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Damage assessment, fragility, and vulnerability analysis of reinforced concrete 
building

In addition to a concise literature review, this study presents a comparative analysis of 
reinforced concrete (RC) buildings through damage index (DI) analysis using different 
methodologies. The seismic response of a five-story RC frame system building, designed 
in accordance with the EN structural Eurocodes, was analysed through fragility and 
vulnerability assessments. The Park–Ang methodology was used in the analysis for 
determining DI and its parameters. Nonlinear static analysis (NSA) and nonlinear dynamic 
analyses (NDA) were performed, and the fragility and vulnerability curves were constructed 
using the obtained results and processed through statistical analysis. The results were 
calculated using four different DI models: the DIPA model using both the NSA and NDA 
results (M1), modified DIPA model using both the NSA and NDA results (M2), DIPA model 
using the NSA results (M3), and modified DIPA model using the NSA results (M4).
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Pregledni rad

Radomir Folić, Miloš Čokić, Boris Folić, Zoran Brujić

Procjena oštećenja i analiza vjerojatnosti oštećenja i oštetljivosti 
armiranobetonske zgrade

Osim sažetoga pregleda literature, rad sadrži komparativnu analizu armiranobetonskih 
(AB) zgrada pomoću analize indeksa oštećenja (DI) primjenom različitih metodologija. 
Seizmički odziv peterokatne okvirne AB zgrade, projektirane u skladu s konstrukcijskim 
normama Eurokod, analiziran je procjenom vjerojatnosti oštećenja i oštetljivosti. U analizi 
kojoj je cilj određivanje DI-ja i njegovih parametara primijenjena je metodologija Park–Ang. 
Provedene su nelinearna statička analiza (NSA) i nelinearna dinamička analiza (NDA) te 
su na temelju dobivenih rezultata oblikovane krivulje vjerojatnosti oštećenja i oštetljivosti 
koje su obrađene statističkom analizom. Rezultati su izračunani pomoću četiri različita 
modela DI-ja: model DIPA primjenom rezultata NSA i NDA (M1), modificirani model DIPA 
primjenom rezultata NSA i NDA (M2), model DIPA primjenom rezultata NSA (M3), te 
modificirani model DIPA primjenom rezultata NSA (M4).
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oštetljivost

Prof.emer. Radomir Folić, PhD. CE
University of Novi Sad, Serbia 
Faculty of Technical Sciences 
boris.r.folic@gmal.com
Corresponding author

Miloš Čokić, PhD. CE
Termoenergo Inženjering, Serbia
cokicmilos@gmail.com

Boris Folić, PhD. CE
University of Belgrade, Serbia
Innovation Centre 
Faculty of Mechanical Engineering
boris.folic@gmail.com

Assoc.Prof. Zoran Brujić, dipl.ing.građ.
University of Novi Sad, Serbia 
Faculty of Technical Sciences
zbrujic@uns.ac.rs



Građevinar 6/2023

592 GRAĐEVINAR 75 (2023) 6, 591-606

Radomir Folić, Miloš Čokić, Boris Folić, Zoran Brujić

1. Introduction

During strong earthquakes, the response of reinforced concrete 
(RC) structures can cause various types of damage. Therefore, 
the modern concept of designing seismically resistant 
structures requires nonlinear analysis, and performance-based 
design methods have been developed to address the damage 
and failure. Various levels of loss may occur depending on the 
degree of structural damage. Therefore, it is crucial to mitigate 
earthquake-induced damage to structures and minimise the 
loss of life and property. 
The references cited in this paper pertain to the damage in RC 
structures, including moment-resistant frames (MRF). Several 
studies have referred to the development of performance-
based design and assessment of seismic performance in RC 
structures, and their fragility and vulnerability issues have been 
more widely analysed. 
An overview of seismic reliability and risk assessment based 
on fragility analysis was presented in [1], whereas guidelines 
for the fragility, vulnerability, and risk analysis of structures 
were presented in [2]. Analytical vulnerability assessment 
guidelines for low- to mid-rise buildings are outlined in [3]. A 
broader analysis of seismic fragility evaluation is the subject of 
[4], and analytical fragility methods for seismic risk assessment 
are presented in [5]. The use of the pushover method for the 
seismic design of structures and an assessment of existing 
structures was described in [6]. 
In [7], seismic damage indices for RC buildings and related 
concepts and procedures are evaluated, whereas the review of 
damage assessment of this type of structures is given in [8]. The 
relationship between damage indices and damage measures 
was analysed in [9], and the relationship between damage 
indices and seismic ground motion intensity during the Taiwan 
Earthquake of 1999 was considered in [10]. General guidelines 
related to the characteristic formulas of the damage indices of 
an RC structure was presented in [11], and a correlation study 
between the seismic acceleration parameters and damage 
indices of structures was presented in [12]. Nonlinear static 
analysis was used for the seismic damage assessment of RC 
structures in [13], whereas [14] focused on a performance-based 
seismic evaluation procedure for MRF. One of the first books to 
cover the seismic design of RC structures is [15], whereas [16, 
17] provide more detailed information on RC building structures. 
Another book [18], which covers both the damage and retrofitting 
of bridges, is one of the most cited books on the subject. In this 
regard, the adoption of Federal Emergency Management Agency 
(FEMA) documents has been extensively studied, with particular 
attention paid to FEMA 356 [19] and ASCE [20]. 
The development of performance-based seismic engineering 
has been significantly influenced by the publication of [21]. A 
wider analysis of performance-based seismic designs was 
discussed in [22, 23]. Another study [24] focused on the seismic 
performance and evaluation of RC frames. The Earthquake Loss 
Estimation Methodology, proposed by FEMA and presented in 

[25], is widely used worldwide. In Europe, the most commonly 
used methodology for earthquake loss estimation is presented 
in [26]. A next-generation seismic performance assessment 
methodology for existing buildings, including repair cost and 
repair time, is considered in [27]. Fragility curves (FC) are used 
for the damage assessment of a structural system, as discussed 
in [28], whereas the vulnerability assessment of RC-framed 
structures considering the effect of structural characteristics 
is discussed in [29]. The vulnerability and risk evaluation of RC 
structures were analysed in [30]. EN documents for structures 
[31–36] are used to design seismically resistant structures. 
The performance-based seismic assessment of RC MRF is 
presented in [37, 38] considered an efficient analytical fragility 
function fitting using dynamic structural analysis. 
In nonlinear analyses of RC structures, a theoretical stress–
strain model developed by Mander, Priestley, and Park for 
confined concrete [39] is commonly used. This model allows 
for the introduction of different stress–strain relations of 
non-stiffened and stiffened parts in the cross sections and 
structural elements. Statistical analysis and estimation of the 
data distribution type are described in [30]. The correlation 
of structural seismic damage with the fundamental period 
of vibrations of RC buildings, which is often used in seismic 
analyses, was analysed in [41]. Another study [42] focused on 
a structural seismic damage assessment method based on 
structural dynamic characteristics, whereas the damage-based 
seismic performance evaluation of RC frames is described 
in [43]. The effects of degradation on the seismic damage 
of RC buildings were discussed in [44]. The methodology for 
applying the damage spectrum as a seismic intensity measure 
in the endurance time of the MRF was presented in [45]. The 
damage capacity of RC structures using a performance-based 
analysis was the subject of [46]. The performance evaluation 
and damage assessment of buildings subjected to seismic 
loading were discussed in [47]. The development of seismic 
fragility surfaces for RC buildings by means of a nonlinear time-
history analysis was presented in [48], which can be useful 
in a comparative analysis of the results obtained by different 
nonlinear analysis methods.
A review of the seismic vulnerability assessment of RC 
structures is provided in [49], whereas [50] focuses on 
proposing, comparing, and discussing methodologies for 
seismic vulnerability assessment indices for buildings at 
collapse limit states. In [51], the results of a comparative study 
of building seismic vulnerability assessment methods were 
analysed. The assessment of the seismic vulnerability of RC-
frame buildings is discussed in [52], whereas the vulnerability 
of buildings in Australia is described in [53]. In [54], the N2 
method for the damage estimation of MDOF systems under 
seismic conditions was evaluated. The main construction 
systems applied in China and Europe were analysed in [55]. The 
post-earthquake damage evaluation for RC buildings based on 
residual seismic capacity is discussed in [56, 57] evaluates the 
analytical fragility and damage-to-loss models for RC buildings. 
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In [58], the ATC-58-2 project summarised the development of 
next-generation performance-based design criteria related to 
new and existing buildings. A seismic vulnerability evaluation of 
existing RC buildings was considered in [59]. The vulnerability 
and fragility of an RC-frame building, with the application of 
nonlinear time history analysis, was analysed in [60]. In [61], the 
seismic risk assessment of buildings was discussed, and [62] 
proposed a mechanistic seismic damage model for RC using a 
damage index (DI) evaluation formula as a linear combination 
of plastic deformation and energy distribution. In [63], progress 
was made in DI by directly modifying the Park–Ang model by 
eliminating insufficiencies related to the physical meaning 
of DI. In the seismic response analysis of the building in this 
study, databases [64, 65] were used, and the methodology 
proposed in [66] was used for the selection and scaling of [67, 
68]. The assessment of the Park–Ang DI for performance levels 
of RC MRF is presented in [69], whereas the seismic damage 
assessment of RC structures using nonlinear static analyses 
is discussed in [70]. Another study [71] analysed the seismic 
fragility assessment for RC high-rise buildings in the Southern 
Euro-Mediterranean zone, and [72] used the seismic DI for the 
classification of structural damage. The modification of the 
Park–Ang DI to accommodate the effect of aftershocks on RC 
Structures was discussed more widely in [73], whereas the 
estimation of the Park–Ang DI for planar multistorey frames 
using equivalent single-degree systems was analysed in [74]. In 
[75], the effects of seismic loading patterns on the height-wise 
distribution of drifts were studied, and in [76], the results of a 
comparative seismic risk assessment of existing RC buildings 
were presented. The results of a broader analysis of the FC of 
existing RC buildings based on specific structural performance 
levels were presented in [77].
The methodology for developing a seismic vulnerability index 
for RC buildings based on nonlinear parametric analysis 
was the subject of [78], whereas an assessment of the 
vulnerability curves for RC structures using the vulnerability 
index method is presented in [79]. In [80], a review of seismic 
vulnerability assessment methodologies was presented, 
whereas [81] focuses on developing a uniform seismic 
vulnerability framework for RC buildings. Finally, [82] explored 
the performance evaluation of RC frame–wall structures using 
fragility analysis, which is beyond the scope of the constructive 
systems discussed in this paper and requires further research.
This study aims to analyse the seismic response of an RC 
building using nonlinear static analysis (NSA) and nonlinear 
dynamic analysis (NDA) methods. The purpose of this study was 
to determine the DI using the parameters obtained through NSA 
and NDA using a software package [83]. The obtained DI values 
were compared through fragility and vulnerability assessments, 
and the functions were calculated for each damage state. Two 
methods were used to obtain the fragility and vulnerability 
curves. In the first method, the curves were fitted based on 
the probability of exceedance (PoE) of the damage state. 
In the second method, the curves were calculated through 

linear regression analysis; the results obtained using these 
two methods were compared. The focus of this study is to 
determine the likelihood of the results obtained using four 
different DI models: the Park–Ang model using both NSA and 
NDA results (M1), modified Park–Ang model using both NSA 
and NDA results (M2), Park–Ang model using NSA results (M3), 
and modified Park–Ang DI model using NSA results (M4). One 
of the objectives was to obtain the values of DI, fragility, and 
vulnerability assessment results using only NSA parameters 
and compare them with the results obtained using both the 
NDA and NSA methods. This approach simplifies the calculation 
process and reduces the time required for the determination of 
DI and assessment of fragility and vulnerability. The research 
was conducted on one structural model of an RC-frame building, 
and it is necessary to investigate the results of this approach 
using different structural models. 

2. Structural modelling and analysis

2.1. Geometric and material properties

The subject of the analysis was an office/residential building 
frame structural system (Figure 1) with five levels (ground floor 
+ four storeys), as shown in Figure 1. The length of one span in 
both directions is 4.8 m, which makes the total length of the 
building 19.2 m in both the directions; height of the first story 
is 3.6 m, and the heights of the other stories are 3.2 m, which 
makes the total height of the building 16.4 m. All ground floor 
vertical elements are fixed at the bottom level of the structure. 
The building model, which is described in detail in [60], was 
calculated using ETABS [83]. The properties of the cross-
sections are shown in Figure 2.

Figure 1. Building plan (left); numerical model (right), according [60]

Figure 2. Geometric properties and reinforcement, according [60]
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2.2. Loads and actions and modal analysis

The loads acting on the structure include permanent loads (Gi), 
variable live loads (Qi), and seismic loads (Si). The adopted value 
of the permanent constant load is gpl = 3.0 kN/m2, and the load 
intensity of the variable live load amounts to q = 2.0 kN/m2 
on all floors except the roof, where it amounts to qR = 1.0 kN/
m2. The self-weight load of the facade elements is equal to gf 
= 10.0 kN/m. To calculate the impact of an earthquake on the 
structure, an elastic response spectrum, type 1, was used for 
the ground type C, with a PGA of ag = 0.2∙g [60].
Modal analysis was performed to determine the fundamental 
periods of vibration of the system and its modes. It was established 
that the system was torsionally rigid and that the translational 
modes were dominant. Rayleigh viscous (mass–tangent stiffness) 
proportional damping was used in the NDA [60].
The adopted loads and actions on the structure, as well as the 
modal analysis, are described in [60]. The fundamental period T1 
was 0.735 s (80.41 % mass) and T2 was 0.213 s (92.69 % mass 
in sum).

2.3. Loads and actions and modal analysis

Ten accelerograms (Figure 3 and Table 1) were used to perform 
the one-directional NDA. These records correspond to soil type 
C [31]. The main criterion for selecting earthquake records 
was that the mean of the selected and scaled records should 
match the elastic response spectrum EN1998-1 [31] used in 
the analysis. THA data were scaled with a common scale factor 
FS = 1.61, which was obtained using the least-squares method. 

Scaled accelerograms are used for NDA, with the increment of 
ΔPGA = 0.1 g, in a total scaling factor range of 0.1–1.0 g. The 
entire procedure has been described in detail in [60].

Figure 3. Response spectra and TH data, after [60]

2.4. Model for nonlinear analysis

In the models for the post-elastic analysis, the following 
assumptions and simplifications were used [60]:
 - The calculation includes the effects of the second-order logic 

(P–Δ);
 - To describe the nonlinear behaviour of the material, its 

nonlinear properties are used to describe the behaviours of 
concrete [35, 39] and reinforcement steel [36, 39].

 - The behaviour of RC is described by the Takeda hysteresis 
model, whereas the kinematic model of hysteresis is used 
for reinforcement.

 - The columns and beams are modelled as confined RC 
elements with a protective layer of concrete.

 - The beams are modelled as “L” and “T” cross-sections, with 
the effective width of the RC plate.

 - RC plates are modelled as rigid diaphragms.

ID br. Earthquake Location Earthquake ID
(Component/Orientation) Station ID/Code Date/Time MW

Original  PHA 
[cm/s2]

EQ01 Spitak, Armenia 213 (Y) 173 07.12.1988.
07:41:24 6.7 179.580

EQ02 Manjil, Western Iran 230 (Y) 189 20.6.1990.
21:00:08 7.4 87.045

EQ03 Umbria Marche, Central 
Italy 286 (Y) 221 26.9.1997.

09:40:30 6.0 218.340

EQ04 Umbria Marche, Central 
Italy 286 (Y) 224 26.9.1997.

09:40:30 6.0 106.660

EQ05 Alkion, Greece 559 (X) 214 15.6.1995.
00:15:51 6.5 55.501

EQ06 Düzce, Turkey 497 (Y) 3139 12.11.1999.
16:57:20 7.2 112.320

EQ07 Umbria, Central Italy EMSC-20161030_0000029 (N-S) CNE 30.10.2016.
06:40:18 6.5 288.280

EQ08 Emilia-Romagna, Italy IT-2012-0011 (N-S) MOG0 29.5.2012.
07:00:02 6.0 167.075

EQ09 Adana, Turkey TK-1998-0063 (E-W) 0105 27.6.1998.
13:55:53 6.2 271.955

EQ10 Emilia-Romagna, Italy IT-2012-0011 (N-S) MIR08 29.5.2012.
07:00:02 6.0 242.970

Table 1. Earthquakes used in NDA
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3. Nonlinear analysis results

3.1. Nonlinear static analysis

The determination of yielding (dY,FY) = (8.19 cm, 8283.23 kN), 
ultimate capacity (dU,FU) = (28.39 cm, 8283.23 kN), spectral 
yielding (SdY,SaY) = (5.72 cm, 0.423 g), and spectral ultimate 
capacity (SdU,SaU) = (21.42 cm, 0.423 g) was performed using 
the EEEP method, as described in detail in [60].

3.2. Damage state performance points

The damage state performance points are determined in the 
same manner as in [60] through threshold performance points, 
using DI as a reference parameter. The methods described in 
[26, 62, 71, 74] were used to calculate the fragility curve.
Four models based on two calculation methods and two 
methods of analysis were used to calculate the DI values:
 - Model 1 (M1): represents the DI calculated based on the 

method proposed by Park and Ang [62] used in [71]; it is 
calculated based on the results of the pushover NSA and 
NDA parameters.

 

 (if Fu < Fy, Fy is replaced by Fu) 

(1)

 - Model 2 (M2): represents the DI calculated based on the 
modified Park–Ang DI [62] described in [74], and the values 
were obtained from the results of the pushover NSA and 
NDA parameters. This model includes the yield displacement 
value in part of the equation and yielding factor in the 
relationship between the maximum roof behaviour dmax and 
ultimate roof displacement of the structure, as determined 
by NSA.

 

 (if Fu < Fy, Fy is replaced by Fu) 

(2)

 - Model 3 (M3) represents the DI calculated based on the 
method proposed by Park and Ang [62, 71]; it is calculated 
based only on the results of the pushover NSA.

 

 (if Fu < Fy, Fy is replaced by Fu) 

(3)

 - Model 4 (M4) represents the DI calculated according to the 
modified Park–Ang DI [62] proposed in [26, 74]; it is calculated 
based only on the NSA results. This model includes the yield 
displacement value in part of the equation and yielding factor 
in the relationship between the maximum roof displacement 
dmax and ultimate roof displacement of the structure, as 
determined by NSA.

 

 (if Fu < Fy, Fy is replaced by Fu) 

(4)

  where β = 0.15 for RC structures [63], and  is the 
maximum roof displacement under an earthquake, obtained 
using NDA, based on the THA data;  represents the 
target roof spectral displacement under the same earthquake, 
but obtained using the corresponding response spectra in 
NSA.  represents the ultimate roof displacement on the 
bilinear pushover curve, and  represents the ultimate 
roof displacement on the corresponding bilinearised capacity 
curve; both the values were determined using NSA.

 is the yield force on the bilinearised pushover curve, and 
 represents the yield spectral acceleration value on the 

corresponding bilinearised capacity curve. Both values were 
determined using NSA;  is the first yield displacement 
when Eh reaches a nonzero value, obtained using the NDA;  
represents the yield roof displacement on the bilinearised 
capacity curve obtained using the NSA  has a different 
value for each TH data set and each intensity measure (IM, 
where IM = PGA); the value of  is determined on the 
bilinearised capacity curve and has a constant value.

Figure 4. Capacity curve (left) and pushover (right) bilinear approximations, according [60]
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 is the hysteretic energy absorbed during a seismic action, 
and it is obtained using NDA and used in M1 and M2.

 (5)

with the boundary conditions of [60].

 is the hysteretic energy dissipated by damping, which was 
obtained using the NSA, calculated according to [84], and used 
in M3 and M4.

 (6)

They are obtained, as shown in Figure 5 and has different values 
for each TH and IM datasets.
The values of the yield displacements (dY), as shown in Figure 6 
(left), were used in the DI assessment based on the results of the 
NDA. The scheme in Figure 6 (right) represents the procedure 
for calculating the hysteretic energy for the NSA procedure and 
DI calculation based on the results.

Figure 5. Derivation of hysteretic energy , according [19]

The DI values for all four calculation models are displayed in 
Figures 7 and 8; they were used for further assessment of the 
fragility and vulnerability functions.
The DI values for all four calculation models are displayed in 
Figure 9; they are used for further assessment of the fragility 
and vulnerability functions.

Figure 6.  First yield displacement values obtained using NDA (left) and absorbed hysteretic energy calculation method from the pushover results 
obtained using NSA (right), according [60]

Figure 7. Damage index values for M1 (left) and M2 (right)
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Linear regression analysis was performed to determine the 
relationship between the DI and roof displacement values d for 
all four calculation models. Similarly, a linear regression analysis 
was performed to determine the relationship between the DI 
and dissipated energy values, Eh, for all the calculation models. 
The linear relationships and correlation values are presented 
in Equation (7). The linear relationships between DI and d and 
between DI and Eh are shown in Figure 10. 

DIM1 = 0, 0497∙d – 0,0720; R = 0,9831
DIM1 = 0,000193∙Eh + 0,285479; R = 0,9168

DIM2 = 0, 0523∙d – 0,1449; R = 0,9842
DIM2 = 0,000202∙Eh + 0,233458; R = 0,9129
      (7)
DIM3 = 0, 0786∙d – 0,1900; R = 0,9980
DIM3 = 0,000182∙Eh + 0,305668; R = 0,9947

DIM4 = 0, 0941∙d – 0,5126; R = 0,9938
DIM4 = 0,000218∙Eh + 0,079639; R = 0,9970

Figure 8. Damage index values for M3 (left) and M4 (right)

Figure 9. Damage index values for M1–M4

Figure 10. Comparison of d–DI (left) and Eh–DI (right) relationship for M1–M4
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A comparison of the results was performed for DI = 1.0, for 
which the structure loses its bearing capacity and is in the 
structural damage state of complete damage (Figure 11).
Although the relation among the functions shown in Figure 11 
is not fully described, it can be concluded that using calculation 
models M1 and M2, based on both NSA and NDA methods, the 
structure will reach a value of DI = 1.0, with roof displacement 
values higher than those obtained using calculation models M3 
and M4 in the range of 23.2–32.5 % and lower hysteretic energy 
values in the range of 14.1–23.5 %.

3.3. Statistical analysis of the results

For each PGA and DI distribution, the values fit a lognormal 
distribution. This implies that the relationship between ln(PGA) 
and ln(DI) has a normal distribution for each ln(PGA) in the log–
log space. Statistical analysis of the results was performed the 
same way as described in [60].

4. Discussion of the results

4.1. Fragility analysis

The FC and PoE of damage states (DS) was calculated using the 
expression (8): 

 (8)

A more detailed explanation of the calculation process and 
equation parameters is provided in [60].
Curve fitting (CF) and linear regression (LR) were used to 
calculate the FC using the analytical cumulative distribution 
function (CDF) for the lognormal distribution.

 (9)

This procedure was described in detail in the paper [60].
The damage state values were defined as slight damage (DISD = 
0.10),  moderate damage (DIMD = 0.25), extensive damage 
(DIED = 0.40), and complete damage (DICD = 1.00), according to 
[74].
The results of the structural analysis used in the CF method 
for calculating FC and their distributions are shown in Figure 
12 (left), whereas the results of the structural analysis used 
in the LR method for calculating FC and their linear function 
relationships between IM and EDP are shown in Figure 12 
(right).

Figure 11. Comparison of d (left) and Eh (right) for DI = 1.0 (M1–M4)

Figure 12. Example of the assessment of PoE of a particular DS for each IM (left) and linear regression method (right) for M2
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Based on the obtained results, the FC and probability density 
functions (PDFs) were calculated. An example of M2 is shown in 
Figure 13 for all four models of DI determination.
The PDFs for the occurrence of different damage states were 
calculated using the equations described in [2, 38]:

PDS0 = 1 – PDS1[IMj, µLN|DS1, σLN|DS1]

PDS1 = PDS1[IMj, µLN|DS1, σLN|DS1] - PDS1+1[IMj, µLN|DS1+1, σLN|DSi+1] (10)

PDSn = PDSn[IMj, µLN|DSn, σLN|DSn] 

After calculating the FC, the structural responses of the RC 
building were compared for each damage state (Figures 14 
and 15). It is evident that models M1–M4 differ from each 
other for a certain value, and a difference based on the analysis 
approach and curve calculation method exists. However, for 
both fragility curve calculation methods, the results obtained 
using M2 model with the combined (NSA and NDA) approach 
are very similar to those obtained using M4 model, where the 
DI values and parameters were calculated using only the NSA 
method. Both models represent the modified Park–Ang DI 
calculation models.

Figure 13. Fragility curves (left) and PDF (right) for M2

Figure 14. Fragility curves for the occurrence of SD (left) and MD (right) for M1–M4

Figure 15. Fragility curves for the occurrence of ED (left) and CD (right) for M1–M4
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For functions related to cumulative distribution functions (CDF) 
or FC, the conclusions related to the relationships between 
PDFs are the same as those mentioned for the CDF.
Four calculation models M1–M4 were used for a comparative 
analysis of the results. Model M1 was selected as the 
comparative reference model in the first iteration. The 
differences between the FC (Figures 16 and 17) calculated using 
all the models were calculated using the following equations:

 (11)

 (12)

index DSi represents a particular damage state, Mj is the value 
of the intensity measure, DI represents the DI, MDF is the mean 
damage factor, and Mi and Mref are the analysed and reference 
models, respectively.

M2 and M4 values were closer to M1 than to M3. It is evident 
that, as previously stated, the smallest difference was obtained 
between M2 and M4; these models should be further compared 
and analysed.

4.2. Vulnerability analysis

The vulnerability curves were calculated according to the method 
described in [60]. The vulnerability curves were calculated based 
on the fragility results according to the equation and process 
described in [3]:

 (13)

where n is the number of considered DS DS (DSi), P(DSi|IM) is 
the damage probability, and are the cumulative distribution of 
cost (or loss) according to [3]. The values of E(C|DSi|) are adopted 
from [5]. The results are compared and displayed in Figure 18.
Because the vulnerability curves are calculated based on the 
fragility parameters, the relationship between the results will 

Figure 16. Difference between fragility curves for referent model M1, for SD (left) and MD (right)

Figure 17. Difference between fragility curves for referent model M1, for ED (left) and CD (right)

Table 2. Damage factor functions of building typology according to [3]

Damage scale E(C|DSi)

Damage state
Slight Moderate Extensive Complete

2 % 10 % 50 % 100 %
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be the same as in the case of the fragility assessment, which 
implies that M2 and M4 values are closer to M1 than M3. It is 
also evident that, as previously stated, the smallest difference 
is between M2 and M4, and that these models should be further 
compared and analysed.

4.3. Comparative analysis of the results

Comparing the fragility and vulnerability curves through a numerical 
comparison of the models for each PGA is inconvenient because it 
is already represented through visual comparison in Figures 16–
18; it describes the differences between the results obtained using 
different DI models and different methods of structural response 
analysis. The differences between the models and methods 
are shown in Figures 19 and 20 for the design with PGA = 0.2 g. 
However, no clear pattern can be observed in Figures 19 and 20, 
except a clear deviation in M3 compared with the other models. 

Figure 19. PoE of particular DS for M1–M4 for PGA = 0.2 g

Figure 20. PoE of particular MDF for M1–M4 for PGA = 0.2 g

No clear pattern can be observed from Figures 21–25, except a 
clear deviation in M3 compared with the other models. In further 
analysis, the results of fragility and vulnerability will be observed 
using only two models: the modified Park–Ang DI model 
calculated using NSA and NDA parameters (M2), which should 
give the most accurate input in seismic response of the 
structure, because it includes maximum roof displacements 
under earthquake , obtained using NDA, ultimate roof 
displacement on bilinearised pushover curve , yield force 
on bilinearised pushover curve , first yield displacement 

, and absorbed hysteretic energy during the earthquake 
; the model with parameters, which are corresponding to 

the ones given in M2 but obtained only using NSA (M4). These 
two models had the most similar results obtained using either 
the CF or LR calculation methods. Model M2 was selected as 
the reference comparison model.

Figure 18. Vulnerability curves for M1–M4 (left) and difference between vulnerability curves for referent model M1 (right)

Figure 21. Difference between fragility curves for referent model M2CF (left) and M2LR (right) for SD
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Figure 22. Difference between fragility curves for referent model M2CF (left) and M2LR (right) for MD

Figure 23. Difference between fragility curves for referent model M2CF (left) and M2LR (right) for ED

Figure 24. Difference between fragility curves for referent model M2CF (left) and M2LR (right) for CD

Figure 25. Difference between vulnerability curves for referent model M2CF (left) and M2LR (right)
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If M2CF is selected as the reference model, the smallest 
deviations in the value of the PoE for all DS and in vulnerability 
analysis will be in the case of M4CF model, followed by models 
M2LR and M4LR, as anticipated. The ranges between the 
deviations are shown in Figures 21–25 (left). When M2LR is 
selected as the referent model, the smallest deviations in the 
value of the PoE for all DS and in vulnerability analysis will be 
in the case of M4LR model, followed by models M2CF and M4CF, 
as anticipated. The ranges between the deviations are shown in 
Figures 21–25 (right).
The results deviate in the range of -2.80 % to +6.52 % in fragility 
and in the range of -1.64 % to +3.24 % in vulnerability analysis 
when M4CF is compared with the reference model M2CF, which is 
the case where DI values are obtained by NSA and NDA (M2CF) 
and only NSA (M4CF), using the curve fitting method for the 
derivation of FC based on the PoE of the DS analysis. (Figure 26)
In the case of the results obtained using the linear regression 
method for the derivation of FC, compared with the reference 
model M2CF, the difference between the results is larger, ranging 
from -8.93 % to +14.27 % in fragility and from -7.21 % to +8.17 % 
in the vulnerability analysis for M2LR and from -7.07 % to +15.14 
% in fragility and from -6.25 % to +10.00 % in the vulnerability 
analysis for M4LR (Figure 26).

Figure 26.  Maximum and minimum difference between fragility 
curves for referent model M2CF

The results deviate in the range of -2.84 % to +9.27 % in fragility 
and in the range of -0.04 % to +2.40 % in the vulnerability 
analysis, when M4LR is compared with the reference model 
M2LR using the linear regression method for the derivation of FC 
based on the PoE of DS analysis (Figure 27).

Figure 27.  Maximum and minimum difference between fragility 
curves for referent model M2LR

In the case of the results obtained using the curve fitting 
method for the derivation of FC, compared with the reference 
M2LR model, the difference between the results is larger, ranging 
from -14.27 % to +8.93 % in fragility and from -8.17 % to +7.21 % 
in the vulnerability analysis for M2LR and from -11.11 % to +6.14 
% in fragility and from -5.01 % to +5.57 % in the vulnerability 
analysis for M4LR. (Figure 27)

5. Conclusion

This paper presents the calculation and analysis of the DI, 
fragility, and vulnerability assessment for a 5-storey RC frame 
structure selected for the case study. Four calculation models 
(M1–M4) were used to compute DI, and the values were 
obtained based on the NSA and NDA results. Two methods were 
utilised to obtain the FC: the fragility curve fitting method, which 
is based on the calculation of the probability of exceedance of 
the corresponding damage states and linear regression, wherein 
a linear relationship in the log–log space is established between 
the DI and PGA values. The vulnerability curves were determined 
based on the results of the fragility curve assessment and 
probability of exceedance of the corresponding damage states 
as a function of the mean damage factor. These analyses 
provided the basis for subsequent comparative analyses. 
Finally, recommendations and conclusions are provided based 
on the results. 
Regarding the approximated DI–roof displacement linear 
relationships, it can be inferred that models M1 and M2 (based 
on the NSA and NDA methods) will yield lower DI values for the 
same roof displacement values compared with models M3 and 
M4 (based on the NSA), provided that the values of DIM3 = 0.12 
and DIM4 = 0.32 are reached. This implies that after the initial 
formation of a lower degree of damage, the structure will exhibit 
a higher degree of damage for lower displacement values if M3 
and M4 are used as opposed to M1 and M2. The calculations 
using M1 and M2 provided a less conservative relationship 
between the DI and roof displacements for higher degrees of 
damage. Furthermore, the relationship between the dissipated 
hysteretic energy and DI was similar in all the models. The 
results of the DI values and aforementioned relationships are 
presented in the form of the DI–PGA relationship, and the values 
of the DI related to the PGA are comparable for all four models. 
However, when using M3 and M4 (models based on the NSA), 
the DI of the building was slightly higher or more conservative 
for most PGA values. 
The results of the fragility curve calculation indicate slight 
variations in the results for all models at a particular value, and 
a minor difference based on the analysis approach and curve 
calculation method is observed. However, the results obtained 
using M2 model, which combines NSA and NDA, are very similar 
to the results obtained from M4 model, which uses only the 
NSA method for both fragility curve calculation methods. Both 
models used the modified Park–Ang DI calculation models. 
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When the differences between the derived fragility and 
vulnerability curves were analysed, the results showed that the 
smallest difference existed between M2 and M4 models, and 
there was a clear deviation in M3, and then M1, compared with 
those models. The great similarity between the results obtained 
using M2 and M4 was established by applying either the CF or 
LR method for the calculation of the vulnerability curves.
The results suggest that M4 model, which solely employs 
NSA for DI calculation, can be used to simplify the procedure 
described by M2 model, which employs both NDA and NSA. 
The procedures of M4 model are less complex and less time-

consuming than those of M2 model; it also satisfies the 
accuracy requirements of engineering practice. Therefore, the 
methodologies for the DI, fragility, and vulnerability assessment 
applied in this study can be generally extended to different 
types of buildings.
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