
1 INTRODUCTION 
Hazard-resilience of a structure can be defined as the 
ability to recover the full functionality quickly after 
a hazardous event. In efforts to enhance the resili-
ence of structures against earthquake hazards, col-
lapse prevention is thus considered one of the most 
important objectives. Therefore, it has become cru-
cial to understand the causes and effects of seismic 
collapse of structures in order to develop key docu-
ments such as national building codes, regional 
emergency response plans, and risk management 
strategies.  

While numerous research efforts are reported in 
the literature to estimate collapse capacity of struc-
tures, accurate prediction of structural collapse with 
systematic incorporation of uncertainty still remains 
elusive. This is mainly due to the lack of collapse 
criteria based on dynamic instability of the structure, 
which are needed to identify the impact of uncertain-
ties in earthquake loads on the dynamic instability. 
The incremental dynamic analysis (IDA) approach 
(Vamvatsikos & Cornell 2002, 2004, Zareian & 
Krawinkler 2007, Liel et al. 2009), and a similar ap-
proach adopted by a recent project of the Applied 
Technology Council (ATC-63, 2009) are considered 
state-of-the-art approaches to account for the uncer-
tainty in nonlinear dynamic response, including col-

lapse prediction. However, there have been no thor-
ough investigations using validated computational 
simulations regarding the impacts of a structural 
model selection and the selected set of the ground 
motions on the predictions of collapse capacity, and 
potential contributions of various performance 
measures or predictive parameters to collapse pre-
dictions. 

The IDA-based approach identifies the collapse 
capacity of a structural system for a given earth-
quake ground motion based on the behavior of the 
“IDA curve,” which is the relationship between an 
“engineering demand parameter (EDP)” (e.g., max-
imum inter-story drift ratio) and an “intensity meas-
ure (IM)” (e.g., spectral acceleration of an earth-
quake ground motion) identified by nonlinear dy-
namic analyses at incrementally increased intensity 
levels. The main premise of the approach is that the 
structural system collapses when the IDA curve be-
comes almost flat, i.e. a slight increase in IM causes 
an exceedingly large increase in EDP. However, the 
IDA curve could flatten due to large residual EDPs 
and thus may not necessarily indicate the inability to 
sustain gravity loads. It is also noted that most of the 
recent research efforts based on the IDA-based ap-
proach used only one EDP (mostly maximum story 
drift ratio) while one might need alternative EDP or 
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multiple EDPs to predict the collapse more accurate-
ly. It is also noteworthy that the collapse capacity of 
a structure evaluated by the IDA-approach may be 
sensitive to a particular selection of ground motions 
as well as possible chaotic behavior of the IDA 
curve such as “structural resurrection.” Although 
some deterministic rules have been proposed to han-
dle such unusual behaviors of IDA (Vamvatsikos & 
Cornell 2002, 2004), it appears that there is a need 
for developing collapse criteria based on simulated 
collapse phenomena and a systematic procedure to 
identify impact of uncertainties in ground motions 
on the collapse capacity of a structural system. 

In order to overcome these challenges, a new 
probabilistic framework has been developed for ac-
curate assessment of collapse of frame structures 
under stochastic ground motions. First, nonlinear 
dynamic analyses are performed for selected exper-
imental case studies reported in the literature 
(Kanvinde 2003, Rodgers & Mahin 2004, Lignos et 
al. 2008) by use of OpenSees, an object-oriented 
software framework developed by Pacific Earth-
quake Engineering Center (PEER). Using OpenSees 
computational models validated by corresponding 
experimental results, new dynamic-instability-based 
collapse criteria are developed in terms of energy 
from the input ground motions and the gravity loads. 
The selected case studies are then used to test the 
new collapse criteria and to identify key parameters 
that govern the collapse of a structural system. Cur-
rently, procedures are being developed for probabil-
istic prediction of collapse limit states and corre-
sponding structural demands, and for identification 
of critical parameters in collapse predictions. Using 
these procedures, the impact of uncertain ground 
motion details on the collapse limit states and struc-
tural demands is being investigated to provide 
guidelines on selection of ground motions for IDA-
based studies and designs. 

This paper presents ongoing research activities in 
the proposed framework. First, the details of compu-
tational simulations of collapse test cases in the lit-
erature are presented. Second, the proposed collapse 
criteria based on dynamic instability, i.e. the loss of 
the ability to sustain the gravity loads are intro-
duced. Using the selected experimental case studies, 
the new collapse criteria are compared with the tra-
ditional IDA-based approach. Finally, the paper in-
troduces ongoing research activities for probabilistic 
assessment of collapse limit states, structural de-
mands at collapse levels and for identification of 
critical parameters for collapse predictions.  

2 VALIDATED COMPUTATIONAL 
SIMULATION OF COLLAPSE 

In order to develop the framework described in the 
previous section, it is necessary to build computa-

tional simulation models of collapse that are validat-
ed by available experimental test results. This sec-
tion briefly describes the simulation tool and pro-
vides details of the computational simulation models 
of the selected collapse-case studies considered in 
this study. 

2.1 Simulation tool 
OpenSees – The Open System for Earthquake Engi-
neering Simulation – is a finite-element program 
developed by PEER to simulate the seismic behavior 
of structural and geotechnical systems (PEER 2004). 
OpenSees has been extensively used by many re-
searchers in earthquake engineering for various fi-
nite-element applications because of its advanced 
capabilities in constitutive models, elements and so-
lution algorithms. Moreover, it is open-source soft-
ware platform that allows researchers to contribute 
to the framework. Therefore, this study uses Open-
Sees as the simulation tool to perform nonlinear dy-
namic collapse analysis for selected case studies for 
which collapse or near-collapse level experimental 
results are available. 

Advanced high-fidelity analytical models can ac-
count for many factors needed for accurate simula-
tion of structural collapse process, but are computa-
tionally demanding. These models are prone to con-
vergence problems during nonlinear dynamic analy-
sis because of the complexity of the modeling de-
tails. Therefore, these advanced models can be im-
practical for the aforementioned stochastic frame-
work especially in design process. For this reason, 
this research employs macro-models available in 
OpenSees that correlate well with experiment results 
of selected case studies of collapse to achieve the 
aforementioned research objectives and perform 
large-scale parametric studies in collapse assessment 
of structures. 

2.2 Case studies on structural collapse 
Nonlinear dynamic collapse analyses are performed 
for selected experimental case studies reported in the 
literature by use of OpenSees. So far, three case 
studies have been explored using advanced capabili-
ties of OpenSees in constitutive models, elements 
and solution algorithms: Kanvinde (2003), Rodgers 
& Mahin (2004), and Lignos et al. (2008). In devel-
oping the computational simulation models of the 
selected case studies, an emphasis was given on val-
idation of collapse at the “system level” by consider-
ing the maximum and residual story drift responses 
as well as at the “component level” by considering 
the moment-rotation response obtained at the plastic 
locations at the element ends. Two of these case 
studies (Kanvinde 2003, and Lignos et al. 2008) are 
presented in this paper for describing these research 
activities. 



 

  
Figure 1. Specimen configuration (Kanvinde 2003). 

 

 
Figure 2. Displacement time history results by OpenSees for 
the test case by Kanvinde (2003) under the test ground motion 
record of the 1994 Northridge at Obregon Park. “soft” and “ra-
di” in the plot refer to the softening amount and radius of tran-
sition from elastic to plastic branches in the springs respective-
ly. 

 
Kanvinde (2003) conducted shake table tests on a 

single-story specimen configuration measured 12” 
by 24” in plan (the longer dimension aligned in the 
direction of motion) and 10” in height to investigate 
the concept of dynamic instability of structures dur-
ing earthquakes. The specimen configuration was in 
the form of four flat columns connected to the base 
plate and a steel mass on top served as a rigid dia-
phragm as shown in Figure 1. For the proposed tasks 
described in this paper, a structural model was built 
in OpenSees using the 2-D analytical model details 
given in Kanvinde (2003). Elastic elements were 
assigned to the columns and beam, and the beam 
was assumed to behave rigidly. Concentrated nodal 
masses were placed at the ends of top beam. Inelas-
tic single-degree-of-freedom (SDOF) zero-length 
rotational springs were modeled at the plastic loca-
tions at the ends of the columns by assuming Giufré-
Menegotto-Pinto plasticity model (Menegotto & 
Pinto 1973) for the spring hysteretic response. The 
co-rotational formulation was used in order to in-
clude the nonlinear geometric effects through the 

specimen. Nonlinear dynamic collapse analyses un-
der the test ground motion of Obregon Park were 
performed to provide the OpenSees result for the test 
case no. 11 in Figure 2, which almost coincides with 
available experiment data even at the near-collapse 
level. 

Lignos et al. (2008) performed a series of col-
lapse shake-table tests of a 4-story, 2-bay steel frame 
with reduced-beam sections (RBS) in 1/8 scale. Fig-
ure 3 shows the setup of the test frame on the NEES 
mass simulator at the University at Buffalo, which 
consists of elastic members with plastic hinges at the 
ends. The mass simulator is connected to the test 
frame by means of axially rigid horizontal links 
through which the simulator transfers P-Delta effects 
acting as a leaning column on the test frame. An an-
alytical model for the 1/8 scale 4-story test frame 
was developed in OpenSees based on the deteriora-
tion parameters and mathematical model properties 
given in Lignos et al. (2008). The rotational springs 
were used to analytically model the plastic hinges in 
the frame with a modified Ibarra-Krawinkler deteri-
oration model (Lignos et al. 2008) available in 
OpenSees, calibrated based on a steel component 
database of steel beams with RBS under cyclic load-
ing. Panel zones were modeled at the connections 
considering the shear distortions. Furthermore, off-
sets from the panel zones were applied to take RBS 
into account following the method used by the re-
searchers. Effects of the panel zones on the structur-
al response were explored comparing to those of a 
developed clear span model. Time history analysis 
and IDA were performed using the OpenSees model 
and the results were compared with those by exper-
iment (See Figure 4), which show good agreement. 
Note that a set of nonlinear dynamic analyses with 
four different levels of seismic intensity scales were 
performed sequentially to simulate the actual load-
ing sequences of the tests. 

 

 
Figure 3. Shake-table-test of a 1/8 scale 4-story, 2-bay steel 
frame with reduced beam sections (Lignos et al. 2008). 



 
Figure 4. Comparison of experimental test results and simula-
tion results of lateral displacement time history at the top of the 
frame for the test case by Lignos et al. (2008). Note that the 
simulation model here depends on the clear span model, and 
was continuously subjected to the ground motion record of the 
1994 Northridge earthquake at Canoga Park with a scale factor 
of 0.4, 1.0, 1.5,1.9, and 2.2 following the test procedure. 

2.3 Virtual collapse simulations 
In order to develop a new stochastic framework for 
identifying collapse limit-state and important pa-
rameters in the collapse assessment of structures 
subjected to seismic loads, extensive IDAs are per-
formed using validated OpenSees simulation models 
to obtain a large sample for multiple DMs and corre-
sponding IM and for multiple ground motions. Since 
the ground motions considered in the methodology 
of ATC-63 project were selected in such a way that 
the methodology can be generally applied to build-
ing structures at any site, the “Far-Field” record set 
of ATC-63 project have been chosen in the devel-
opment of the stochastic framework. This record set 
consists of twenty-two ground motion pairs (two-
lateral components) recorded at sites located within 
10km of fault rupture. Records were selected from 
strong earthquake ground motions with a magnitude 
changing from 6.5 to 7.9. 

As a future work in the study, virtual collapse 
simulations considering a wide array of geometric 
and material parameters (Steelman & Hajjar 2009) 
will also be performed using the validated analytical 
models to account for the impacts of a structural 
model selection on the collapse prediction of struc-
tures.  

3 COLLAPSE CRITERIA BASED ON 
DYNAMIC INSTABILITY OF FRAME 
STRUCTURES 

This section presents new collapse criteria of frame 
structures based on the dynamic instability, i.e. the 
loss of the ability to sustain the gravity loads. Using 
the OpenSees computational models validated by 

corresponding experimental results, new dynamic-
instability-based collapse criteria have been devel-
oped in terms of the energy from the input ground 
motions and the gravity loads. The selected case 
studies are then used to test the new collapse criteria 
of a structural system.  

3.1 Traditional IDA-based collapse limit states 
The flattening of IDA curves may be caused by 
large residual displacement, not by the occurrence of 
“collapse” necessarily. It is also noted that unusual 
behaviors of IDA curves such as non-monotonic be-
havior and discontinuities may occur (Vamvatsikos 
& Cornell 2002). As a result, the collapse capacity 
identified from the IDA-based approach might not 
account for the impact of the uncertainties in ground 
motion appropriately. 

To identify collapse capacities from the behavior 
of IDA curves, some rules have been proposed 
(Vamvatsikos & Cornell 2002). According to the 
IM-based rule (Figure 5a), a building reaches its col-
lapse capacity when the slope of the curve is re-
duced to 20% of the initial slope. If an IDA curve 
does not fulfill the IM-based rule, then one checks if 
the drift ratio exceeds an assumed global drift capac-
ity, say 10% (DM-based rule; see Figure 5b). How-
ever, these IDA-based collapse identification rules 
depend on assumed threshold values on IM and DM, 
therefore not sufficient for objective and physics-
based identification of a structural collapse based on 
actual dynamic instability of a structure. Therefore, 
new dynamic-instability-based collapse criteria are 
developed in terms of energies from the input 
ground motions, and the gravity loads. First, energy 
balance of a structural system under seismic excita-
tion is introduced in the following section. Then, 
details of the new dynamic-instability-based col-
lapse criteria are presented. 

 
 

 
 

 

 
Figure 5. a) IM-based and b) DM-based rules. 
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3.2 Energy balance of a structural system subjected 
to seismic forces 

The equation of motion at time t for a multi-degree-
of-freedom (MDOF) structure under horizontal 
earthquake loads and gravity loads is given as 

M u(t) + C u(t) + FS (t) = −M uF (t)  (1) 

where u is the relative nodal displacement vector, u
is the relative nodal velocity vector, u is the relative 
nodal acceleration vector, M is the structural mass 
matrix, C is the structural damping matrix, FS is the 
structural restoring force vector, and uF is the accel-
eration vector of the applied loads.  

An insight into the dynamic instability of struc-
tures can be gained by considering energy balance of 
a structural system under dynamic and gravity forc-
es. If each term in Equation 1 is integrated with re-
spect to u, the energy balance of the structural sys-
tem can be derived as (Uang & Bertero 1990): 

Mu(t)
0

t

 du + Cu(t)
0

t

 du + FS (t)
0

t

 du = − MuF (t)
0

t

 du  (2) 

The integrals in Equation 2 give the following 
energy components of a structural system respec-
tively, i.e. 

K D S IE E E E+ + =  (3) 

where EK is the relative kinetic energy, ED is the 
damping energy, ES is the strain energy, and EI is the 
relative dynamic input energy. 

Using du = u(t)dt , the input energy component 
can be decomposed as follows: 

EI = − M uF (t)
0

t

 u(t) dt  (4) 

If the structure is subjected to the horizontal 
earthquake excitation and the gravity loads only, 
then the input energy can be separated into dynamic 
input energy due to horizontal seismic actions, EEQ, 
and gravity energy due to applied gravity loads on 
the structure, EG, i.e. 

EEQ = − M uEQ (t)
0

t

 ux (t) dt  (5) 

EG = − M g
0

t

 uy (t) dt = −M g uy (t)  (6) 

Where u EQ is the acceleration of the horizontal 
earthquake excitation, ux is the relative nodal veloc-
ity vector in x-direction, u y is the relative nodal dis-
placement vector in y-direction, and g denotes the 
gravity acceleration, which is constant. 

The earthquake energy applied on the structure is 
dissipated through the work done by the damping 
and hysteretic forces. Therefore, the damping and 
hysteric energies are irrecoverable while the elastic 
and kinetic energies are recoverable vibrational en-
ergy. If all the individual energy components are 

gathered together, the energy balance of a structure 
in Equation 3 is now defined as: 

K D S G EQE E E E E+ + = +  (7) 

Akiyama (2002) stated that the gravity energy 
can be considered as a release of the potential ener-
gy as a result of the P-Delta effects, and takes a part 
in the total resistance of a structure against a seismic 
excitation. Therefore, the gravity energy can be al-
ternatively shown on the left side of the energy bal-
ance: 

K D S G EQE E E E E+ + − =  (8) 

3.3 Identification of dynamic instability by 
structural gravity energy 

Dynamic instability is a complex phenomenon, 
which cannot be effectively predicted by a ground 
intensity measure and/or an engineering parameter 
roughly representing structural damage. The most 
commonly used criterion for identification of simu-
lated collapse under dynamic loads is boundless 
drifts towards collapse. However, this approach re-
quires checking displacement demands at each de-
gree-of-freedom (DOF), but most studies consider 
only the roof or story drifts to check the stability of 
the global structural behavior. Therefore, the dynam-
ic instability of structural systems is investigated 
from the viewpoint of the energy balance because 
energy is an overall indicator of the systems. 

Progressive accumulation of permanent lateral 
drifts during a strong ground shaking may render 
gravity forces the dominant forces and make the 
structure collapse under significant P-delta effects 
due to governing gravity forces (Jennings & Husid 
1968). Therefore, new collapse criteria have been 
developed based on comparison between the amount 
of dynamic energy released by the earthquake to the 
structure and the amount of gravitational work done 
by the vertical static loads during the dynamic anal-
ysis.  

The sudden increase of the gravity energy, which 
eventually causes the gravity energy to exceed the 
dynamic energy, can be considered as an indicator 
of the domination of gravity loads over dynamic 
loads. Figure 6 presents the input-energy-time histo-
ries for the validated single-story model of Kanvinde 
(2003) under the ground motion record of the 1994 
Northridge earthquake at Obregon Park, Los Ange-
les. If the intensity of the ground motion is not 
strong enough to trigger the large geometric effects 
in the frame (e.g. the non-collapse case at the scale 
of 0.8), the structure obtains a steady state in terms 
of the gravitational energy, which is found insignifi-
cant comparing to the quantity of dynamic input en-
ergy coming from the ground motion (Figure 6a). At 
the intensity scale of 1.0 (Figure 6b), geometric non-



linearities in the structure become significant near 
the collapse, causing the frame to show very large 
displacement in vertical directions and thus result in 
a sudden increase in the gravitational energy as the 
structure gets close to collapse. Since this approach 
employs system-level measures, i.e. gravity and dy-
namic input energies, one does not need to check 
each degree-of-freedom of the structure to check the 
dynamic instability. Moreover, the approach may 
facilitate developing a mathematical description of 
dynamic instability, which can be particularly useful 
as limit-state functions during structural reliability 
analysis of collapse.   
 

  
 

 
Figure 6. Input energy components near collapse under the test 
earthquake of 1994 Northridge earthquake at Obregon Park a) 
non-collapse case at the ground motion scale of 0.8 and b) col-
lapse case at the ground motion scale of 1.0.  

3.4 Comparison of new collapse criteria with 
traditional IDA-based rules 

Traditional IDA-based rules are compared to the 
new criteria called “energy rule” in terms of the 
maximum intensity level observed before the dy-
namic instability occurs, i.e., gravity energy exceeds 
dynamic energy. Most recent research efforts based 
on the IDA-based approach assume the intensity 

level of ground motion at which the structure loses 
the dynamic stability as the collapse capacity. How-
ever, the structural collapse capacity should be eval-
uated based on the maximum intensity level before 
occurrence of dynamic instability (Krawinkler et al. 
2009, Haselton et al. 2009). The capacity at this in-
tensity level is actual representation of the largest 
structural resistance against dynamic collapse.  

The validated model for the case study by Lignos 
et al. (2008) is utilized here to perform nonlinear 
dynamic analyses using the ATC-63 far field set. 
Figure 7 shows the IDA curves of peak ground ac-
celeration (PGA) to top lateral displacement ob-
tained from the validated OpenSees model. Tradi-
tional IDA-based rules are compared to the new cri-
teria called “energy rule” based on the maximum 
intensity level observed before the dynamic instabil-
ity occurs, i.e., gravity energy exceeds dynamic en-
ergy. Much variability is observed in collapse capac-
ity level for all rules due to the effect of randomness 
in the selected ground motions on structural col-
lapse. It is also noted that the traditional IDA-based 
approach and the proposed criteria result in signifi-
cant differences in predictions of collapse capacity 
(in PGA) and the structural demand at the collapse 
level (in roof displacement). 

 

 
 
Figure 7. IDA curves and comparison of collapse criteria for 
the test case of Lignos et al. (2008) subjected to ATC-63 far 
field record set (44 ground motions).  

4 PROBABILISTIC ASSESSMENT OF 
COLLAPSE USING NEW COLLAPSE 
CRITERIA 

Collapse assessment of structures based on IDA 
curves depends on the selection of IM and DM used 
to construct these IDA curves as well as variability 
in the set of ground motions considered in the analy-
sis (Villaverde 2007). IDA curves usually reach a 
flat plateau as an indication of collapse (i.e., a large 
increase in the structural response corresponding to 
a small increase in the ground motion intensity), but 

(a) 

(b) 



this plateau may occur at several different intensity 
levels of ground motions. Large dispersion observed 
in collapse-causing intensities of ground motions 
and damage thresholds has initiated search for alter-
native performance measures to assess collapse ca-
pacity of structures. However, most of recent re-
search on the IDA-based approach still uses only 
one DM and one IM (mostly maximum story drift 
ratio and elastic spectral acceleration). This section 
describes ongoing research efforts to obtain optimal 
selection and/or combination of multiple perfor-
mance measures that describe the limit-state most 
effectively and the benefit of having more than one 
DM or IM for collapse capacity prediction.  

4.1 Statistical analysis on collapse capacity by new 
criteria 

The collapse capacity data obtained for the case 
study by Lignos et al. (2008) using ATC-63 far field 
set was investigated here to perform statistical anal-
yses on the levels of IMs (denoted by IMcol) and the 
conditional distributions of the corresponding DMs 
(denoted by DMcol) 

Empirical cumulative distribution functions 
(CDF) for IMcol identified by the energy rule are 
presented in Figure 8. CDFs of different kinds of 
IMcol (normalized by their means) such as peak 
ground acceleration-velocity-displacement (PGA- 
PGV-PGD), spectral acceleration for 2% damping 
(Sa (2%)), undamped intensity of Arias (IA (0%), 
Arias 1970), root of integral of square of ground ac-
celeration-time history (ars), average cycle of cross-
ings over zero in the strong part of accelerogram (Tv, 
strong, where strong duration is based on definition by 
Trifunac & Brady 1975), and earthquake input ener-
gy (EEQ) were compared. These CDFs provide prob-
abilistic estimation of the collapse capacities (in 
IM). In order to make a numerical comparison, their 
normalized standard deviation, which is coefficient 
of variation (cov), were obtained in Table 1. IM with 
the smallest cov is found to be ars from which col-
lapse can be predicted with more confidence com-
paring to other candidates.  

Currently, the following linear combinations of 
IMs and/or DMs in Equation 9 or nonlinear combi-
nations are also being investigated to obtain new 
performance measures (PM) that can predict the col-
lapse capacities with smaller covs:  

 

  PM = ai  IMi +  
i=1

n bi  DMi                                  (9)
 

 
where ia  and ib  are the coefficients of the IM and 
DM that result in smallest covs, found by statistical 
analysis. 

Conditional distribution of structural demand 
(DMcol) given IMcol is also being obtained. Partial 
descriptors such as conditional mean and variance of 

DMcol given IMcol can be obtained through line-
ar/nonlinear regression analysis. Such regression 
models provide probabilistic estimation of the struc-
tural demand at near-collapse level. 

4.2 Effect of variability in ground motions 
Effects of uncertain characteristics of ground mo-
tions used for IDA on the probabilistic models de-
scribed in section 4.1 are being investigated to de-
velop guidelines regarding selection of a suite of 
ground motions to be used in nonlinear collapse 
analyses. Moreover, a new analysis framework is 
being developed for probabilistic evaluation of col-
lapse using artificial models representing possible 
ground motions at a given site instead of a suite of 
selected ground motions. This approach allows us to 
perform site-specific probabilistic collapse assess-
ment. The approach will perform random vibration 
analysis by employing a discrete representation of a 
ground motion database (Rezaeian & Der Kiu-
reghian 2008, 2010). The developed probabilistic 
method will be integrated with performance-based 
earthquake engineering (PBEE) framework, which 
will provide collapse fragility models through sys-
tematic treatment of uncertainties in seismic capaci-
ty, demand and models. 

 

 
 
Figure 8. Cumulative distribution function of IM-collapse level 
for the test case of Lignos et al. (2008) subjected to ATC-63 far 
field record set (44 ground motions).  

 
 
Table 1.  Collapse-initiating intensity measure and coefficient 
of variations (cov) _________________________ 

IMcol               cov  _________________________ 
ars  0.31 
Tv, strong  0.33 
PGV  0.41 
PGA  0.42 
EEQ  0.48 
Sa (2%)  0.56 
IA  0.68 
PGD  0.87 _________________________ 



5 CONCLUSIONS AND FUTURE WORK 

New collapse criteria were developed based on dy-
namic instability of structures near collapse through 
validated computational simulations of collapse test 
frames reported in the literature. Using the criteria, 
various quantitative criteria are being explored to 
facilitate performing structural reliability analysis 
and identifying critical measures.  

New collapse criteria based on computational 
simulations of dynamic instability give rise to new 
research opportunities to gain better understanding 
of complex collapse of structural systems, identify 
key parameters requiring more comprehensive and 
accurate measurements during experiments, achieve 
more accurate and systematic prediction of collapse, 
and incorporate uncertainties into collapse predic-
tion. 

The study described here is expected to have po-
tential impact across several structural engineering 
research and practice constituencies seeking to im-
prove building code provisions for preventing dis-
proportionate collapse; regional emergency response 
plans and risk management strategies that rely on 
accurate assessment of collapse within fragility 
analysis; and collapse assessment of new structural 
systems. In addition, through this work, life safety 
will be enhanced, as avoiding structural collapse due 
to extreme loads is a critical component to ensuring 
a safe infrastructure and its resilience against earth-
quake hazards.  
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