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Abstract. Dominant Collapse Mechanisms (DCMs) have been reported to play an
important role in collapse capacity of structural systems and the seismic losses consequent
to it. Therefore, DCMs of Reinforced Concrete (RC) frames have been studied, in this
article, considering Record-To-Record (RTR) and modeling uncertainties. Two sets of RC
frames have been designed, in this regard, that share the design assumptions but contain
di�erent levels of over-strength. Each set contains 26, 4- to 20-story nonlinearly modeled
frames. Initially, Incremental Dynamic Analysis (IDA) was used to identify frames' DCMs.
Then, the RTR variability reected through IDA was combined with spectral shape and
pulse e�ects of the ground motion records. Modeling uncertainties were �nally introduced
to the study using a response surface based Monte Carlo method. The study results revealed
that the degree to which DCMs were a�ected by the associated uncertainties was a function
of the over-strength provided to the frames. This e�ect is found to be generally important
and particularly remarkable for especially detailed ductile structures.
© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Failure of the members in a structural frame may lead
to di�erent consequences regarding the con�guration
of the structure. In a determinate structural system,
where redundancy is equal to zero, an immediate
collapse is expected to occur. Existence of redundant
strength providers will, however, lead to partial and
local weakening of the system. The latter is the case
for the majority of practical structures and system
collapse normally takes place after an adequate number
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of plastic mechanisms are formed. Lateral instability of
structural frames, or the so-called sidesway collapse, is
dominated by secondary e�ects of gravitational forces.
That is, the primary internal actions caused by the
inertia (seismic) forces are not normally of an order to
drive the system into sidesway collapse. But, multiply-
ing the gravitational forces by the lateral displacements
yields in secondary overturning moments, which are
responsible for the collapse of the system. Still,
this would hardly cause system failure in absence of
behavior nonlinearity, which is economically unavoid-
able during an extreme event. A nonlinear structure
normally loses sti�ness at increased deformations. Such
softening causes the lateral displacements to grow at an
accelerated rate, which eventually governs the system
failure. Distribution of plastic, or softened, regions
throughout the structure can follow di�erent patterns.
A local plasticity is concentration of deformations in
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a limited area of structure as a result of inappropriate
proportioning of the members. Commonly, such local-
ization prevents nonlinear behavior from spreading all
over the structure, which is called a total plasticity.
At a total plasticity, a rather uniform distribution of
nonlinearity is obtained for all parts of the structure
and the plastic deformation capacity of the members is
exploited well. Although a total plasticity is generally
preferred over a local one, sometimes it can be hardly
obtained under a real seismic event. Under some
circumstances, such as a \series" system subjected to
an imposed displacement, when yielding of a member
precedes that of the others, the softened behavior of
the member elevates its potential for absorbing the
imposed deformations. Therefore, by continuing the
excitation, the yielded element develops plasticity even
further while other members are still in elastic range.
Complex structural systems are always a combination
of \series" and \parallel" systems. A proper con�g-
uration of members well-proportioned against the ex-
pected loads will shield the structure form local plastic
regions. Even in case of formation, the destruction
potential of local mechanisms depends on geometry and
con�guration of the structure.

A multi-story structure can be regarded as a \se-
ries" collection of stories. From this point of view, each
story is treated as a resisting unit of structure, which
is itself a collection of some members. Sum of inter-
story deformations makes up the total deformation
induced in a structure in response to an applied base
shear. Therefore, softening of a story sooner than the
others might yield in a local story mechanism as in
a \series" system. Excessive deformation localized at
one or more stories will eventually govern the collapse
of a structural system. Such combination of story
mechanisms is called Dominant Collapse Mechanism
(DCM).

Analytically speaking, the ground motion inten-
sity which a structure can sustain before collapse
occurrence is called Seismic Collapse Capacity (SCC).
Even for a constant structural con�guration, changing
the applied ground motion may lead to a change in
the DCM. This alteration is usually accompanied by
a change in the SCC and a correspondence can be
assumed between SCC and DCM values. To equip a
building with su�cient SCC, as is intended by seismic
building codes, avoiding the unwanted DCMs and
providing for the others can be e�ective. The success of
seismic codes in reaching this goal needs to be evaluated
and has been addressed in the past research.

Takizawa and Jeannings proposed a numerical
approach for modeling the dynamic process of failure
for Reinforced Concrete (RC) moment frames [1]. They
contended that there was a strong dependency between
collapse probability and shape of the mechanism that
dominated the behavior during the critical displace-

ment cycle. They also stated that the collapse mecha-
nism could be reasonably identi�ed using a pushover
analysis with an appropriately selected lateral load
distribution.

Bernal presented a method for checking the safety
of two-dimensional buildings against dynamic instabil-
ity [2]. They expressed that the minimum design base
shear needed to assure collapse prevention against a
given ground motion and was strongly dependent on
the shape of the controlling mechanism.

Banazadeh and Fereshteh Nejad used a Baysian
network to derive probabilistic correlations between
potential collapse mechanisms and collapse occur-
rence [3]. They used static pushover analyses with
varying load patterns to identify likely collapse mech-
anisms, which were de�ned as a combination of plastic
hinges forming at various locations throughout the
structure [3].

FEMA p695 guideline considers di�erent collapse
scenarios (mechanisms) and studies their correlation
with the estimated collapse capacity of the build-
ings [4]. This guideline also states that for ductile
structures, a fewer number of mechanisms are likely
to dominate structural collapse.

A recent seismic code, which uses probability
of the collapse mechanisms as a tool for estimating
seismic casualty losses, is ATC 58 [5]. A collapse
mechanism is de�ned by this code as a speci�c story
in which nonlinear lateral drift has been maximized.
This de�nition follows a macro approach that focuses
on the resultant deformation concentration in stories
rather than on the local plasticity in the members.
In the current study, collapse mechanisms are de�ned
following ATC 58 method, which is further described
in the upcoming sections.

Numerical evaluation of buildings' seismic per-
formance is a�ected by Record-To-Record (RTR) and
modeling uncertainties.

The RTR variability is a result of the inherent
randomness of earthquake hazard and can be addressed
using Incremental Dynamic Analysis (IDA) [6]. The
variability of ground motions frequency content is
addressed in IDA by using a rather large number of
records. Each record is then incrementally scaled to
multiple intensity levels and the structural response is
simulated at each level. The intensity of ground mo-
tions is expressed in terms of an appropriate measure
called Intensity Measure (IM). The IM value corre-
sponding to collapse state is extracted for each record
within IDA. The distribution of IM values obtained for
di�erent records at collapse or intermediate response
levels is assessed for reecting RTR variability. Mod-
eling uncertainties refer to the variability of sti�ness,
strength, and ductility of structural members as well
as building dynamic characteristics such as mass and
damping distribution. Detailed description of the used
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method including modeling uncertainties is provided in
Section 6.

Some studies (e.g., [7,8]) have revealed that
ground motion characteristics like elastic spectrum
shape and pulse-like index have an e�ect on nonlin-
ear behavior of structures. Although some of these
results have been concluded for near-�eld ground
motions, they can also be true for far-�eld ground
motions. Porter showed that uncertainties associated
with modeling the mass and damping properties did
not remarkably a�ect seismic performance predictions
of structures [9]. Liel et al. investigated collapse ca-
pacity of RC frames considering modeling uncertainties
associated with strength and ductility of structural
members [10]. They used a Response Surface-based
Monte Carlo (RSMC) approach and the simpler First
Order Second Moment (FOSM) reliability method for
reecting the modeling uncertainties. Introducing
the modeling uncertainties to the collapse probability
curves through the RSMC method led to a shift in the
median of predictions as well as an increase in their
dispersion. Nevertheless, using the FOSM for incorpo-
rating modeling uncertainties could not simulate the
shift of the median predictions. The Liel et al. [10]
study and the other assessments conducted following it
( e.g., [11,12]) have revealed that the e�ect of modeling
uncertainties is more pronounced on structures with
lower ductility. Since the RSMC methodology utilized
by Liel et al. [10] is also used in the current study, it is
further described in Section 6.

2. Identi�cation of collapse mechanisms

As was mentioned in the previous section, a combina-
tion of plastic hinges can form a local softened mecha-
nism. Such mechanism might undergo excessive lateral
deformations during a severe ground motion. In pres-
ence of conventional gravitational forces, such excessive
deformation will induce second order instabilities that
may eventually lead to structural collapse. However,
the past research (e.g. [3,6]) has revealed that in the
majority of buildings, formation of local softening in a
few stories (or sometime in a single story) dominates
dynamic instability followed by collapse. According
to this observation, the previous de�nition given for a
plastic mechanism can be revised using a more general
and macro de�nition. Using this de�nition, a collapse
mode is not de�ned as a combination of \plastic hinges"
but as a \story" on which deformation concentrates.
By using this de�nition, redundant \plastic hinge"-
based de�nitions that point to softening of the same
story are merged and represented by a single story-
based mechanism. Attributing structural collapse to
story-based mechanisms is a simpler and more direct
method. A story-based de�nition is employed in the
performance-based guideline, ATC 58 [5]. In this

Figure 1. Schematic de�nition of dominant collapse
mechanisms [5].

guideline, the severity of collapse strongly correlates
with the controlling collapse mechanism [5]. A collapse
mechanism is identi�ed by this code as the story
experiencing a maximum drift ratio [5].

In the present article, collapse mechanism is
identi�ed using a method similar to ATC 58 [5] guide-
line. Regarding the story-based de�nition, a collapse
mechanism is identi�ed by the story at which the
relative drifts have been maximized during the response
history analysis. Regarding this de�nition, a structure
with n number of stories is likely to collapse through n
di�erent collapse modes. An extra mechanism is also
de�ned by ATC 58 [5] as the \overall" mechanism in
which all stories undergo a rather uniform distribution
of excessive drifts. Since identi�cation of overall
collapse mode is based on subjective judgment, it has
not been considered in this article. The de�nition of
DCMs used in this article is schematically illustrated
in Figure 1.

3. Collapse detection method

Numerical identi�cation of collapse occurrence is a
challenging issue, which has been di�erently addressed
by various studies and guidelines. Generally, the
collapse detection methods can be divided into two
categories. The �rst category uses occurrence of ei-
ther of mechanical mechanisms considered as collapse
symptom. These mechanisms are commonly identi�ed
through static pushover analyses with varying lateral
load patterns [1]. The second category of collapse
detection methods relies on observation of dynamic
instability. These methods rely on the ability of the
utilized modeling method to reect formation of plastic
mechanisms in dynamic instability of the structure.
The �rst group of detection methods requires a com-
plicated numerical manipulation of response data. On
the other hand, the second is addressed straightly by
reliance on a model in which behavior deterioration
is e�ectively reected. This detection method is
employed by recent guidelines such as FEMA p695 [4]
and ATC 58 [5].
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The criterion used by these guidelines for nu-
merical identi�cation of dynamic instability employs
Incremental Dynamic Analysis (IDA) [6]. Following
this method, incrementally scaled versions of a ground
motion are applied to the structural model. As men-
tioned, such model must e�ectively account for ex-
pected deformation sources and behavior deterioration
during analysis. A curve depicting the ground motion
intensity versus the structural response is then ex-
tracted. Gradual softening of this curve is considered as
a reection of structural behavior approaching dynamic
instability. Reaching a slope limit of 20% of the initial
slope is suggested by FEMA p695 [4] and ATC 58 [5]
as dynamic instability criterion. The collapse inducing
intensity is represented, in IDA method, in terms of an
appropriate Intensity Measure (IM). Also, a suitable
Engineering Demand Parameter (EDP) is used for
reecting the structural response.

To account for Record-To-Record (RTR) uncer-
tainties, the collapse capacities against multiple ground
motion records are obtained through IDA. Selection of
an \e�cient" IM can help in reducing the dispersion
of the obtained capacity values. A \su�cient" IM is
one providing an acceptably complete representation
of ground motion characteristics and eliminating the
need for extra parameters. The IDA method is used,
in this article, for detecting the collapse state and the
associated mechanisms dominating it. Also, structural
modeling of the studied buildings considers components
behavior deterioration.

The IDA data are used for deriving G (CPjIM =
im) functions expressing probability of violating the
Collapse Prevention (CP) limit state conditioned on
the IM values exceeding a speci�c limit (= im). These
data are also used for extracting the G (DCM =
dcmjCP) function denoting the probability of observing
a speci�c mechanism (= dcm) provided that a collapse
occurrence has been detected. Following the condi-
tional probability theory, the total (non-conditional)
probability of observing a speci�c DCM can be stated
as:

G(DCM = dcm) =
Z IM=1

IM=0
G (DCM = dcmjCP)

�G(CPjIM)� dG(IM): (1)

This equation denotes that the two aforementioned
conditional probabilities must be multiplied and
integrated over the full range of IM occurrence
probabilities.

4. E�ect of spectral shape on the likely DCMs

Some previous research (e.g. [6]) has used �rst mode
spectral acceleration, Sa(T1), as an IM representing

ground motion characteristics. Despite the advantages
of this IM over other parameters such as peak ground
acceleration [6], it su�ers the inability to account for
the contribution of higher vibration modes. Such con-
sideration becomes necessary when the higher modes
are signi�cant. In addition, Sa(T1) parameter does not
account for the changes of vibration period resulting
from softened dynamic behavior. To account for these
issues, more characteristics of the elastic spectrum
of a given ground motion must be reected in the
selected IM. Ideally, the shape of the whole spectrum
is required for a perfect recognition of ground motion
characteristics.

An attempt to provide a better representation of
spectrum characteristics is made by introducing the "
(epsilon) parameter. This parameter presents a local
average characteristic shape of the spectrum through
Eq. (2):

" =
ln (Sa(T1))� � ln

�
Sa(T1)

�
� ln

�
Sa(T1)

� : (2)

In this equation, � and � denote, respectively, the
median and dispersion of the Sa(T1) parameter re-
sulting from attenuation laws. Baker and Cornel [13]
showed that ground motion records with similar Sa(T1)
values but varying values of the " parameter caused
di�erent vibrations on the single degree of freedom sys-
tems. Therefore, the G (CPjIM) probability function
extracted from an IDA process would also be a�ected
by considering the " parameter. This parameter is, in
turn, expected to a�ect the DCMs probability studied
in this article. Thus, the spectral shape of ground
motions will be considered using the " parameter in
some parts of this article.

5. E�ect of velocity pulse on structural
response

According to the \equal displacement" rule, equal
displacements are experienced by linear and nonlinear
models having vibration periods that fall in a special
range. Pulse-like ground motions, however, have been
shown by several studies to violate this rule and impose
nonlinear displacements that are remarkably larger
than the linear ones. This observation has been made
even for periods in which the equal displacement rule
is true. A suitable account of this phenomenon in
simulating the structural response needs for a proper
quantity for identi�cation of the velocity pulse in
ground motion records. This quantity was proposed
by Baker [14] using wavelet analysis by separating the
main pulse from the record and dividing it to the main
and remaining signals. Eq. (3), shown in Box I, is
proposed by Baker [14] for calculating the pulse index
of a ground motion record.
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PI =
1

1 + EXP (�23:3 + 14:6(PGV Ratio) + 20:5(Energy Ratio))
: (3)

Box I

In this equation, the PGV ratio denotes the ratio
of the maximum amplitude of the remaining signal to
the amplitude of the main signal. The term energy
ratio reects the ratio of the energy of the main signal
to that of the remaining signals. The values of this
index fall in a zero to one range and the larger they
become, the stronger the pulse-like characteristic of the
record is.

6. Quanti�cation of modeling uncertainties
through RSMC approach

Two outcomes are aimed at this study by performing
IDA process. The �rst one is the probability of
violating the collapse limit at di�erent IM values. The
second is extracting the DCM probabilities at collapse
state. A lognormal collapse probability function can
be represented completely using a pair of median and
standard deviation values. These two values along
with the DCMs are designated as the IDA's Target
Variables (TVs). The extracted probabilities reect
only the ground motion or record-to-record variability.
However, the variability of model characteristics (e.g.,
members' strength, sti�ness, ductility, etc.), which is
called modeling uncertainty, must also be included.
For this purpose, the RSMC method [10] is utilized
in which members' characteristics are reected through
Random Variables (RVs). In reality, the characteristics
assigned to each of the members must be subjected to
independent variability. However, such treatment of
variability could lead to a large number of RVs that
could hardly be addressed.

To reduce the number of considered RVs, mem-
ber characteristics are grouped regarding the member
type (i.e., beam or column) they belong to and the
behavior aspect (i.e., strength or ductility) they are
supposed to reect. The RVs representing each group
of characteristics are assumed to be fully correlated
(change concurrently and follow a single probability
distribution) and are called Meta Random Variables
(MRVs). Doing so, 4 MRVs are de�ned throughout
the structures, which include Column Strength (CS),
Column Ductility (CD), Beam Strength (BS), and
Beam Ductility (BD). By introducing MRVs, di�erent
characteristics (or RVs) falling in a same group and
having various medians and standard deviations are
mapped to a same MRV. To construct this mapping,
a normalized distribution (with median equal to 0 and
standard deviation equal to 1) is attributed to each

MRV. After generating the value of an MRV, the values
related to di�erent members are generated by taking
into account its speci�c median and standard deviation.

The sensitivity of IDA outcomes (target variables,
TVs) to the de�ned MRVs can now be comfortably
assessed. In this regard, the MRVs are systematically
perturbed several times following the Box-Wilson cen-
tral composite design method [15] and the IDA process
is performed each time. According to Box-Wilson
method, the MRVs are perturbed from their median by
either 1.7 or 1.2 times their standard deviation. The 1.7
coe�cient is used when all MRVs except the one being
perturbed are set to their medians. The 1.2, on the
other hand, is used when two or more MRVs are per-
turbed simultaneously. The data points obtained for
each TV using the sensitivity analyses are used, at the
next step, for establishing polynomials that correlate
the TVs to the MRVs through multivariate regression
equations. The obtained polynomial established for
a TV is called \response surface" and can reasonably
substitute for the IDA for generating the TV values. A
Monte Carlo simulation is used, next, for predicting the
TVs corresponding to thousands of MRVs generated
randomly. The random society generated in this way
for the TVs is �nally regarded for extracting proba-
bilistic performance quantities in which modeling and
Record-To-Record (RTR) uncertainties are combined.

7. The structural model archetypes

To obtain results that are generalizable to an accept-
ably wide range of design decisions, 34 special RC mo-
ment frames designed previously by Haselton [16] were
considered in this study. These frames were designed in
accordance with ACI 318-02 [17] and ASCE 7-02 [18]
guidelines and were located on a high seismicity site
with Smc = 1 g and Sm2 = 1.5 g. These frames have
been used by seismic assessment studies such as FEMA
p695 [4] and NIST GCR 11-917-15 report [19]. More
details about con�guration of the structures can be
found elsewhere (e.g. [16]). According to the de�nition
of the DCMs in this article, the one- and two-story
buildings did not suit the DCM identi�cation purpose
and were omitted. This led the number of structures to
decrease to 26. An evaluation of demand-to-capacity
ratios of frames showed the presence of some over-
strengths that could be released by �ner grouping of the
members. A group of members shared a section, which
had been necessitated for the member with highest
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demand value. The more the number of members in
a group, the higher the over-strength provided for the
structure. Haselton [16] grouped, for example, the
columns of every 10 stories in a 20-story building and
provided a high over-strength in the buildings. On the
other hand, increasing the over-strength of members in
a story will decrease its potential for dominating the
collapse state. This, in turn, leads to a reduction in
number of observed DCMs and a decreased sensitivity
of DCMs to the studied parameters. To assess this
issue, a lower over-strength level was considered in
addition to that provided by Haselton frames [16]. For
this purpose, a �ner member grouping was used and
the frames were redesigned by obtaining demand-to-
capacity ratios closer to unity.

Much research has validated and improved the
nonlinear numerical methods used for modeling behav-
ior of the buildings. Vian and Bruneau [20,21] per-
formed experimental investigations on single-degree-of-
freedom steel frames. They used the stability coe�cient
to reect the signi�cance of the secondary moments
induced by gravitational forces. This coe�cient was
found to leave the most pronounced e�ect on the
maximum relative displacement and collapse-inducing
spectral acceleration values. Kanvinde [22] performed
numerical analyses of steel frames tested by Vian
and Bruneau [20] using OpenSees software [23] that
approved the accuracy of the utilized numerical model.

Ibarra et al. [24] developed a hysteresis model for
representing cyclic behavior of ductile members. This
model accounted for deterioration of strength and sti�-
ness of the components. Zareian and Krawinkler [25]
showed the signi�cance of component deterioration in
collapse capacity of structural systems. Haselton [16]
calibrated the parameters of the Ibarra-Krawinkler
hysteresis model to reect the experimental results
obtained for Reinforced Concrete (RC) members.

Two methods (the distributed-plasticity and
lumped-plasticity) are commonly utilized for nonlinear
modeling of beam-column elements. The distributed-
plasticity method accounts for partial plasticity within
section and element length using �ber method. These
elements have been used for damage analysis of RC
structures under extreme loading conditions in some
research [26-28]. However, the computation cost
of this method is high compared to the lumped-
plasticity method recommended by FEMA p695 [4]
for estimating the collapse capacity, which is described
below. Some convergence problems are also faced when
tension-cracking of concrete section is to be accounted
for. Due to these issues, the distributed-plasticity
elements are not used in this article.

The second method is lumped plasticity method
in which nonlinear behavior is concentrated at the
elements end regions by using inelastic springs. Fol-
lowing this method, a beam-column element is dis-

cretized into three elements. The two end springs
are connected by an elastic element representing cross-
sectional properties of the member. Force-deformation
relationship used in modeling of these springs must
account for section and geometry of the member.
Such relationships were proposed by Haselton [16] for
RC members by relying on the Ibarra-Krawinkler [24]
hysteresis model. The parameters of this model were
calibrated by Haselton [16] to match the experimental
results obtained for RC members. The calibrated
data were, then, subjected to multi-variate regression
analysis. The outcome was equations that could pre-
dict Ibarra-Krawinkler model parameters for various
geometries of the beam and column members. These
equations are used, in this article, along with the
Ibarra-Krawinkler hysteretic material to model RC
frames in the two-dimensional models established in
OpenSees [23] software. To enable calculation of
second-order moments, the P-Delta e�ects are switched
on for column elements. The modeling of beams uses
linear transformation, which implies neglect of large
deformations.

For performing dynamic analyses, direct integra-
tion method was used. Various solution algorithms
are available in OpenSees, including Newton-Raphson,
Newton-Raphson with initial sti�ness, Newton line-
search, Krylov-Newton, etc. A combination of these
algorithms with a time-step reduction strategy is used
for facilitating convergence. Such combination was
achieved by programming the analysis manager �le fed
into the OpenSees software.

8. DCM identi�cation results

The two low- and high-over-strength design sets of
the 26 considered buildings were subjected to the IDA
procedure using the hunt and �ll algorithm [6]. The
inter-story drift ratios at the collapse state were consid-
ered for identifying the story mechanisms following the
DCM de�nition method presented in Section 2. The
DCMs contributing to structural collapse of high-over-
strength frames, designed by Haselton [16], involved
a few stories in each building. This limitation was
attributed to the wide grouping of members. The
over-strength provided by member grouping prevented
some mechanisms from forming at top stories. The
removal of these groupings in the low-over-strength set
led, therefore, a more varied range of stories to get
involved in the structural collapse. The probability
of each DCM conditioned on collapse occurrence is
computed through numbering the times the maximum
inter-story drift ratio occurs in a speci�c story. The
stories associated with the DCMs and the correspond-
ing probabilities are presented in Table 1 according to
the two over-strength levels for buildings with di�erent
heights.
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Table 1. Probability of DCMs conditioned on collapse occurrence.

Over-strength
Number of

stories
Probability of DCMs conditioned on collapse

Low

4 Story 1 2 3 4
probability 0.123 0.25 0.505 0.123

8 Story 1 2 3 4
probability 0.145 0.359 0.250 0.245

12 Story 1 2 3 4 5
probability 0.182 0.136 0.490 0.068 0.123

20 Story 1 2 3 4 5 6 9
probability 0.123 0.091 0.217 0.114 0.250 0.091 0.114

High

4 Story 1 2 3
probability 0.182 0.773 0.0454

8 Story 1 2 3
probability 0.909 0.045 0.045

12 Story 1 2 3
probability 0.563 0.123 0.314

20 Story 1 2 3 4 5 6
probability 0.045 0.091 0.423 0.364 0.045 0.023

As shown in Table 1, a more uniform distribution
of DCM probabilities is observed for low over-strength
structures. The inter-story drift ratios experienced
at DCM story of the high over-strength buildings are
much larger than those of other non-mechanism stories.
Formation of an overall collapse was, therefore, very
unlikely for this group of buildings. The more uniform
distribution of strength over height of the low over-
strength buildings shows, however, a more e�ective
contribution of non-mechanism stories. The identi�-
cation of DCMs is based on the maximum inter-story
drift and the stories with drifts close to the maximum
value are disregarded. However, such closeness could
be accounted for by taking a more qualitative approach
using engineering judgment. An approximation shows
that such approach, if taken, can classify about 10%
of DCMs as overall mechanism. This method was
not, however, used due to its subjective nature. The
overall mechanisms were, therefore, neglected and were
reported as the DCMs featuring the story in which the
inter-story drift was maximized.

The e�ect of spectral shape of ground motions, de-
scribed in Section 4, on the observed DCM probabilities
is assessed by dividing the applied ground motions into
two " > "median and " < "median groups, where "median
is the median " of the ground motion set. The DCM
probabilities are then extracted separately for each of
the ground motion groups and are depicted against
each other in Figure 2. A closer distribution of points
to y = x line, in this �gure, shows less signi�cance of "
parameter. A comparison between Figure 2(a) and (b)

reveals that the signi�cance of " parameter is a function
of the over-strength provided in the frames. A less
pronounced signi�cance (higher correlation coe�cient,
R2) is detected for frames with higher over-strength in
which a narrower range of DCMs is observed.

A similar investigation is performed for evaluating
the e�ect of pulse-like index, PI, of the ground motion
records. The PI values of the 22 pairs of record
incorporated in this study are computed using Eq. (3)
and are tabulated in Table 2 along with other details
about these records. Again, the DCM probabilities are
extracted for two PI < PImedian and PI > PImedian
groups of ground motions. The corresponding DCM
probabilities are depicted versus each other (Figure 3)
and their correlation coe�cient is extracted. As
demonstrated in Figure 3, the PI parameter has a more
pronounced e�ect (denoted by smaller correlation) on
DCM probabilities than the " parameter. As was the
case for the " parameter, the signi�cance of PI param-
eter depends on the provided over-strength and variety
of the observed DCMs. Dependence of this signi�-
cance on the employed design assumptions reveals that
Sa(T1) parameter does not have the adequate e�ciency
to be used as the IDA's intensity measure. This is
implied by the high sensitivity of DCM probabilities to
the " and PI parameters.

The e�ect of number of employed records in
estimating the DCM probabilities is assessed in the
following by using record sets containing 7, 14, 22,
and 33 ground motion accelerations. The obtained
DCM probabilities are again depicted against their
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Figure 2. Probability of DCMs conditioned on collapse occurrence extracted from IDA; negative epsilon (") records
versus positive epsilon (") records: (a) Low over-strength structures and (b) high over-strength structures.

counterparts obtained through utilization of the full
set (44 records) of ground motions. The related �gures
are omitted for the sake of brevity and the computed
correlation coe�cients are tabulated in Table 3. Here,
a stronger correlation than that in the results obtained

using full set of records denotes the higher adequacy
of the utilized record number. Again, the number
of records required for achieving a speci�c level of
adequacy is shown to depend on the over-strength
content.

Table 2. Details of selected ground motion histories.

ID Magnitude
(M)

Name Station Site class
(NEHRP)

Fault
type

Epicentral
distance

Pulse
indicator

1-dir 2-dir

1 6.7 Northridge Beverly Hills{14145 Mulhol l D Thrust 13.3 0.97 0.96
2 6.7 Northridge Canyon Country|W Lost Cany D Thrust 26.5 0.80 0.00
3 7.1 Duzce, Turkey Bolu D Strike-slip 41.3 0.02 0.95
4 7.1 Hector Mine Hector C Strike-slip 26.5 0.47 0.41
5 6.5 Imperial Valley DeltaU D Strike-slip 33.7 0.00 0.00
6 6.5 Imperial Valley El Centro Array #11 D Strike-slip 29.4 0.04 0.97
7 6.9 Kobe, Japan Nishi-Akashi C Strike-slip 8.7 0.00 0.00
8 6.9 Kobe, Japan Shin-Osaka D Strike-slip 46 0.08 0.01
9 7.5 Kocaeli, Turkey Duzce D Strike-slip 98.2 0.96 0.08
10 7.5 Kocaeli, Turkey Arcelik C Strike-slip 53.7 0.95 0.94
11 7.3 Landers Yermo Fire Station D Strike-slip 86 0.93 0.94
12 7.3 Landers Coolwater D Strike-slip 82.1 0.97 0.14
13 6.9 Loma Prieta Capitola D Strike-slip 9.8 0.00 0.03
14 6.9 Loma Prieta Gilroy Array #3 D Strike-slip 31.4 0.00 0.92
15 7.4 Manjil, Iran Abbar C Strike-slip 40.4 0.33 0.01
16 6.5 Superstition Hills El Centro Imp. Co. Cent D Strike-slip 35.8 0.20 0.97
17 6.5 Superstition Hills Poe Road (temp) D Strike-slip 11.2 0.05 0.32
18 7 Cape Mendocino Rio Dell Overpass|FF D Thrust 22.7 0.02 0.00
19 7.6 Chi-Chi, Taiwan CHY101 D Thrust 32 0.92 0.93
20 7.6 Chi-Chi, Taiwan TCU045 C Thrust 77.5 0.00 0.96
21 6.6 San Fernando LA|Hollywood Stor FF D Thrust 39.5 0.58 0.8
22 6.5 Friuli, Italy Tolmezzo C Thrust 20.2 0.10 0.47
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Figure 3. Probability of DCMs conditioned on collapse occurrence extracted from IDA; high pulse-index records versus
low pulse-index records: (a) Low over-strength and (b) high over-strength.

Table 3. The correlation coe�cients of regression
analyses performed on the data obtained from di�erent
numbers of records required for DCM probabilities
estimation.

Number of
records

Correlation coe�cient

High
over-strength

Low
over-strength

33 0.990 0.952

22 0.981 0.940

14 0.961 0.883

7 0.920 0.721

9. DCM probabilities considering modeling
uncertainties

Response Surface-based Monte Carlo (RSMC) method,
described in Section 6, is utilized for incorporation of
modeling uncertainties into the derived DCM probabil-
ities. According to the de�ned MRVs, (Beam Ductility,
BD; Beam Strength, BS; Column Ductility, CD; and
Column Strength, CS), 24 variations of each frame were
generated following the Box-Wilson composite design
method [15]. These variations included perturbing
each MRV to positive and negative sides of its median,
denoted respectively by + and { signs, while other
MRVs were set to their median values. The 8 points
generated in this way are called \star points" [15].

In addition, 16 \factorial points" [15] were deployed
in which simultaneous changes were applied to the
MRVs in negative and positive directions. The DCM
probabilities obtained using the star point models for
di�erent over-strength levels of the 8-story building are
illustrated in Figure 4.

As shown in Figure 4, the observed DCM prob-
abilities are signi�cantly a�ected by perturbing MRVs
at their median values. The DCM probabilities ob-
tained using perturbed models are depicted against
their counterparts with median MRV values. R2

values corresponding to the �tted linear trend-lines are
extracted and presented in Table 4 considering both
levels of over-strength. The smaller the presented R2

values, the more e�ective the perturbed MRVs on the
DCM probabilities.

According to the observed R2 values (Table 4),
the DCM probabilities experience the largest change
(smallest correlation) by reducing ductility of the
columns (CD). Ductility of columns has also shown
in the previous research (e.g. [29]) to have the largest
e�ect on collapse capacities of moment frames. An
increase in CD level is not, however, as e�ective as its
reduction. This asymmetric (or nonlinear as stated
by Liel et al. [10]) e�ect is shown in Figure 5 through
extracting Median Collapse Capacities (MCC) of
8-story frames for di�erent column ductility ratios
(CD/CDmedian). MCC is the intensity level (expressed
here in terms of Sa(T1)) in which 50% of ground
motions drive the structure into collapse state. The

Table 4. The correlation coe�cients of linear trend-lines �tted to the DCM probabilities data obtained from star point
perturbations and median model.

Over-strength BD+ BD{ BS+ BS{ CD+ CD{ CS+ CS{

Correlation coe�cient, R2 High 0.771 0.703 0.978 0.601 0.702 <0.5 0.960 0.945
Low 0.625 <0.5 0.827 0.584 0.679 <0.5 0.901 0.833
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Figure 4. Probability of DCMs conditioned on collapse occurrence for star point perturbations: (a) Low over-strength
structures and (b) high over-strength structures.

Figure 5. Collapse capacity versus CD of 8-story structure: (a) Low over-strength frame and (b) high over-strength frame.

Figure 6. Collapse capacity versus CS of 8-story structure: (a) Low over-strength frame and (b) high over-strength frame.

asymmetry of the MCC response to CD changes is
illustrated by �tting a quadratic trend-line. This
asymmetry is attributed by Liel et al. [10] to changes
in the DCMs. However, this asymmetry is similarly
observed for large over-strength models in which the
number of DCMs is considerably reduced. A similar

asymmetry can also be seen for Column Sti�ness
(CS) in Figure 6. The extent of this e�ectiveness is,
however, low compared to the columns ductility. This
is said by considering the fact that e�ectiveness of
beams ductility is dependent on the over-strength level.
Generally, the e�ectiveness of MRV perturbations
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Figure 7. Probability of DCMs conditioned on collapse occurrence of 4-story structure incorporating modeling
uncertainties: (a) High over-strength content and (b) low over-strength content.

Figure 8. Probability of DCMs conditioned on collapse occurrence of 8-story structure incorporating modeling
uncertainties: (a) High over-strength content and (b) low over-strength content.

decreases with increase in over-strength of frames. The
strength-related parameters CS and BS follow trends
similar to that presented for CD and BD variables.

To derive DCM probabilities in which modeling
uncertainties are systematically considered, a quadratic
surface is �tted to the sensitivity data. The general
form of the regression equation is as follows:

TV =C1�BS+C2�BS2+C3�BD+C4�BD2

+C5�CS+C6�CS2+C7�CD +C8�CD2

+C9�BS�BD+C10�BS�CS+C11�BS

�CD+C12�BD�CS +C13�BD�CD+C14

�CS�CD+C15 +SE�": (4)

In this equation, C1 to C15 are regression coe�-
cients and SE denotes the Standard Error resulting
from discrepancies between observed and predicted

values. This term is multiplied by the standard normal
function, ", to reect the distribution of errors. As
previously noted, the mean and standard deviation
of the " function are respectively equal to 0 and 1.
Therefore, this term will not a�ect the mean of the
predicted values while it increases their standard devi-
ation by a value of SE. After computing the regression
coe�cients, the equations derived for di�erent DCMs
can substitute for IDA analysis. These equations
provide a simpler and less expensive tool than IDA
for computing DCM probabilities corresponding to
randomly generated MRVs. Therefore, the established
polynomials are utilized for random generation of
10,000 DCM probabilities following the Monte Carlo
method. The average of the randomly generated prob-
abilities is �nally regarded as the value in which record-
to-record and modeling uncertainties are considered
concurrently. The DCM probabilities obtained with
and without consideration of modeling uncertainties
are depicted in Figures 7 to 10 for structures with
di�erent heights and various levels of over-strength.
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Figure 9. Probability of DCMs conditioned on collapse occurrence of 12-story structure incorporating modeling
uncertainties: (a) High over-strength content and (b) low over-strength content.

Figure 10. Probability of DCMs conditioned on collapse occurrence of 20-story structure incorporating modeling
uncertainties: (a) High over-strength content and (b) low over-strength content.

As demonstrated by these graphs, modeling un-
certainties a�ect the DCM probabilities obtained for
both over-strength levels. This e�ect is, however, more
pronounced for low over-strength buildings in which
more varied DCMs are likely to occur. The extent of
this e�ect is not, also, a�ected by the changes in the
height of considered buildings.

10. Conclusions

The e�ect of Dominant Collapse Mechanisms (DCMs)
on seismic losses of structures and the correlation
between DCMs and collapse capacities of buildings
have been currently addressed by seismic codes. To
investigate the DCMs, two groups of RC structures
with di�erent levels of over-strength were considered.
The DCMs of structures were then extracted through
Incremental Dynamic Analysis (IDA) procedure incor-
porating Record-To-Record (RTR) uncertainties. The

DCMs probability conditioned on collapse occurrence
were extracted and their sensitivity to parameters was
assessed.

Afterwards, modeling uncertainties were intro-
duced to the results using Response Surface-based
Monte Carlo (RSMC) method. Strength and ductility
of the beams and columns forming the structural
systems were variably treated and 25 sensitivity IDA
analyses were performed in which de�ned Random
Variables (RVs) were perturbed at their median val-
ues. Considering the occurrence probability of various
DCMs as the Target Variables (TVs), a response
surface was de�ned using the 25 data points that
correlated the TVs and the RV values. The established
response surfaces were subsequently employed for com-
puting the TVs corresponding to 10,000 randomly
generated RVs. The arithmetic means of the generated
TV values were �nally considered as the values in which
both RTR and modeling uncertainties were combined.



E. Tafakori et al./Scientia Iranica, Transactions A: Civil Engineering 24 (2017) 2213{2226 2225

The following conclusions can be pointed out for
this study:

� The over-strength level resulting from design as-
sumptions has a signi�cant e�ect on the variety of
DCMs observed throughout structures;

� Parameters such as spectral shape and pulse-like
index of the records are e�ective on DCM probabil-
ities. The degree of this e�ectiveness is a function
of over-strength level and the variety of DCMs;

� In addition to the complete record set consisting of
44 records, DCM probabilities are obtained using
smaller record sets. The proximity of smaller-sample
DCM probabilities to the complete sample has also
shown to depend on the over-strength level and the
variety of likely DCMs;

� Any reduction in the ductility of columns has shown
to signi�cantly a�ect the observed DCM proba-
bilities. Such observations have also been made
for the beams, but to a lower extent. However,
the uncertainties associated with the strength of
the beams and columns leave minor e�ects on the
observed DCM probabilities;

� In addition to the DCM probabilities, collapse
capacities of the frames are extracted in terms
of median Sa(T1) values corresponding to collapse
state. For both low and large over-strength models,
the observed capacities are remarkably a�ected by
a reduction in variables while their increase leads to
a less signi�cant e�ect. Although previous studies
suggested that this asymmetry was a result of
changes in the DCMs, this asymmetry is observed
for both groups of models in which the variety of
DCMs is considerably di�erent;

� The e�ect of modeling uncertainties on the observed
DCM probabilities is signi�cant and should not be
disregarded, except for cases where a limited variety
is observed for DCMs.

As a general conclusion, the RTR and modeling
uncertainties are e�ective on the observed DCMs. This
e�ect is more signi�cant for structures with lower over-
strength levels and wider variety of likely DCMs. The
e�ectiveness of the uncertainties on the observed DCM
probabilities is not inuenced by the height of struc-
tures. The seismic losses must be, therefore, estimated
by incorporation of RTR uncertainties and utilizing
su�cient numbers of records selected appropriately.
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