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According to the modern seismic design codes, the structural collapse is a            

catastrophic state which is not acceptable, even under very rare earthquakes.        

Hence, evaluation of collapse safety margin for structures design based on code 

requirements is very important. The paper tackles this issue considering RC               

frame structures designed according to Iranian seismic standard (Standard 2800). 

Incremental Dynamic Analysis (IDA) is carried out using 22 natural ground 

motion records. The study includes RC moment resisting frames with 3, 6 and 10 

stories considering two types of soil classifications (Type II and III) and two 

alternatives of ductility levels (intermediate and high), as defined in standard 2800. 

It is concluded that while all structures on the sites with soil class II demonstrate 

sufficient margin against collapse, taller structures on soil class III show lower 

than acceptable collapse margin. It is also noted that the collapse margin is 

generally reduced with the increased height of the structure. 
 

 

 

1. Introduction 

Providing sufficient energy dissipation capacity 

through plastic deformation is the main goal con-

sidered in designing seismic-load-resisting systems  

for a reduced seismic load. Seismic performance        

factors (SPF), namely overstrength force reduction 

factor (R) and deformation amplification factors 

(C
d
), are used to reduce the seismic forces and 

amplify deformations to arrive at cost-effective and 

safe designs. On the other hand, restricting the R 

and C
d
 values is necessary to prevent excessive 

inelastic deformations and loss of life, particularly        

in the event of a major earthquake. Seismic design 

response factors introduced in seismic codes do not 

necessarily offer a uniform margin of safety and  

economic solution considering different seismic     

regions and the diversity of structural systems,      

construction practices and quality control. More-

over, modern design codes do not fully address all 

structural systems currently used in different parts 

of the world. The capability of these systems to 

meet the intended seismic design objectives is also 

not adequately understood [1-2]. 

To achieve one of the main objectives of the   

seismic design philosophy, it is important to 

quantify the margin of safety against structural 

collapse. Nonetheless due to high level of non-

linearity involved in vicinity of structural collapse 

the analytical modeling and assessment is complex 

and demanding, and includes several sources of 

uncertainties. Although this issue has attracted 

considerable interest among earthquake engineers 

and researchers during several past decades,         

no standard method has been introduced. During 

the past few years FEMA has published a guide-
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line for quantification of the building Seismic 

Performance Factors, i.e. response modification 

factor, overstrength factor and displacement 

amplification factor [1]. As part of the proposed 

methodology, one can assess the structural  

collapse potential [3-6]. The approach includes a 

combination of incremental nonlinear dynamic      

analysis (IDA) [7] and suggested criteria based on 

semi-probabilistic method to evaluate Collapse     

Margin Ratio (CMR). The methodology has later   

been extended to consider component rather than 

whole lateral resisting system [8]. 

The Methodology achieves the primary, life    

safety, performance objective by requiring an       

acceptably low probability of collapse of the 

seismic force-resisting system for maximum 

considered earthquake (MCE) ground motions.    

In general, collapse of a structure would lead to 

very different numbers of fatalities, depending     

on the structural system type, the number of 

building occupants, etc. However, life safety      

risk (i.e. probability of death or life-threatening 

injury) is difficult to calculate accurately, due       

to uncertainty in casualty rates given collapse,       

and involves even greater uncertainty in assessing 

the effects of falling hazards in the absence          

of collapse. Rather than attempting to provide       

uniform protection of "life safety", the Methodo-

logy provides approximate uniform protection 

against collapse of the structural system. Collapse 

includes both partial (e.g. single story collapse) 

and global instability of the seismic force-resisting 

system, but it does not include local failure of 

components not governed by the global SPFs (e.g. 

localized, out-of-plane failure of wall anchorage 

and potential life-threatening failure of non-

structural systems) [9]. 

The objective of this study is to verify the 

margin of collapse for the moment resisting 

structural systems used in the seismic design of 

Reinforced Concrete (RC) multi-story buildings. 

This is carried out by using Incremental Dynamic 

Analysis (IDA) and representative structural 

characteristics. The study aims to obtain indicative 

collapse margin ratios for the RC frames designed 

based on the Iranian seismic standard. All 

structures are first designed according to Standard 

2800 [10] and ACI 318-11 [11]. They are then 

modeled and analyzed using SAP2000 software 

and incremental dynamic analysis. The 22 ground 

motions used in this study are those suggested      

by FEMA P695. The collapse is assessed for     

each record and the median value of collapse (S
CT

) 

is calculated based on the results for the 22 

records. The ratio of median value of collapse to 

spectral response acceleration at the fundamental 

period (S
MT

) is called collapse margin ratio (CMR) 

[1]. 

 

2. FEMA P695 Incremental Dynamic Collapse 

Analysis 
 

The methodology consists of a probabilistic      

assessment of collapse risk. It utilizes nonlinear    

analysis techniques, and explicitly considers 

uncertainties in ground motion, modeling, design, 

and test data. The technical approach is a com-

bination of traditional code concepts, advanced 

nonlinear dynamic analyses, and risk-based 

assessment techniques. Reliable analysis requires 

valid ground motions and representative nonlinear 

models of the seismic-force-resisting system. The 

main steps of the methodology is illustrated in 

Figure (1). 

Each model is subjected to the predefined 

ground motions that are "systematically scaled to 

increasing intensities until median collapse is 

 

 

Figure 1. The flowchart for FEMA P695 methodology for  

collapse assessment [1]. 
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established. Collapse performance is evaluated 

relative to ground motion intensity associated with 

the MCE." The methodology defines the collapse 

level ground motions as, "the intensity that would 

result in median collapse of the seismic-force-

resisting system" [1]. 

Within the framework of FEMA P695 

methodology, two ground motion sets are provided 

for the nonlinear dynamic analysis used in collapse 

assessment. One set includes 22 ground motion 

record pairs from sites located at greater than or 

equal to 10 km from fault rupture, referred to as 

the "Far-Field" record set. The other set includes 

28 pairs of ground motions recorded at sites       

less than 10 km from fault rupture, referred to      

as the "Near-Field" record [1]. The records are 

scaled in a two-step process: normalizing and 

scaling. The normalization portion of the process 

was completed during the development of the 

record sets. To calculate the collapse capacity by 

nonlinear time history analysis the amplitude of the 

ground motion records are scaled based on the 

fundamental period of vibration for the building 

under consideration. 

System behavior is characterized through the 

use of structural system archetypes. Archetypes 

provide a systematic means for characterizing 

permissible configurations and other significant 

features of the proposed system. Structural system 

archetypes are assembled into bins called per-

formance groups, which reflect major divisions or 

changes in behavior within the archetype design 

space. The collapse safety of the proposed system 

is then evaluated for each performance group     

[12-13]. 

An incremental nonlinear dynamic analysis of 

the models subjected to strong ground motions, 

matched with the design spectrum was carried out 

to calculate the base shear (Vy ). The conversion to 

spectral coordinates is based on the base shear    

and the assumption that all the effective seismic 

weight of the structure (W ) participates in the 

fundamental mode at period (T) [14]. The seismic 

performance factors are defined in terms of 

spectral coordinates in Figure (2). 

In the following, the main equations to define  

SPFs are introduced based on the methodology   

[1]  1.5  times  R  is  shown  in  the Figure (2) and  

 

 

Figure 2. Illustration of Seismic Performance Factors as 

defined by the methodology [1]. 

 

defined as: 

S

MT

C

S
R 5.1                                                         (1) 

The collapse margin ratio (CMR) is defined in 

terms of the ratio of median 5% damped spectral 

acceleration at the collapse level ground motions  

(or corresponding displacement, SD
CT

) to the 5% 

damped spectral acceleration of the MCE     

ground motions (S
MT

) (or displacement, SD
MT

) [1]. 

The CMR is calculated as: 

MT

CT

S

S
CMR

ˆ
                                                          (2) 

Adjusted collapse margin ratio (ACMR) for 

each archetype is calculated using spectral shape 

factors (SSF), which are calculated based on the 

fundamental period (T) and period-based ductility  

It is understood that the collapse capacity can be 

significantly influenced by the frequency content 

(spectral shape) of the ground motion set. This is 

attributed to the observed distinctive spectral shape 

of rare ground motions, such as those corresponds 

to the MCE, that makes these ground motions to be 

less demanding than would otherwise be expected 

based on the shape of standard design spectrum 

[9]. Therefore, spectral shape factors are intro-

duced as a simplified way of taking this effect   

into consideration as defined by Eq. (3). Tables     

7-1a of FEMA P695 [1] provides the values for 

SSF. 

iii CMRSSFACMR                                           (3) 

Adjusted collapse margin ratio (ACMR) is then 
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modified to reflect modeling related, record to 

record and other sources of collapse uncertainties. 

Each system is assigned four numerical values 

based on the following: 1) the confidence in basis 

of design requirements related to the actual level  

of behavior to intended results (DR); 2) the 

effectiveness of the testing program to quantify 

properties, behaviors, and failure modes of the 

system (TD); 3) the accuracy and robustness of 

models to represent collapse characteristics (MDL); 

and 4) total system collapse uncertainty based     

on record to record variability (RTR), which is 

assigned a set value of 0.4 for the methodology. 

Since the four component random variables        

are assumed to be statistically independent, the 

lognormal standard deviation parameter, TOT, 

describing total collapse uncertainty, is given by 

Eq. (4). Quality ratings for design requirements, 

test data, and nonlinear models are translated into 

quantitative values of uncertainty based on the 

following scale: (A) Superior, = 0.10; (B) Good, 

 = 0.20; (C) Fair,  = 0.35; and (D) Poor,  = 

0.50. A record to record uncertainty of RTR = 0.4  

is recommended for the index archetype models 

with a period-based ductility of .3T  Values for 

total system collapse uncertainty (TOT) are 

provided in Tables 7-2a, 7-2b and 7-2c of FEMA 

P695. Generally, an increase in uncertainty will 

flatten the curve plotted from IDA. Increased 

uncertainty in turn increases the probability of 

collapse at the MCE intensity, SMT, and affects 

the CMR [1]. 

2222
RTRMDLTDDRTOT                          (4) 

The Methodology defines acceptable values of     

the collapse margin ratio in terms of an acceptably 

low probability of collapse for MCE ground 

motions, given uncertainty in the collapse fragility. 

Calculated values of collapse margin ratio are 

compared with acceptable values that reflect 

collapse uncertainty. 

Acceptable performance is defined by two basic 

collapse prevention objectives, requiring that the   

probability of collapse for MCE ground motions is: 

1) Approximately 10%, or less, on average across 

a performance group, and 

2) Approximately 20%, or less, for each index  

 archetype within a performance group. 

Consequently, acceptable performance is 

achieved when the following two criteria is met for 

each performance group and each index archetype: 

 The average value of adjusted collapse margin  

 ratio )( iACMR  for each performance group  

 exceeds ACMR
10%

: 

%10ACMRACMRi                                               (5) 

 Individual values of adjusted collapse margin 

ratio (ACMRi) for each index archetype within  

a performance group exceeds ACMR
20%

: 

%20ACMRACMRi                                               (6) 

Acceptable values of adjusted collapse margin 

ratios (ACMR10% and ACMR20%) are provided  

in Table 7-3 of FEMA P695 [1] based on total 

system collapse uncertainty, 
TOT 

. 

 

3. Nonlinear Modeling of the Archtypes 
 

Within the framework of FEMA P695 

methodology for the assessment of seismic 

performance factored the first step is to gather 

thorough data about the seismic-force-resisting 

system. These data includes type of construction 

materials, system possible configurations, inelastic 

energy dissipation mechanisms, and intended  

range of application. Structural system archetypes 

are developed according to these types of data      

in order to represent the bounds of proposed 

seismic-force-resisting system. Structural archetypes 

provide the basis for preparing a finite number     

of designs, and then provide a corresponding 

number of idealized nonlinear models. These 

models should appropriately represent nonlinear 

behavior of proposed seismic-force-resisting system 

[15]. 

The current study includes RC moment resist-

ing frames with 3, 6 and 10 stories considering two 

types of soil classifications (Type II and III) and 

two alternatives of ductility levels (intermediate 

and high ductilities), according to standard 2800 

[10]. The general plan and elevation of the 

buildings are shown in Figure (3), and it is 

assumed that the story height for all frames is 

equal to 3.2 m. The two-dimensional frames 

considered in this study are considered to be       

one of the internal frames within the actual three- 
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Figure 3. General plan and elevation for 3-, 6- and 10-storey archetypes RC structures. 

 
Table 1. Performance groups for evaluation of archetypes. 

 

 
dimensional building. The design of the frames is 

based on the initial values for the seismic 

performance factors according to the Iranian 

Seismic Standard 2800. All frames are designed 

according to ACI 318-11. The seismic design 

specification of the nine index archetype are shown 

in Table (1). The performance groups considered 

in this study are somewhat arbitrarily based on the 

similar soil and ductility classifications. This is 

acceptable as the aim of the study is to obtain 

indicative collapse margin ratios for RC concrete 

moment frames designed based on Iranian seismic 

standard. For a complete exercise of the FEMA 

P695 methodology, additional archetypes would be 

needed. 

After designing the aforementioned archetypes,   

nonlinear dynamic analyses should be performed 

to investigate system behavior in each case and in    

every performance group. For this purpose, it is    

necessary to prepare appropriate nonlinear models 

of the archetypes. In these analyses, the intensity of 

the ground motions are continuously scaled up, 

until the structure is collapsed. At each level of 

intensity the maximum interstory drift experienced 

by the structure is plotted against the correspond-

ding spectral acceleration of the record at structural    

period (IDA curve). The collapse is defined once      

the dynamic instability occurs and the IDA curve  

is flatten or the maximum interstory drift ratio 

becomes larger than 10% [7]. Using the IDA 

results for all ground motions, the collapse 

probability can be assessed for the selected 

archetypes. As indicated above, when the structure 

collapses its interstory drift rapidly increases 

(similar to a horizontal line on the figure) [1, 16]. 

This modeling was carried out using nonlinear  

modeling features of the SAP2000 software [17].    

The nonlinear behavior is modeled using beam and 
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column elements with concentrated plasticity at       

both ends [18]. To define the characteristics of    

the plastic hinges, the general backbone curve 

proposed by ASCE41-06 [19] and its equivalent 

the Guideline 360 [20] are used, considering the 

fact that these structures have been designed based 

on modern seismic design requirements. For the 

same reason, it is also assumed that the structures 

are merely collapse in a sideway collapse 

mechanism and this mechanism is directly 

simulated by the nonlinear structural modelling. 

Nonlinear dynamic analyses are conducted under a 

gravity load combination and input ground 

motions, which are selected from the far-field 

record set proposed by FEMA P695. This set      

consists of 22 pairs of earthquake records. These 

analyses are utilized to establish the Median 

Collapse Capacity, SCT, and Collapse Margin 

Ratio, CMR, for each index archetype model. 

Median Collapse Capacity is the ground motion 

intensity in which half of the records within the   

set cause collapse of an index archetype model.    

As discussed above this can be established by 

performing Incremental Dynamic Analyses    

(IDA). 

 

4. Results 
 

The results of IDA analyses for all archetypes 

within the four different performance groups           

(see Table 1) are shown in Figures (4) to (7). The 

calculated median collapse intensities are also 

depicted in each figure. As discussed above, the   

acceptable values of adjusted collapse margin ratio 

are based on the total system collapse uncertainty 

and the values of acceptable collapse probabilities. 

The lower probability of collapse accepted, the      

larger collapse margin ratio is required to validate       

the seismic behavior of a system. 

Since the study investigates the collapse margin 

for moment resisting frames, which are designed 

based on modern seismic design requirements and 

ACI 318-11 code, the quality ratings for design 

requirements and test data are assumed to be    

Good (DR and TD = 0.2). Considering the number 

of archetype models and the analytical software 

used for the current study, the modelling related 

collapse uncertatinty is assumed to be Fair       

(MDL = 0.35). Using these assumptions and also 

the recommended record to record uncertainty of 

RTR = 0.4, the calculated lognormal standard 

deviation parameter, TOT, in this study is equal to 

0.6. Collapse margin ratios and adjusted values of 

these ratios for individual archetypes and different 

performance groups are summarized in Table (2). 

In addition, the acceptance criteria for each 

archetype and performance group are also shown 

in this table in order to be compared with the 

obtained results. As it is evident from Table (1), 

acceptable collapse performance is achieved by     

 

 

Figure 4. IDA results for archetypes in performance group 1. 
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Figure 5. IDA results for archetypes in performance group 2. 
 

 

Figure 6. IDA results for archetypes in performance group 3. 
 

 

Figure 7. IDA results for archetypes in performance group 4. 

 

all considered index archetypes and performance 

groups, except performance group 4, which is 10 

story building on soil class III. 

The average value of Adjusted Collapse Margin 

Ratio for performance groups 1 and 2 exceeds    

the acceptable values of Adjusted Collapse Margin     

Ratio considering 10% acceptable collapse 

probability, which is equal to 2.16. Again, the 

individual values of Adjusted Collapse Margin 

Ratio for the archetypes within the performance 

groups 1 and 2 exceeds the acceptable values of 

Adjusted Collapse Margin Ratio considering 20% 

acceptable collapse probability, which is equal to 

1.66. This essentially means that the structures 

designed at the sites with soil type II, irrespective 

of their height and ductility level (intermediate or 

high) have sufficient margin of safety against 

collapse. 
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Table 2. Adjusted collapse margin ratio (ACMR). 

 

 
Performance groups 3 and 4 include 6 and 10    

story structures at sites with soil type III and        

different ductility levels. The results in Table (2)     

show that while the 6-story structures are 

individually acceptable in terms of having lower 

adjusted collapse margin ratios than ACMR20% = 

1.66, both performance groups (3 and 4) fail to 

satisfy the 10% probability of collapse criterion. 

This is merely because the 10 story frames have 

unacceptably low adjusted collapse margin ratio 

(ACMR < ACMR20% = 1.66). 

Comparing the individual adjusted collapse     

margin ratios for 6 and 10 story frames, it can be 

seen that irrespective to their site soil class and     

ductility level, the 6-story frames show about 30%   

to 60% higher collapse margin ratio than 10-story 

frames. This may be interpreted as a reduction            

in collapse safety margin with structural height.    

Although only the 3-story frame considered in this 

study appears not to be in full agreement with this 

interpretation and demonstrates higher collapse    

safety margin than corresponding 6-story structure. 

The presented results in this paper are based          

on our best assessment of quantified values to     

consider the uncertainties (b values). These values 

are to some extent subjective and debatable.        

Generally, lower value of total lognormal standard  

deviation will result in higher collapse safety       

margins. Therefore, for those structures that are not 

showing sufficient collapse safety margin, it might   

be argued that more favorable results may be      

obtained using different uncertainties. However,       

this would mean that there should be higher         

confidences in various parameters. One particular 

issue relevant to this study is the assumption used  

for the modelling quality. A brief evaluation of               

the method assuming a higher modelling quality      

(MDL = 0.2) shows that although the collapse       

margin improves, previous conclusions are not      

affected and performance groups 3 and 4 are still 

short of satisfying 10% probability of collapse       

criterion. 

Additionally, it is worth noting that the spectral 

shape factors (SSFs) used in this study are those 

suggested by FEMA P695. These SSFs have been 

derived mainly using the ASCE 7 spectra. The     

current study uses the spectra from Standard 2800 

for the design of the structures and for the scaling 

of the ground motions. Here, it has been assumed 

that similar SSFs can be used to adjust the collapse     

margin ratio for the spectral shape. 

 

5. Conclusions 
 

In this study, the collapse safety margin was     

assessed for commonly adopted reinforced 

concrete frame structures that were designed 

according to Iranian Seismic Design Standard 2800 

and ACI 318-11. The study included medium 

height structures on Class II and III soil sites      

and intermediate and high ductility levels. The 

FEMA P695 methodology was used for collapse 

assessment of the structures through incremental 

dynamic analysis under a set of 22 far-field ground 

motions. The acceptance collapse criteria included 

10% probability of collapse for an individual 

archetype and 20% probability of collapse in 

average for all archetypes in a performance    

group. The main conclusions are summarized as 

follows: 

 All structures on the sites with type II soil class  

demonstrate sufficient margin of collapse,  

irrespective of their height and ductility level. 
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 6-story intermediate and special moment frames  

at the sites with type III soil class also demon- 

strate sufficient margin of collapse. This is not  

the case for corresponding 10-story moment  

frames. Therefore, it seems that the collapse  

margin is decreased as the height of the  

structure is increased, i.e. the long period 

structures are more vulnerable to collapse under 

severe ground motions when compared to the 

short period ones. 

 Generally, 6-story frames show higher collapse  

safety margins than corresponding 10-story  

frames. The adjusted safety margin ratios for  

6-story frames are increased within the range of  

about 30 to 60% as compared with that of 10- 

story frames. 

 Two out of four performance groups 

considered, all related to type III soil class, 

failed to satisfy the 20% average probability of 

collapse criterion, merely due to lack of 

sufficient margin for the 10-storey frames. 

 Based on this study and according to general  

methodology of FEMA P695, it is also con-

cluded that the assumed response modification 

factor (behavior factor) of R=7 for intermediate 

moment frames [10] is acceptable. However, 

for special moment frames, the R value of 10 

appears to be unreliable. 

It has to be noted that extensive nonlinear 

dynamic analyses were carried out in this study to 

calculate the collapse margin ratio for RC frame 

structures designed according to the seismic 

standard 2800 [10]. The definition of performance 

groups in this study was to some extent arbitrary 

and the number of archetypes were limited for 

practical reason. It was aimed to calculate 

indicative values of collapse margin ratio for these 

structures. As a result, although the minimum 

requirements for full implementation of the FEMA 

P695 procedure is not necessarily satisfied, the 

conclusions drawn are sufficiently important with 

regards to seismic performance factors in seismic 

design codes. Even though to generalize the 

conclusions of this study, further investigations 

would be required to include more extensive 

performance groups. 

 Last but not least, since the completion of this   

study the new edition (Edition 4) of Iranian 

Seismic Design Code (Standard 2800) has been 

released for public implementation. Some aspects 

of the code relevant to the collapse capacity 

evaluation procedure in FEMA P695 have now 

been modified, such as changes in the values for 

the behavior factor (R values) for various structural 

systems, introduction of displacement magnifica-

tion factor  (C
d
) and redundancy factor (), explicit 

specification of overstrength factors (
0
), modi-

fication of ground motion scaling methodology etc. 

While the exact evaluation of these changes and 

their impacts on the structural collapse capacity 

warrants additional studies, based on the nature of 

the introduced modifications, the authors believe 

that the general collapse capacities calculated for 

RC concrete structures in this paper are not 

expected to be affected, unless for those structures 

that their design is affected by the newly 

introduced redundancy factor. For the latter, 

conceptually higher collapse margin ratios are 

expected. 
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