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Recent studies showed that the inelastic seismic response 

of irregular structures can significantly differ from regular 

structures. Irregular distribution of mass in elevation is 

regarded as a structural irregularity by which the modes 

with high energy levels are excited and occasionally 

prevents the structure from developing nonlinear 

deformations and causes some unpredictable damages in 

structural elements. In this study, seismic reliability and 

risk assessment of a non-code-conforming concrete 

building reinforced by plain bars is investigated with 

consideration of the vertical mass irregularity effect. The 

framework of this study is based on the determination of 

fragility via incremental dynamic analysis (IDA). The 

analyses are carried out on a reference 3-story multi-bay 

3D structure modeled in Opensees software. Seismic risk 

assessment for the complete collapse limit state is 

evaluated by integrating the site hazard and the structural 

fragility curves. Also, a relatively simple and efficient 

nonlinear model based on the experimental behavior of 

substructures reinforced by plain bars is used to simulate 

pre- and post-elastic behavior buildings. The results 

indicated that the effects of vertical mass irregularity of the 

building have almost significant effects on the represented 

building's fragility curve parameters and seismic reliability 

of the represented buildings. Probabilities of occurrence for 

the irregular bottom and median story are about 1.51 and 

1.6 times of the building with regular mass distribution. 
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1. Introduction 

One of the irregularities in structures is 
related to the vertical distribution of the 

effective (seismic) mass. A different mass 
distribution in a particular story compared 
with the adjacent ones can result in the mass 
irregularity. Because the heavier story 
requires stronger structural elements, the 
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stiffness and strength irregularity may be 
inevitable. Past studies showed that inelastic 
seismic response of irregular structures can 
significantly differ from the regular 
structures, and their seismic response cannot 
be precisely assessed by applying the 
methods used for regular structures. Most of 
the seismic codes, recommend different 
analysis procedures for irregular structures, 
in comparison with regular structures. 
According to ASCE 7-16 [1], if the effective 
seismic mass of a story is more than 150% of 
the effective seismic mass of the adjacent 
story, the structure has vertical mass 
irregularity. The Iranian seismic code [2] has 
similar definitions for vertical mass 
irregularity and permitted analysis 
procedures. Also, According to FEMA P-
2012 [3], Weight (mass) irregularity tends to 
reduce collapse resistance, but not 
dramatically. The location of the mass 
irregularity along the height of the building 
moderately affects collapse performance; 
archetypes with the mass irregularity in 
lower stories (where the building is already 
more likely to have damage) tend to have 
lower collapse capacity than those with mass 
irregularities in their upper stories. 

Many researches have been conducted to 
investigate seismic response and 
vulnerability of structures with vertical mass 
irregularity. 

Valmundsson and Nau showed that the 
elastic response of this type of structures is 
considerably affected by mass irregularity 
located at higher stories, whereas inelastic 
response is affected primarily by mass 
irregularity located at lower stories [4]. 

Al-Ali and Krawinkler investigated the effect 
of vertical irregularities and concluded that in 
both linear and nonlinear states, mass 
irregularity insignificantly affected the shear 
and displacement demands of the structures. 
Moreover, it was specified that increase in 
mass of the upper stories, leaves greater 
effects on the displacement responses of 

building compared to the case in which lower 
and middle stories become heavier [5]. 

Choi showed that mass irregularity is an 
important factor that affect the response of 
structures under seismic loading. It was 
concluded that when the mass irregularity is 
located at the lower or upper stories, the 
plastic hinge rotations increase [6]. 

DeStefano et al. evaluated the irregular RC 
frames, which had been designed in 
compliance with Euro-Code 8 (EC-8) to 
satisfy high ductile requirements. Based on 
the findings, P-Delta effects could 
remarkably influence on performance of 
these buildings [7]. 

Michalis et al. doubled the mass of several 
stories in a selected building and conducted 
an incremental dynamic analysis (IDA) on it. 
They found that the mass and stiffness 
irregularities affect the inter-story drifts, 
considerably [8]. 

Karavasilis et al. showed that the location of 
the heavier story and level of inelastic 
deformation significantly affect the height 
wise distribution of deformation demands. 
Generally, the elastic height wise distribution 
of the deformation demands is uniform, 
whereas the inelastic one shows 
concentrations at lower stories. They 
concluded that the value of the mass ratio 
(the ratio of the heavier mass to the mass of 
an adjacent story) does not influence roof 
drift, interstory drift and rotation ductility 
demands. On the other hand, deformation 
demands are influenced by the location 
(bottom, mid-height or top) of the heavier 
story [9]. 

Pirizadeh and Shakib pointed out that the 
seismic performance of structures can be 
significantly affected by the location of mass 
irregularity. They showed that if the heavier 
story was located at the bottom half of an 
eight-story steel structure, the return periods 
of the structures would exceed the collapse 
prevention and performance level of global 
instability would decrease compared with 
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those of a regular structure [10]. In similar 
research, Habibi and Asadi studied on 
Seismic Performance of reinforced concrete 
frames by considering effects of vertical 
irregularity Based on Iranian Seismic Code 
[11]. 

Mohsenian and Nikkhoo studied the effects 
of vertical mass irregularity on seismic 
performance of RC tunnel-form structural 
system. The results indicated that the pattern 
of mass irregularity does not affect the 
location of first damages induced by the DBE 
hazard level. Also Irregular distribution of 
mass in height increases the fundamental 
period, as well as coefficient of mass 
contribution of the primary vibration modes 
[12]. 

Amiri and Yakhchalian studied the effects of 
intensity measures on seismic collapse 
assessment of structures with vertical mass 
irregularity. The results show that the scalar 
value of Saavg satisfies the desired features of 
an optimal IM to predict the collapse 
capacity of low- and mid-rise steel SMRFs 
with vertical mass irregularity. Therefore, the 
fragility functions obtained using these 
optimal IMs are more reliable for this type of 
structures [13].  

Karami et al. studied on the effects of vertical 
mass irregularity on Seismic Behavior of 
high-rise steel frames with buckling-
restrained braces. Results are shown, mass 
irregularity increase the values of maximum 
drift, floor acceleration and top floor 
displacement [14]. 

Ghimire and Chaulagain studied on seismic 
performance of RC frame buildings by 
influence of structural vertical irregularities. 
Results are shown mass irregularities 
considerable effects on seismic response of 
RC frames [15]. 

Bai et al. studied on the shaking table test of 
low-rise steel moment frames by considering 
effects of mass irregularity. Results are 
shown, the specimen with the mass 
irregularity on the top storey considerable 

increase the drift responses when subjected 
to over-design earthquakes [16]. 

In the present study, an existing non-code-
conforming 3-story concrete building 
reinforced by plain bars with and without 
vertical mass irregularity were modeled and 
analyzed under incremental dynamic analysis 
by considering beam-column joint effects. 
Concrete buildings reinforced by plain 
(smooth) bars are one of the special types of 
old reinforced concrete buildings. They were 
generally built before the 1970s and some of 
the older cases were probably designed just 
for gravity loads [17] and do not have special 
seismic detailing for structural members 
because the old building codes did not 
include special seismic provisions at that 
time [18]–[21]. The results of our previous 
experimental research have shown large 
damages especially at the beam–column 
joints caused by bar slippage and moment 
capacity of the adjacent beam controls 
nonlinear behavior of substructure. Beam-
column joints was simulated by a model 
developed in our previous research [22]. 

 The goal of this study is to understand the 
effects of vertical mass irregularity on 
collapse capacity of the existing RC building 
with plain bars. To achieve this goal, the 
mass ratio of 1.5 was considered as the limit 
of vertical mass irregularity. Also, effect of 
location of vertical mass irregularity at the 
lower or upper stories on collapse capacity 
were investigated. The analysis procedure 
conducted in this study are summarized in a 
flowchart as shown in Fig. 1. Incremental 
dynamic analyses (IDA) of the existing 3-
story building with plain bars were 
conducted to propose fragility curves 
parameters at collapse damage states. In 
IDA, a structural model is subjected to a set 
of ground motion records, scaled to different 
levels of intensity to describe the structural 
behavior from elastic to collapse [23].  

IDA was then conducted along both E-W 
directions and N-S directions. These IDA 
curves were obtained from a series of 
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nonlinear time history analyses when each of 
the 20 selected ground motions that included 
two horizontal components were applied to 
the 3D building models at increasing 
intensity. 

A damage state is defined as a threshold 
condition of buildings corresponding to a 
certain level of damage under an earthquake 
[21]. So, HAZUS-MH-MR-5 provisions was 
used to determine damage limit states [24].  

Fragility curves demonstrate the probability 
of building damage for various levels of 
earthquake intensity. Each point on the 
fragility curve shows the probability of 
exceeding a specific damage limit state under 
an earthquake with a given intensity [25]–
[28]. 

Seismic reliability of the represented 
structure was evaluated by integrating site 
hazard and structural fragilities resulting for 
complete collapse limit state [29], [30]. 

 
Fig. 1. Analysis procedure for Seismic fragility 

and reliability of existing RC building with 

plain bars. 

2. Properties of representative 

buildings 

In this study, seismic behavior of non-code-

conforming and existing concrete building 

reinforced by plain bars with 3 stories was 

investigated. The represented buildings are 

considered to be isolated from an existing 

three-story residential RC building built prior 

to the 1970s [31]–[36]. It is easy to find a lot 

of old buildings with the same details in 

other countries such as Italy, Portugal and 

Turkey according the old design codes and 

references [31]–[36] In this regard, 

geometrical and detailing information of 

surveyed typical RC buildings constructed 

prior to the 1970s was taken into account.  

 
(a) 

 
(b) 

Fig. 2. Plan and Irregularity mass patterns of 

selected buildings (dimension in meters). 

The story height and effective beam span 

length are 3 m and 5.5 m, respectively. The 

plan view of the building was shown in Fig. 

2(a). Fig. 2(b) shows the mass distribution of 

the stories in the regular and irregular 

structures. In this study, the limit state of the 

select and sacle 20 real ground motions 

Select collapse limit state based on Hazus 
manual 

perform IDA analysis for all selected 
ground motions 

Develop fragility curve 

Hazrd and relibility analysis 
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mass ratio of stories was considered to 

investigate the effect of mass irregularity on 

the seismic performance of the structure. 

Most of the seismic codes [1], [2] 

represented the mass ratio of 1.5 as the limit 

of vertical mass irregularity. 

Dimensions and reinforcement details of the 

beams, columns and, connections of the 

buildings represented in this study were 

shown in Fig. 3. All the beams and columns 

in the represented building have similar 

dimensions and reinforcing details. The cross 

section dimensions of the columns and 

beams were 250×250 mm and 200×300 mm, 

respectively. Regarding the reinforcement, 

4Ф14 (ρcol = 1%), and Ф6.5@160mm plain 

bars were used respectively for longitudinal 

and transverse reinforcement of the column. 

The compressive strength of the concrete and 

the yield strength of the reinforcing bars were 

21 and 340 MPa, respectively. The 

abbreviation of (RCP) was assigned to the 

regular concrete building reinforced by plain 

bar. Also, abbreviations of (IRCP-B), (IRCP-

M) and, (IRCP-T) were assigned to the 

concrete building reinforced by plain bar 

with mass irregularity located at bottom, 

medium and top story, respectively. 

The natural periods corresponded to the first 

mode of the RCP, IRCP-B, IRCP-M and 

IRCP-T buildings are 0.478 sec, 0.483 sec, 

0.504 sec and 0.514 sec, respectively. 

 

 

(a) exterior joint. (b) interior joint. 

Fig. 3. Detailing of the beam-column connection [22]. 

3. Nonlinear simulation 

methodology 

For dynamic analyses of the buildings, a 
three-dimensional model was created in 
Opensees software [37]. P-Delta effects were 
considered in the numerical model and the 
floors were simulated by rigid diaphragm. 
Also, 5% Rayleigh damping were considered 

in the numerical model [38], [39]. Norm 
Displacement Increment test was used for 
convergence algorithm. Newton algorithm 
specify the steps taken to solve the nonlinear 
equation. Also, integrator Newmark was used 
in Transient Analysis of the model. In this 
study, nonlinear behavior of beam-column 
joints were simulated by a nonlinear model 
proposed by Adibi et al.[22]. Also, some 
experimental works on the exterior and 
interior joint substructures reinforced by 
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plain bars were performed to confirm the 
numerical model represented in this study 
[19] [20] [22]. Due to the cracking pattern 
observed in the substructure (Fig. 4), it can 
be assumed that the nonlinear behavior of the 
section at the end of the beams controls the 
nonlinear behavior of the substructure. 
Therefore, a nonlinear rotational spring was 
considered at the end of the beam and at the 
connection to the column for introducing the 
nonlinear behavior of the substructure (Fig. 
5). According Fig. 4, the substructure was 
mainly damaged at the end of the beam 
(intersecting with the joint panel zone), so 
panel zone modeled by rigid elements and 
beam and column modeled by Linear Beam-
Column elements. The final parameters 
assigned to the nonlinear rotational spring 
can be seen in Fig. 6. Pinching 4 constitutive 
model available in the library of the 
Opensees software was employed to define 
nonlinear behavior of the spring at the critical 
section of the beam. 

 
a) Exterior joint. 

 
b) Interior joint. 

Fig. 4. Damage progression and crack 

observation for the interior and exterior 

substructure at drift 2.7% [22]. 

Yield rotation [22][40][41] can be calculated 

by Eq. (1) and the nonlinear values of the 

rotational spring had been calibrated by 

experimental behavior of the studied 

specimens, which is presented in Table 1. 

θ =
𝑀  𝐿𝑏

𝐸   𝐼𝑏
                                                       (1) 

Where M, Lb, E, Ib, are flexural moment, 

length, modulus of elasticity and moment 

inertia of the adjacent beam, respectively. 

 
a) Exterior joint. 

 
b) Interior joint. 

Fig. 5. Proposed model for the exterior and 

interior substructures reinforced by plain bars 

[22]. 
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Table 1. Plastic deformations of the spring 

proposed for modeling of beam-column joints 

[22]. 

a (rad) b (rad) c (rad) a' (rad) b' (rad) 

0.009 0.063 0.264 0.166 0.215 
 

The comparison between numerically 

predicted responses with corresponding 

experimental outcomes result in the proposed 

model has been able to predict the capacity 

of the substructures relatively well [22]. 

 
a) Exterior joint. 

 
b) Interior joint. 

Fig. 6. Properties of the nonlinear rotational 

spring for the exterior and interior substructures 

[22]. 

4. Nonlinear dynamic analysis 

4.1. Time-history analysis 

In this section, the seismic response of the 

old 3-story concrete building reinforced by 

plain bars and represented in this study were 

investigated due to time-history analysis. The 

grand motion considered in this study is 

unscaled Kocaeli earthquake in Turkey. The 

magnitude and the PGA of this earthquake 

were 7.5 Mn and 0.22 g respectively (see Fig. 

7(a)). The effects of vertical mass irregularity 

on time-history of base shear, floor 

displacements and maximum interstory drift 

ratio of the whole structure are investigated 

and compared.  

Based on Fig. 7(b), variation of base shears 

from the bottom to the top level of the 

building, follows increase in each irregularity 

pattern. As shown in Fig. 7(c) and Fig. 7(d), 

the story drifts and floor displacement of the 

buildings increases due to vertical mass 

irregularity. The average of the increase at 

floor displacements of the stories in E-W 

(longitudinal) direction for the buildings with 

different irregularity including irregular mass 

located at bottom (IRCP-B), median (IRCP-

M), and top story (IRCP-T) are %8.46, 

%15.06, and %5.32, respectively.  

Also, the average of the increase at floor 

displacements of the stories in N-S 

(transverse) direction for the buildings with 

different irregularity including irregular mass 

located at bottom, median, and top story are 

%9.21, %24.89 and %26.66, respectively. On 

average for E-W and N-S direction, the 

increase at Max inter story drift ratios for the 

buildings with different irregularity including 

irregular mass located at bottom (IRCP-B), 

median (IRCP-M), and top story (IRCP-T) 

are %7.32, %13.71 and %9.34, respectively. 

It is important to be noted that irregularity in 

bottom story has the least effect on the 

increase of the lateral drift. According to 

Figure 7(d), the represented buildings are still 

primarily linear elastic considering the levels 

of inter story drifts that are less than 0.7%. It 

happens in concrete structures reinforced by 
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plain bars due to some reasons such as 

slippage of the bars in the panel joint of 

beam-column connections. It causes the 

yielding deformation of the structural 

behavior of beam-column joint increased in 

comparison to the concrete joints reinforced 

by deformed bars [42]. 

4.2. Incremental dynamic analysis 

Incremental dynamic analyses of the old 3-

story concrete building reinforced by plain 

bars and represented in this study was 

conducted to develop fragility curves for 

various damage states. In IDA, a structural 

model is subjected to a set of ground motion 

records, scaled to different levels of intensity 

to describe the structural behavior from 

elastic to collapse [23][43], [44]. A damage 

limit state is defined as a threshold condition 

of buildings corresponding to a certain level 

of damage under an earthquake. To drive 

fragility curves, it is necessary to define an 

Engineering Demand Parameter (EDP) that 

can be correlated well with damage states. 

The inter-story-drift ratio is one of the most 

important EDPs that can predict damage 

states ranging from slight to destruction of 

buildings well. In this paper, the provisions 

of HAZUS-MH-MR-5 was used to determine 

the average inter story drift ratio 

corresponding to various damage states [24]. 

Results of the incremental dynamic analysis 

are sensitive to ground motion records 

selected for analyzing the models. 

Magnitude, source-to-site distance, and soil 

type are parameters influencing the ground 

motion record characteristic. To avoid bias in 

the results, the records of earthquakes were 

compiled in a way that their magnitudes and 

source-to-site distances follow the normal 

distribution [45]. As shown in Fig. 8, 

histogram curves of magnitude and closest 

distance to fault rupture variables are 

approximately well fitted with the normal 

distribution. The earthquake record set are 

shown in Table 2. 

Incremental dynamic analysis of the existing 

building, subjected to seismic excitations in 

two orthogonal directions simultaneously, 

was conducted under two abovementioned 

record sets. 

The stronger component of each ground 

motion pair (E-W (longitudinal) direction) 

was applied along the direction corresponded 

to the first structural period of the structure. 

The 5% damped pseudo spectral acceleration 

at the first mode period of the 

building, 𝑆𝑎(𝑇1), was used as the intensity 

measure to scale the stronger component of 

each record pair to various intensities. The 

same scaling factors were used for the 

weaker components of the time histories to 

preserve the recorded relationship between 

the components. The parameter of  𝑆𝑎(𝑇1) 

was used for scaling the records because of 

having two important characteristics of 

sufficiency and efficiency, particularly for 

short and moderate-period buildings [47]–

[49]. Additionally, seismic hazard curves in 

terms of  𝑆𝑎(𝑇1) are available in most regions 

of the world. For each pair of the records, the 

intensity was increased until numerical non-

convergence is observed or reaching to level 

of lateral drift in HAZUS, indicating global 

dynamic instability. The structural response 

parameter used as the EDP (Engineering 

Demand Parameters) in this study, is the 

maximum inter story drift. Fig. 9 shows IDA 

curves for the non-code-conforming 3-story 

RC Building with plain bars in E-W 

(longitudinal) and N-S (transverse) 

directions. Fig. 10 shows 50% fractile of IDA 

analysis results for different types of mass 

irregularity and E-W, N-S directions. To 

summarize the IDA curves into, 50% fractile 
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curves, stripes of IM-values were calculated 

at several levels of the EDP, and the 50% 

fractile IM values given the EDP-level were 

estimated. The 50% fractile curves were used 

to determine the ultimate capacity of the RC 

existing buildings. The ultimate capacity 

refers to the capacity at which the local slope 

of the IDA curve reaches zero. As it was seen 

in Fig. 10(a), mean of complete collapse 

capacity of the buildings for E-W 

(longitudinal) direction and regular mass 

(RCP), irregular bottom story (IRCP-B), 

irregular median story (IRCP-M) and 

irregular top story (IRCP-T) has been 

evaluated 0.65g, 0.4g, 0.33g and 0.42g, 

respectively. According to HAZUS, complete 

collapse capacity of the building refer to the 

condition which max drift ratio of the story 

exceeds from 0.04 (see Table. 3) Also, 

according to Fig.10(b), mean of complete 

collapse capacity of the buildings N-S 

(transverse) direction and regular mass 

(RCP), irregular bottom story (IRCP-B), 

irregular median story (IRCP-M) and 

irregular top story (IRCP-T) has been 

evaluated 0.7g, 0.45g, 0.4g and 0.5g, 

respectively. 

  
(a) (b) 

  
(c) (d) 

Fig. 7. Comparison of time-history responses of old reinforced concrete building with plain bars under Kocaeli, 

Turkey earthquake (a) Acceleration time history of Kocaeli, Turkey earthquake (b) base shear (c) floor 

displacement (d) Max inter story drift ratio (%). 
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Table 2. Details of 20 earthquake ground motions considered in this study [46]. 

Far-Field Record Set 

No Event Year Station Name M R(Km) Vs30 (m/s2) 

1 Hector Mine 1999 Hector 7.1 11.7 685.00 

2 Kobe, Japan 1995 Nishi-Akashi 6.9 7.1 609.00 

3 Kocaeli, Turkey 1999 Arcelik 7.5 13.5 523.00 

4 Manjil, Iran 1990 Abbar 7.4 12.6 724.00 

5 Chi-Chi, Taiwan 1999 TCU045 7.6 26.0 705.00 

6 Friuli, Italy 1976 Tolmezzo 6.5 15.8 425.00 

7 Tabas 1978 Deyhook 7.4 13.9 471.53 

8 Whittier Narrows-01 1987 San Gabriel-E Grand Av 5.9 15.2 401.37 

9 Parkfield 1966 Temblor Pre1969 6.1 15.9 527.92 

10 Victoria, Mexico 1980 Cerro Prieto 6.3 14.3 471.53 

Near Fault Record Set With Pulse 

11 Cape Mendocino 1992 Petrolia 7.0 8.2 713.00 

12 Landers 1992 Lucerne 7.3 2.2 685.00 

13 Northridge-01 1994 Sylmar - Olive View 5.3 9.0 441 

14 Chi-Chi, Taiwan 1978 TCU102 7.6 7.7 714 

15 Bam 2003 Bam 6.5 0.0 487.4 

Near Fault Record set Without Pulse 

16 Gazli, USSR 1976 Karakyr 6.8 5.5 660 

17 Nahanni, Canada 1985 Site 2 6.8 4.9 660 

18 Loma Prieta 1989 Corralitos 6.9 3.9 462 

19 Cape Mendocino 1992 Cape Mendocino 7.0 7.0 514 

20 Silakhor 2006 Chalan Choolan  5.9 9.0 428 

 

Note: The record set includes 20 pairs of horizontal ground motion records, 40 individual components, selected from record sets 

proposed by the FEMA P695 [46]. Slight changes were made to the FEMA record sets to correspond with the condition of the 

soil type II Iranian seismic code (2800 code). 

  
(a) (b) 

Fig. 8. Histogram with normal distribution curve for a magnitude, and b closest distance 

from source-to-site variables. 
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(a) regular (RCP) – E-W direction. (b) regular (RCP) – N-S direction. 

  

(c) irregular bottom story (IRCP-B) – E-W direction. (d) irregular bottom story (IRCP-B) – N-S direction. 

  
(e) irregular median story (IRCP-M) – E-W direction. (f) irregular median story (IRCP-M) – N-S direction. 

  

(g) irregular top story (IRCP-T) – E-W direction. (h) irregular top story (IRCP-T) – N-S direction. 

Fig. 9. IDA curves of four RC existing buildings in E-W (longitudinal) directions and N-S (transverse) 

directions. 
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(a) E-W direction. 

  
(b) N-S direction. 

Fig. 10. Comparison of IDA results for both of 

E-W (longitudinal) and N-S (transverse) 

directions. 

Table. 3. Inter-story drift ratio for various 

structural damage states [24]. 

 Structural Damage States 

 Slight Moderate Extensive Complete 

3-

story  

0.004 0.006 0.016 0.04 

 

5. Development of fragility curves 

Considering the lognormal distribution for 
𝑆𝑎,𝑐 values, the fragility function is described 
in Eq. (2). [50]–[54]. 

𝑃(𝑆𝑎,𝑐 ≤ 𝑠𝑎) = ϕ (
ln(𝑠𝑎) − 𝜇𝐿𝑛(𝑆𝑎,𝑐)

𝜎𝐿𝑛(𝑆𝑎,𝑐)
)     Eq. (2) 

Where ϕ is the standard normal cumulative 
distribution function, 𝜇𝐿𝑛(𝑆𝑎,𝑐) is the mean 

value of the natural logarithm of the damage 
state capacities, and 𝜎𝐿𝑛(𝑆𝑎,𝑐) is the record to 

record dispersion (i.e., the standard deviation 
of the natural logarithm of the damage state 
capacities).  

Fig. 11 shows the lognormal distribution 
fitted to the damage state capacities obtained 
from the IDA curves. These curves are 
fragility functions for the non-code-
conforming 3-story concrete building 
reinforced by plain bars with consideration of 
regularity and irregularity of vertical mass 
distribution. According to the results, there 
are considerable differences between the 
fragility curves developed for building with 
regular and irregular mass distribution under 
earthquake ground motions recorded in E-W 
and N-S directions.  

As shown in Fig. 11(a) and Fig. 11(b), by 
changing the direction E-W to N-S, mean of 
complete collapse capacity of the represented 
building for regular mass (RCP), irregular 
bottom story (IRCP-B), irregular median 
story (IRCP-M) and irregular top story 
(IRCP-T) have been decreased %7.69, 
%12.5, %21.21, and %19.04, respectively. 

Fig. 12 provides the median and standard 
deviation of the fitted lognormal distribution 
for collapse damage states of the non-code-
conforming 3-story concrete building 
reinforced by plain bars.  

On average in E-W direction, considering the 
effects of vertical mass irregularity, the 
median capacity of the buildings with mass 
irregularity at the bottom (IRCP-B), median 
(IRCP-M), and top story (IRCP-T) compare 
to the building with regular mass (RCP) 
distribution are reduced by amount of 
%38.46, %49.23 and %35.38, respectively. 
Also for N-S direction, median capacity of 
the buildings at the bottom, median, and top 
story compare to the building with regular 
mass (RCP) distribution are reduced by 
amount of %37.71, %42.85 and %28.57, 
respectively. 
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(a) E-W direction. 

 

(b) N-S direction 

Fig. 11. Fragility curves of the presented RC 

existing buildings in E-W (longitudinal) and N-

S (transverse) directions at complete collapse 

damage states with consideration of vertical 

mass irregularity. 

For estimating the collapse fragility of the 

buildings at the MCE level of shaking, at first 

Sa corresponding to the MCE level should be 

calculated from the risk analysis curve, and 

after that we can reach to the probability of 

exceedance for MCE level of shaking. Fig.13 

provides the probability of the complete 

damage of the represented buildings, given 

the return period 475 years and 2475 years 

spectral accelerations of Bojnord city. 

According to Fig. 13, at spectra acceleration 

of Bojnord with a return period of 2475 

years, complete damage probability in E-W 

direction of the building with regular mass 

(RCP), irregular bottom story (IRCP-B), 

irregular median story (IRCP-M) and 

irregular top story (IRCP-T) are about %75, 

%96, %98 and %94, respectively. 

 
(a) Median of the fitted lognormal distribution. 

 
(b) Standard deviation of the fitted lognormal 

distribution. 

Fig. 12.median and standard deviation of the 

fitted lognormal distribution for collapse 

damage states. 

 
a) return period of 475. 

 
b) return period of 2475. 

Fig. 13. Damage probability of various 

buildings under the earthquake with a return 

period of 475 years and 2475 years. 

0

0.2

0.4

0.6

0.8

1

0 0.3 0.6 0.9 1.2 1.5 1.8

P
ro

b
ab

il
it

y
  
o

f 
 E

x
ce

ed
an

ce
  

RCP IRCP-B

IRCP-M IRCP-T

0

0.2

0.4

0.6

0.8

1

0 0.3 0.6 0.9 1.2 1.5 1.8

P
ro

b
ab

il
it

y
  
o
f 

 E
x
ce

ed
an

ce
  

RCP IRCP-B

IRCP-M IRCP-T

0.65

0.4

0.33

0.42

0.7

0.45

0.4

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

RCP IRCP-B IRCP-M IRCP-T

S
a

(T
1
) 

[g
]

E-W direction N-S direction

0.48

0.44

0.47 0.47

0.51

0.37

0.47
0.46

0

0.1

0.2

0.3

0.4

0.5

0.6

RCP IRCP-B IRCP-M IRCP-T

S
ta

n
d
ar

d
 d

ev
ia

ti
o

n

E-W direction N-S direction

0.15

0.5

0.6

0.37

0.13

0.37

0.45

0.25

0

0.2

0.4

0.6

0.8

1

RCP IRCP-B IRCP-M IRCP-T

P
ro

b
ab

il
it

y
 o

f 
C

o
m

p
le

te
 D

am
ag

e

E-W direction N-S direction

0.75

0.96
0.98

0.94

0.69

0.96 0.95

0.89

0

0.2

0.4

0.6

0.8

1

RCP IRCP-B IRCP-M IRCP-T

P
ro

b
ab

il
it

y
 o

f 
C

o
m

p
le

te
 D

am
ag

e



 M. Adibi, R. Talebkhah/ Journal of Rehabilitation in Civil Engineering 10-4 (2022) 14-32 27 

6. Hazard and reliability analysis 

The probability of exceeding (Pf) a given 

limit state in a reference time period (in 

years) was evaluated by reliability analysis 

due to integrating the convolution of 

structural fragility curves and hazard curves 

[30]. A specific fragility curve represents the 

probability of a specific structure of period 

𝑇1 to exceed a specified limit state, and the 

hazard curve describes the probability of 

exceeding the intensity 𝑆𝑎(𝑇1), in a specific 

site in the reference service time period (∆t). 
The probability of exceeding a limit state in 

the reference period (Pf) can be expressed as: 

𝑃𝑓 = ∫ 𝑃 [𝐶 ≪ 𝐷|𝐼𝑀 = 𝑥]𝑃[𝑥]𝑑𝑥 

 

Eq.(3) 

 

where 𝑃[𝑥] is the probability of exceeding an 

IM = x =𝑆𝑎(𝑇1), in a specific site in the 

reference period (50 years) described by a 

Poisson model as: 

𝑃[𝑥] = 1 − 𝑒𝜆[𝑥] ∆𝑡  Eq.(4) 

in which 𝜆[𝑥] is a function describing the 

annual rate of exceeding the IM = x =𝑆𝑎(𝑇1). 

Hazard curves are obtained in a simplified 

way from spectral ordinates at different 

vibration periods (𝑆𝑎(𝑇1,i)). It can be 

calculated for different return period (TR) 

spectra, associated with the respective annual 

rates of exceedance (λ = 1/TR). The 

interpolation of results allows determining 

the hazard curves which are site and period 

dependent. The convolution integral in Eq. 

(3) is used to determine the probability of 

failure (generally intended as the probability 

of exceeding a limit state) which takes into 

account both fragility and hazard. 

In the present study, we used the results of 

probabilistic seismic hazard analysis (PSHA) 

of Bojnord city located in the northeast of 

Iran [55], [56]. Hazard curves, representing 

the annual rates of exceeding the IM = x 

=𝑆𝑎(𝑇1) (Fig. 14(a)), are obtained for each 

vibration period associated with the four 

structural typologies. Hazard curves are then 

converted into probabilities of exceedance 

within a service life of 50 years by using the 

Poisson’s model equation provided in 

Eq.(4), where is ΔT indeed 50 years and λ
[x = IM] the interpolation function for each 

period. Hazard curves in 50 years for each 

vibration period are depicted in Fig. 14(b). 

  
(a) 

  
(b) 

Fig. 14. Hazard analysis for Bojnord (Iran) (a) 

annual rate of exceedance curves for different 

T1 values (b) Probability of exceedance in 50 

years curves [55], [56]. 

In Fig. 15, the hazard curves for the reference 

vibration periods, are superimposed with 

fragility curves of the four structural 

typologies. The intersection areas between 

hazard and fragility curves are proportional 

to the probabilities of exceedance the 

different limit states, which are numerically 
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determined by Eq.(4). This results can be 

compared with the outcomes of fragility 

curves, which have shown better 

performance of the building with regular 

mass distribution. The obtained probabilities 

of occurrence (Pf) for complete damage limit 

states are compared as bar charts in Fig. 16. 

This result shows a dramatically increased 

probability of occurrence of complete 

damage limit state in the cases of irregular 

mass distribution. Probabilities of occurrence 

for irregular bottom (IRCP-B), median 

(IRCP-M), and top story (IRCP-T) are about 

1.51, 1.6, and 1.04 times of the probability of 

exceedance evaluated for the building with 

regular mass (RCP) distribution.

  
(a) regular (RCP). (b) irregular bottom story (IRCP-B). 

 
 

(c) irregular median story (IRCP-M). (d) irregular top story (IRCP-T). 

Fig. 15. Fragility curves of collapse limit states and hazard curves (Bojnord, Iran) for different 

irregularity of mass distribution. 
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Fig. 16. Probabilities of occurrence in 50 years 

of collapse limit states by consideration vertical 

mass irregularity. 

7. Conclusion 

In this research, Effects of vertical mass 

irregularity on collapse capacity of the non-

code-conforming and existing concrete 

building reinforced by plain bars were 

evaluated. The represented building was a 

three story building constructed before the 

1970s and according to the old design codes 

and references. Damage mode of the 

structures and behavior of the beam-column 

joints were considered in the modeling of the 

structure. Incremental dynamic analyses 

(IDA) were conducted on the building model 

using 20 pairs of normalized earthquake 

records set to develop the fragility curves. 

Seismic risk assessment allowed comparing 

the performances of the systems by 

accounting for both fragility and hazard 

curves to obtain probabilities of occurrence 

of complete collapse limit state. The obtained 

outcomes can be summarized as follows:  

Irregular distribution of mass in the height of 

the building increases the fundamental period 

of the structure. 

All of vertical mass irregularities in different 

stories cause to increase the time-history of 

base shear, floor displacements and 

maximum inter-story drift ratio of the 

existing RC building. 

On average, considering the effects of 

vertical mass irregularity, the median 

capacity of the buildings with mass 

irregularity at the bottom, median, and top 

story compare to the building with regular 

mass distribution are reduced by amount of 

%38.08, %46.04 and %31.97, respectively.   

Probabilities of occurrence for irregular 

bottom, median, and top story are about 1.51, 

1.6, and 1.04 times of the probability of 

exceedance evaluated for the building with 

regular mass distribution. 
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