the ‘Corotational’ option in the OpenSees. For
initiation of progressive collapse, one of the corner columns or
interior columns was suddenly removed one at a time as shown
in Fig. 4.
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(a) Removal of an interior column. (b) Removal of an exterior column.

Fig. 4. Location of a removed column.

3.2. Modeling of connections and definition of limit states

In the model structure three types of seismic connections were
applied: WUFB (welded unreinforced flange-bolted web connec-
tions), WCPF (welded cover-plated flanges), and RBS (reduced
beam section). Fig. 5 shows the analysis modeling of each connec-
tion type. For modeling of the WUFB connections, a uniform beam
cross-sectional dimension was used, whereas in RBS connections,
whichwere developed after the Northridge Earthquake, the equiv-
alent cross-sectional dimension proposed by Lee [17] was used
to accommodate the effect of the reduced cross-sectional area at
beam ends. The cross-sectional areas at beam ends were increased
in order to model the WCPF connections as shown in Fig. 5(c).
The limit states for beam-end rotation undermonotonic loading

are expected to be larger than those under cyclic earthquake
loads. Therefore it seems to be reasonable that the limit states for
WUFB and WCPF connections specified in the GSA guidelines for
progressive collapse are slightly larger than those specified in the
FEMA-356 [8] for collapse prevention limit state. However the DoD
limit state for the RBS connection is 33% less than that of the FEMA-
356 value. Kim et al. [18] showed that themaximum rotation angle
of a beam–column subassemblage with RBS connection subjected
to a monotonically increasing load was twice and three times
as large as those specified in the FEMA-356 and DoD guidelines,
respectively. In this paper the limit states of seismic connections
given in the FEMA-356 were mainly used to define failure of
connections because it providesmore detailed limit states for steel
beam sections considering variation of beam depth. Table 1 shows
the limit states for seismic connections specified in FEMA-356.

4. Nonlinear static analysis results

Fig. 6 shows the nonlinear static pushdown analysis results of
themodel structure with various connection types. Mean values of
design variables were used to model the structure. Displacement-
controlled pushdown analysis was carried out with a first-story
column removed. The horizontal and the vertical axes represent

the vertical displacement and the load factor, respectively. The
load factor of 2.0 corresponds to the state in which the applied
vertical load reached the load specified in the GSA guideline,
2(deadload + 0.25 × liveload). The maximum load factor of less
than 2.0 implies that the structure may collapse as a result of
removing one of the columns. The filled circles, triangles, and
squares marked on the pushdown curves represent the vertical
displacements corresponding to the IO (Immediate Occupancy), LS
(Life Safety), and CP (Collapse Prevention) limit states, respectively.
The shown limit states are not the element-level limit states, but
are the system-level limit states defined in the GSA guideline at
which the maximum rotation of an element located outside of the
allowable collapse area, as described in Fig. 1, exceeds the limit
state shown in Table 1. Table 2 presents the maximum vertical
displacement, plastic hinge rotation, and load factors at each limit
state of the model structure with different connection types when
an interior column was removed. It can be seen in Fig. 6 that
the model structure with WCPF connections showed the highest
strength, whereas the structure with RBS connections showed
the lowest strength when a first-story column was removed.
However, the structure with RBS connections actually had the
largest ductility before failure. This resulted in the highest load
factor of the structure with RBS connections at CP limit state as
shown in Table 2. It also can be observed that the maximum
strengths increased furtherwhen an internal columnwas removed
than when an external column was removed. This implies that
the progressive collapse potential of the structure with a missing
exterior column is higher than that of the structure with a missing
interior column.
Figs. 7–9 plot the plastic hinge formation of themodel structure

with different connection types at each limit statewhen an interior
column is removed. It can be observed that plastic hinges formed
first at the second-story beam of the interior span and propagated
to the beams in the roof and in the exterior span. No plastic hinge
was observed in the columns. The largest number of plastic hinges
occurred in the structure with RBS connections.

5. Fragility analysis

5.1. Variation of design variables

It was observed that the progressive collapse resisting capacity
of building structures was sensitive to the variation of design
variables [19]. Table 3 shows the statistical data for some selected
design variables, such as yield strengths of beams and columns,
live load, and elastic modulus [20–22]. The correlation coefficients
between the design variables to be used to compute the covariance
are shown in Table 4.

(a) WUFB. (b) WCPF. (c) RBS.

Fig. 5. Modeling of beam–column joints.
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(a) Removal of an interior column. (b) Removal of an exterior column.

Fig. 6. Pushdown curves of the model structure with various connection types.

Fig. 7. Plastic hinge formation at each limit state (WUFB connections).

Table 2
Maximum responses and load factors at each limit state of model structure with different connection types when an interior column was removed.

Connection type Plastic hinge rotation (rad) Load factor Max. displacement (cm) Limit states

WUFB
0.0093 1.1844 10.30 IO
0.0231 1.3128 18.75 LS
0.0237 1.3174 19.10 CP

WCPF
0.0078 1.2158 9.35 IO
0.0177 1.3201 15.05 LS
0.0236 1.3752 18.55 CP

RBS
0.0113 1.0037 15.40 IO
0.0357 1.3711 51.95 LS
0.0465 1.5311 74.45 CP

Table 3
Statistical data for design variables (Unit: kN, cm).

Variables Mean Standard deviation Coefficient of variation (%) Probability distribution

Beam yield strength 23.5 1.24 5.28 Lognormal
Column yield strength 32.5 3.28 10.10 Lognormal
Live load 0.000274 0.0000488 17.83 Lognormal
Elastic modulus 20594.0 679.602 3.30 Normal

Table 4
Correlation coefficients for design variables.

Variables Beam yield strength Column yield strength Live load Elastic modulus

Beam yield strength 1.0 0.8 0.0 0.2
Column yield strength 0.8 1.0 0.0 0.2
Live load 0.0 0.0 1.0 0.0
Elastic modulus 0.2 0.2 0.0 1.0

5.2. Variation of vertical displacement

In this study the First-Order Second Moment (FOSM) method
was applied to obtain the probabilistic distribution of design

variables. In the FOSM method, means and standard deviations
of random variables are assumed and the mean and standard de-
viations of structural responses are obtained. The advantage of
the FOSM method is that the analysis procedure is simpler than
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Fig. 8. Plastic hinge formation at each limit state (WCPF connections).

Fig. 9. Plastic hinge formation at each limit state (RBS connections).

rigorous probabilistic methods such as the first-order reliability
method, stochastic finite element method, and the Monte Carlo
simulation method, while major probabilistic properties of the
structural responses can be obtained accurately enough. Let us as-
sume that a random variable X = (x1, x2, . . . , xn)T has mean and
co-variance vectors µX = (µ1, µ2, . . . , µn)

T and VC[X], respec-
tively. The first-order approximation of a function Y = g(X) using
Taylor series expansion evaluated at x0 can be given as

Y ≈ g0 +
(
dg
dx

)
0
(X − x0) (4)

where ()0 denotes a function evaluated at x0. In the formulation
the random variable X can be considered as the structural design
parameters and the function Y = g(X) represents the structural
analysis and the corresponding responses. The mean µY and the
standard deviation σY of Y = g(X) can be approximated using
Eq. (4) as

µY = E [g(X)] ≈ g0 +
(
dg
dx

)
0
(µX − x0) (5)

σ 2Y = E
[
g2(X)

]
− µ2Y ≈ g

2
0 +

(
dg
dx

)2
0
σ 2X

+ 2g0

(
dg
dx

)
0
(µX − x0)− µ2Y . (6)

For x0 = µX Eqs. (5) and (6) can be approximated using the FOSM
method as follows [15]:
µY ≈ g(µX ) (7)

σ 2Y ≈

(
dg
dx

)2
0
σ 2X . (8)

Let us consider the functions Y = g(X), Y1 = g(X1, µ2, µ3, . . . ,
µn), Y2 = g(µ1, X2, µ3, . . . , µn), and Yn = g(µ1, µ2, . . . , µn−1,
Xn). The mean and standard deviation approximated by the FOSM
method are
µY = µYi ≈ g(µ1, µ2, . . . , µn) = g(µX ) i = 1, 2, . . . , n (9)

σ 2Y ≈ ∇
Tg(X)VC(X)∇g(X) (10)

σ 2Yi ≈

(
∂g
∂xi

)2
0
σ 2i i = 1, 2, . . . , n (11)

where ∇g(X) = [∂g/∂x1, ∂g/∂x2, . . . , ∂g/∂xn]T is the partial
differential of g(X) with respect to the variable X , and σ 2Y can
be interpreted as a measure of sensitivity of Y with respect
to Xi. A detailed analysis procedure of the FOSM method can

Fig. 10. Variation of vertical displacement of the model structure with WUFB
connections subjected to an interior column obtained by FOSM and MCS methods
(WUFB connections).

be found elsewhere [8,18]. Fig. 10 compares the variation of
vertical displacement caused by sudden removal of an interior
column obtained by the FOSM and Monte Carlo Simulation (MCS)
methods, where it can be noticed that the results obtained by the
simple FOSM method are similar to those obtained by the more
complicated Monte Carlo Simulation method.

5.3. Fragility curves

Through fragility analysis the probability of failure at various
loading states can be obtained. Furthermore, structures can be
designed to have a desired probability of failure using the load
factor determined from the fragility analysis. For fragility analysis
of a structure subjected to progressive collapse under gravity
load, the probability for vertical displacement to exceed a given
limit state is computed. Fig. 11 depicts the probability density
functions of vertical displacement of the model structure having
WUFB connections when an interior column was removed. In the
analysis, the FOSM method was applied assuming that the mean
and the standard deviations had log-normal distribution based on
the observation that such an assumption leaded to similar fragility
curves obtained by Monte Carlo simulation [19]. The vertical
dotted lines represent the vertical displacements corresponding
to the IO, LS, and CP limit states. It can be observed that as the
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Fig. 11. Probability density functions for vertical displacement of the model
structure with an interior column removed for various load factors (WUFB
connections).

magnitude of the applied load increased the standard deviation
of vertical displacement decreased. In the model structure with
WUFB connections subjected to two different vertical loading
states, the probability for vertical displacement to exceed a limit
state is shown in Table 5. Figs. 12 and 13 show the fragility
curves of the model structure with an interior and an exterior
column removed, respectively, plotted based on the probability of
exceedance of the limit states. It can be observed that the load

Table 5
Probability of vertical displacement exceeding a limit state.

Load factor Probability of exceedance

1.2 0.502 0.044 0.041
1.3 0.949 0.392 0.372

factor of the structure with the WCPF connections corresponding
to a particular limit state is slightly larger than that of the
structure with WUFB connections due to the fact that the load
resisting capacity of the former is larger than that of the latter.
The structurewith RBS connections has larger probability of failure
at the IO stage, but shows smaller probability of failure at the CP
performance level due to the enhanced ductility. Fig. 14 plots the
fragility curves of the structurewith each connection type at the CP
limit state. When an interior column was removed, the structures
with WUFB, WCPF, and RBS connections reached 100% probability
of exceeding the CP limit states at the load factors of 1.5, 1.6, and
1.7, respectively. When an exterior column was removed, the load
factors reduced to approximately 1.2, 1.3, and 1.4, respectively.
This implies that the RBS connections have the highest progressive
collapse resisting capacity and that the loss of an exterior column is
more vulnerable for progressive collapse than the loss of an interior
column.
Table 6 presents the load factors of the model structure with

three-types of connections corresponding to the 10%, 50%, and 90%
probability of failure at the CP state. The load factors obtained by
deterministic analysis using the mean values of design variables
are also provided for comparison. It can be observed that the load
factors obtained from deterministic analyses are similar to those
corresponding to the 50% probability of failure.

(a) WUFB connections. (b) WCPF connections.

(c) RBS connections.

Fig. 12. Fragility curves of the model structure with an interior column removed corresponding to various limit states.
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(a) WUFB connections. (b) WCPF connections.

(c) RBS connections.

Fig. 13. Fragility curves of the model structure with an exterior column removed.

(a) An interior column removed. (b) An exterior column removed.

Fig. 14. Comparison of fragility curves at CP stage.

Fig. 15 shows the fragility curves of the model structure
obtained based on the CP-level limit states of the FEMA-356 and
the GSA guidelines when an interior column was removed. The
limit states for beam-end rotations and vertical displacements are
presented in Table 7. It can be observed that for WUFB and WCPF
connections the GSA guidelines specify slightly larger limit states,
whereas for RBS connections FEMA-356 provides significantly
larger limit states. This resulted in a slightly smaller probability
of failure of the WUFB and WCPF connections and a significantly
larger probability of failure of the RBS connections when the GSA
limit states were applied.

6. Conclusions

Fragility analysis generally provides valuable information on
the vulnerability of structures against external load. In this paper
fragility analyses of a steel moment frame structure with various
connection types such as WUFB, WCPF, and RBS connections
were carried out considering variation of design variables such
as yield strength, elastic modulus, and live load. The probability
of exceeding a given limit state for vertical displacement was
obtained using pushdown analysis after removing one of the first-
story columns depending on the connection types and the location
of the removed column.
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Table 6
Load factors at CP state obtained from fragility and deterministic analyses.

(a) Removal of an interior column

Connection types Deterministic analysis Fragility analysis
Load factor Probability of collapse (%) Load factor

WUFB 1.31
10 1.23
50 1.32
90 1.42

WCPF 1.37
10 1.28
50 1.38
90 1.47

RBS 1.53
10 1.43
50 1.54
90 1.64

(b) Removal of an exterior column

Connection types Deterministic analysis Fragility analysis
Load factor Probability of collapse (%) Load factor

WUFB 1.12
10 1.04
50 1.12
90 1.19

WCPF 1.19
10 1.11
50 1.19
90 1.26

RBS 1.31
10 1.22
50 1.31
90 1.39

(a) WUFB connections. (b) WCPF connections.

(c) RBS connections.

Fig. 15. Fragility curves based on CP-level limit states of FEMA-356 and GSA guidelines when an interior column was removed.

The analysis results showed that the probability of exceeding
the IO limit state was the lowest in the structure with WCPF

connections. However, the structure with RBS connections finally
had the smallest probability of exceeding the CP limit state owing
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Table 7
Comparison of limit states (Interior column removed).

Connection type GSA FEMA-356
Rotation (rad) Vertical displacement (cm) Rotation (rad) Vertical displacement (cm)

WUFB 0.025 20.56 0.024 19.10
WCPF 0.025 19.05 0.024 18.55
RBS 0.035 50.46 0.047 74.45

to a large ductility capacity. This implies that the structure with
RBS connections has the largest progressive collapse resisting
capacity when a column is suddenly removed. It was also observed
that at 90% probability of exceeding the CP limit state, the load
factors ranged between 1.42 and 1.64 when an interior column
was removed and between 1.19 and 1.39 when an exterior
column was removed. Therefore, when the GSA recommended
2× (dead load + 0.25 live load) is applied as a static load, the
model structure with any of the connection types considered in
this study may collapse by the sudden removal of a first-story
column. It was also observed that the probability of failure of
seismic connections depended largely on the limit states provided.
Therefore, precise limit states need to be provided for realistic
prediction of progressive collapse.
Finally it should be noted that, even though the mechanism of

progressive collapse is dynamic in nature, in this study thedynamic
effect caused by a suddenly removed column was indirectly
considered in the static analyses by the amplification factor of
two. It also needs to be mentioned that the probability of collapse
would be larger than those obtained in this study if nonseismically
designed structures were considered.
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