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Assessment of fragility curve for steel frame construction under different
categories of earthquakes
The aim of this study is to investigate the effect of two categories of earthquake events
on the fragility curves of steel building construction (structures with different number of
stories) by considering relative lateral displacement as a damage criterion. The categories
used to describe the change in the relative lateral position were chosen to be slight,
moderate, extensive, and complete. Increased seismic demand increases the probability of
exceeding. In other words, the greater the maximum earthquake acceleration, the higher
is the probability of exceeding (PoE). In a 3-story structure, the increase in PGA increases
the PoE of the structure at extensive failure levels. The fragility curves for the 2nd category
earthquakes show a shift from the sleeping mode (gradual increase) to the standing state
(rapid increase) compared to the 1st-class earthquakes in the 5-story model. Increasing
the number of stories increases the PoE of extensive and large failures. The PoE of the
extensive mode in the 7-story model was 10 and 15.5 % higher than that in the 5- and
3-story models, respectively. However, for the complete damage state, the PoE in the
5-story model was 6 and 7 % more than that in the 7- and 3-story models, respectively.
Therefore, it can be concluded that increasing the number of stories increases the PoE,
but this increase is more evident for the extensive failure level.
Key words:
fragile curve, steel structure, probability of exceeding, incremental dynamic analysis (IDA)

4

Siqi Wu

Wusiqi20210525@163.com

Stručni rad

Huihui Zhao, Xiaopeng Wang, Zhichun Fang, Siqi Wu, Mansour Afzal

Procjena krivulje oštetljivosti čelične okvirne konstrukcije kod različitih potresa

5

Mansour Afzal, MCE

Masour.A@hotmail.com
Yuncheng Vocational and Technical University,

1	

Yuncheng, China
Department of Architecture and Civil Engineering
Shanxi Yuncheng Construction Engineering

2	

Group, China
3

Shijiazhuag Tiedao University, Shijiazhuang, China
School of Civil Engineering

4

Shijiazhuag Tiedao University, Shijiazhuang, China
School of Traffic and Transportation

5

Cilj je ovog istraživanja ispitati učinak dviju kategorija potresnih događaja na krivulju
oštetljivosti čelične okvirne konstrukcije zgrade (građevine s različitim brojem katova)
razmatranjem relativnog bočnog pomaka kao kriterija oštećenosti. Kategorije za opisivanje
promjene relativnog bočnog položaja bile su blaga, umjerena, značajna i potpuna. Kako
se povećava seizmički zahtjev, veća je vjerojatnost prekoračenja. Drugim riječima,
ako maksimalno ubrzanje potresa raste, povećava se vjerojatnost prekoračenja (eng.
probability of exceeding - PoE). Povećanja vršnog ubrzanja tla (PGA) povećat će PoE
trokatne konstrukcije pri značajnom oštećenju. Krivulje oštetljivosti druge kategorije
pokazuju pomak iz stanja mirovanja (postupni porast) u stanje stajanja (nagli porast) u
usporedbi s potresima prve klase kod modela s pet katova. Sve veći broj katova utječe na
povećanje PoE pri značajnom i teškom oštećenju i povećava vjerojatnost prekoračenja.
Model sa sedam katova u značajnom načinu ima 10 i 15,5 % PoE veći od modela s pet i
tri kata. Međutim, u stanju potpune oštećenosti, PoE u modelu s pet katova je 6 i 7 puta
veća nego u modelu sa sedam i tri kata. Stoga se može zaključiti da je s povećanjem broja
katova porasala PoE, što se može bolje uočiti pri značajnom stupnju oštenja.

Islamic Azad University, Ardabil, Iran
Ključne riječi:
krivulje oštetljivosti, čelične konstrukcije, vjerojatnost prekoračenja, inkrementalna dinamička analiza (IDA)
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1. Introduction

To accurately determine the FRCs, the correct choice of
earthquake intensity in the structure region is an effective
parameter [14, 15]. Some of the indicators that identify the
General construction requirements from the perspective of
severity of the earthquake suitable for fragility analysis are the
earthquake risk management, human protection, structural behavior,
maximum ground acceleration (PGA) [16], maximum ground
and manufacturing safety have been studied [1, 2]. One of the main
velocity (PGV) [17], and maximum ground displacement (PGD)
strategies in earthquake risk management is risk mitigation, which
[18]. These fragility curves can be obtained from a rational
includes the goal of decreasing the seismic vulnerability of impacted
regression analysis of the actual or simulated damage data or
structures. As a result, incorporating seismic rehabilitation guidelines
using numerical methods [19]. In the last two decades, FRCs
necessitates specialists and engineers to consider seismic criteria
have been widely used by the scientific community for assessing
in their designs [3–5]. One important step in predicting structural
structural behavior and the risk caused by earthquakes [20,
behavior before an earthquake is identifying the strengths and
21]. The failure curve method has significant advantages.
weaknesses of structures [6, 7].
The method uses a simple approach; its value is an indicator
In this direction, the use of fragility curves (FRC) beforeand
of the vulnerability of the structure and its components, and
after an earthquake has been proposed [8]. To analyze various
the expected damage surface can be estimated for a given
structures statistically using probability theory, the correlation
earthquake intensity [22].
between earthquake intensity and the vulnerability of structures
The primary step in seismic risk assessment is estimating the
has been investigated in a statistical format [9]. It is important
physical damage to the components of infrastructure following
from two perspectives:
a seismic event [23]. The FRCs of network components are the
-- Given a statistically significant correlation between
necessary inputs in a failure estimation algorithm.
the magnitude of the earthquake and the considerable
These FRCs are used not only to estimate the physical damage
earthquake damage, the consequences of future earthquakes
to structures but also to estimate the cost of damage restoration
can be predicted.
[24]. In 1985, the American Applied Technology Group
-- By recognizing further flaws in the design of structures, it is
presented a series of seismic risk assessments in California. In
possible to improve additional seismic codes and enhance
this set, multiple functions to assess damage to different types
the safety of structures [10].
of buildings, facilities, and infrastructure components were
developed as matrices of damage. In 1991, in a report titled ATC
The FRC expresses the probability of a breakdown corresponding
[25], the association was partially able to compensate for the
to a specific damage state at several ground seismic movement
deficiencies [25]. In 2011, Marano et al. [26] presented a study
levels. In fact, the FRC describes the possible seismic severity
on two types of concrete structures. In this study, the analytical
ratio between the seismic intensity and the level of seismic
failure curve was obtained using a random analytical method
breakdown [11].
using data and HAZUS guidance data. In addition, the effect of
As part of the Global Earthquake Model (GEM), the OpenQuakesoil conditions and the impact of structural parameters, such
platform has published hundreds of experimental and detailed
as hardness, elastic hardness ratio to plastic, and structural
vulnerability and fragility functions [12, 13]. There are many
strength, were also investigated.
regions in the world where vulnerability and fragility function
Researchers have recently carried out extensive investigations
models are not easily accessible, despite their increased
on seismic vulnerability, risk assessment, probabilistic seismic
availability in recent decades, as illustrated in Figure 1.
demand analysis (PSDA), multi-hazard
risk related to collapse limit state,
and improved fragility curve through
regression analysis or simulation-based
methods. Celik and Ellingwood [27]
implemented a reliability analysis-based
simulation to determine seismic fragility
curves and damage states. Mojiri et
al. [28] studied RC models by applying
excitation generated by experimental
shake tables. Using seismic probability
risk assessment and probabilistic seismic
demand analysis (PSDA) on experimental
data, they determined the seismic
demand levels and the corresponding
fragility curves. Arabzadeh and Galal [29]
Figure 1. Number of fragility or vulnerability functions per country in the OpenQuakeplatform
investigated the sensitivity and effect
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of fiber-reinforced polymer (FRP) retrofitting on the seismic
collapse of the system for various tensional effect levels and
determined the practical strengthening layout produced by FRP
and advanced fragility curves. Faghihmaleki et al. [30] examined
a probabilistic framework for the multi-hazard risk associated
with the collapse limit state of a G+8 RC moment frame with
a shear wall using the Seismostruct software under the blast
and seismic loading conditions and generated fragility curves.
Huang et al. [31] investigated the probability density evaluation
method (PDEM), dynamic reliability, and seismic fragility
analysis methods for fragility curve development.
To address earthquake risk reduction, researchers have
recently proposed many approaches in the field of
vulnerability, including a method to evaluate the seismic risk
of urban areas suggested by HAZUS. Another methodology,
named the RISK_UE project, was developed to improve
vulnerability assessment in Europe. The main reason for
the European Commission’s launching of this project was
to improve a general seismic risk assessment method in
European countries. This came after the realization of the
need for a global seismic risk assessment program in Europe,
along with other reasons such as the socio-economic and
political impact of the seismic events that occurred in Turkey,
Athens, Greece, Mouroux, and Le Brun [32]. Two other
standard techniques were approved: level 1 (LM1), which
is called the vulnerability index-based method (VIM) and
was initially developed in Italy [33, 34], and level 2 (LM2),
which is named the capacity-spectrum-based method [35].
The vulnerability index method was successfully applied in
many European cities, such as Barcelona, Bitola, Bucharest,
Catania, Nice, Sofia, and Thessaloniki. Some places where the
entire methodology has been tested are Thessaloniki, Greece
[36], Barcelona, Spain [37], Mérida, Venezuela [38], Azores,
Portugal [39], and Lampedusa Island, Italy [40].
In this study, using nonlinear dynamic analysis in the OpenSees
software, we modeled 3-, 5-, and 7-story steel structural
frames under the same conditions as in 10 of the earthquake
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records near the fault. Incremental dynamic analysis (IDA) was
used in the calculation of the FRCs, which are based on the PGA.
The parameters in this study are based on drift. In this study,
ten earthquake records were split into two clusters, based on
whether the earthquake’s maximum acceleration was less
than or greater than 0.4 g, where g is the acceleration due
to gravity. These earthquakes occurred in different parts of
the world on soil type II. These records were further split by
extracting earthquakes with accelerations ranging from 0.1 g
to 1 g at intervals of 0.1 g. Thus, 100 earthquake records were
produced. Subsequently, the FRCs for the two-dimensional
frames of three steel structures were drawn, which were then
investigated and examined by comparing the resulting curves
based on the factors affecting the FRCs.

2. Methodology
2.1. Modeling and selection of earthquake records
In this study, using nonlinear dynamic analysis in the OpenSees
software, we modeled three steel structural frames with
different stories (3, 5, and 7 stories) under the same conditions
as those in 10 earthquake records near the fault. IDA was used
in the drawing of the FRCs, which are based on the PGA. The
parameters in this study are based on drift values. According
to previous studies, using 10 to 20 earthquake records usually
yields acceptable accuracy in estimating the damage. Therefore,
ten earthquake records extracted from the Pacific Earthquake
Engineering Research Center (PEER) earthquake data were split
into two clusters (1st and 2nd class), based on their maximum
acceleration being less than or greater than 0.4 g. These
earthquakes occurred on soil type II. These records were further
split into 100 earthquake records by extracting earthquakes
ranging from 0.1 g to 1 g at intervals of 0.1 g. The specifications
of the 1st and 2nd class records, the physical properties and
seismic properties of the building, and a description of the
major column and beam sections are provided in Tables 1 to

Table 1. Specifications of the selected 1st- and 2nd- class earthquake records
Earthquakes
Name

Magnitude

Duration [s]

Year

PGA
[m/s2]

Imperial Valley (AGR)

6.5

28.430

1979.

0.37

Imperial Valley (E03)

6.5

11.025

1979.

0.22

Class No.

1 -records
st

2 -records
nd

Imperial Valley (CXO)

6.5

39.995

1979.

0.27

Landers

7.3

49.980

1992.

0.27

Loma Prieta

6.9

25

1989.

0.3

North Ridge

6.7

29.980

1994.

0.76

North Ridge

6.7

39.980

1994.

0.85

Loma Prieta

6.9

39.985

1989.

0.543

Loma Prieta

6.9

39.990

1989.

0.65

Tabas

7.4

32.980

1978.

0.4
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Figure 2. Frequency spectrums of the considered earthquakes, a–e) 1st class records, f–j) 2nd class records (first part of Figure)
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Figure 2. Frequency spectrums of the considered earthquakes, a–e) 1st class records, f–g) 2nd class records second part of figure)

3, respectively. The isometric and plan view of the 3-, 5-, and
7-story steel frame buildings are shown in Figure 2. All applied
loads and soil types were determined with the aid of American
Society of Civil Engineers (ASCE) 7/10 design standard (ASCE
2010). Dead loads include the self-weight of beams, columns,
slabs, and walls. The thickness of the slab and internal and
external walls were considered to be 150 mm, 150 mm, and 200
mm, respectively. Normal weight concrete with a compressive
strength of 30 MPa and steel with a yield strength of 360 MPa
and elasticity modulus of 200 GPa were used in this study.
Rigid diaphragms representing the floor system of the building
were created by constraining all points on each floor level in the
model. The frequency spectrums of the considered earthquakes
have been provided in Figure 3.

Table 2. Properties of models
Parameter

Value

Steel grade

Fe 415

Story height

4.5 and 3.5 m

Total height
of building

11.5 m
18.5 m
25.5 m

Seismic zone

5

Importance factor (I)

1

Soil type

II

Dead load

4 kN/m2

Live load

2 kN/m2

Table 3. Major column and beam sections
Model

3 story

5 story

7 story

Beam and column sections

Story

Story height
[m]

Column

Beam

1

4.5

W12×87

W24×84

2

3.5

W12×87

W24×84

3

3.5

W12×87

W24×84

1

4.5

W24×146

W27×94

2

3.5

W24×131

W27×94

3

3.5

W24×131

W24×84

4

3.5

W24×117

W24×84

5

3.5

W24×76

W21×93

1

4.5

W24×146

W27×102

2

3.5

W24×146

W27×102

3

3.5

W24×131

W27×102

4

3.5

W24×131

W27×94

5

3.5

W24×131

W27×94

6

3.5

W24×84

W27×94

3.5

W24×76

W24×68
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Figure 3. Model views: a) plan view b) 3D view of 3-story, c) 3D view of 5-story; d) 3D view of 7-story

2.2. Fragility curves
The fragile seismic curves include two possibilities of
independent probabilities. One of these terms is the probabilistic
seismic requirement model. The other probabilistic term is more
likely to be significant at a certain seismic intensity level than
a specific limit of an engineering demand parameter and may
be observed at a certain seismic intensity level. The states
of the structure are chosen such that they are appropriately
reflected in the construction of the design and are included in
the structural capacity (C). These possibilities are represented
as Eq. (1).
fragility = P[D ≥ C | IM] = P[C-D ≤ 0,0 | IM]

666

(1)

When a seismic level is a requirement, and structural capacity
follows a normal log probability distribution, this fragile equation
is presented as Eq. (2).

P[C-D ≤ 0,0 | IM] = Ø

(2)

where bc, bd |IM and sd are the standard deviation of the normal
log (dispersion) required in the capacity, the mean of the limit
state value or seismic capacity, and the seismic requirement
that is a function IM-a.
respectively.combined with
the HAZUS method and is a bsd parameter. The fragile
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relationship is ultimately written as Eq. (3). Figure 4 shows the
steps used to develop fragility curves in this study.

Table 4. The drift ratio between two classes for each damage state
based on HAZUS
Structure with
a moderate number
of stories

Structure with
a large number
of stories

Slight (S)

0.004

0.003

Moderate (M)

0.008

0.006

Extensive (E)

0.02

0.015

Complete (C)

0.0533

0.04

Failure state

Pf = Ø

(3)

2.3. Incremental dynamic analysis

Figure 4. Fragility curve procedure

The damage states introduced in the HAZUS instruction for steel
buildings having flexural frame systems with high levels are
arranged in the order of partial damage state (slight), medium
damage state (moderate), widespread destruction mode
(extensive), and state of a complete damage (complete). These
four damage states are based on the drift of the middle class.
The numerical values for each damage state are presented in
Table 4.

One of the most recent methods to represent the FRC is the
IDA. In this method, the structural model was subjected to one
or more earthquake records and then scaled by altering the
intensity levels. After conducting nonlinear dynamic analysis,
one or more parametric response curves were calculated at
the front of the intensity levels. In these curves, the entire
behavioral range of the model is covered. Subsequently, the
structure can be evaluated by defining the state of the extent
of damage, and the results were expressed as combinations
of possible analysis curves, obtained above. After modeling
and loading the investigated structures, applying accelerated
mapping velocity to the models, and performing an IDA
for each model, the maximum amount of drift under the
conditions of various earthquake records was obtained, and
the obtained values were compared with the criteria defined
by HAZUS. Then, using the existing relationships to calculate
the probability of failure and the required coefficients, the
probabilities of occurrence of the damage states were
obtained in any given stock for each model. Finally, the failure
curve was plotted using statistical relations between the data.
In all graphs (Figures 5 to 7), the horizontal axis represents
the maximum lateral displacement (%), and the vertical axis
represents the maximum acceleration of the earthquake in
terms of acceleration due to gravity. Figures 8–10 represent
the results of inter-story drifts for 3, 5, and 7-story buildings
for specific earthquakes. The Sc and bsd values were obtained
from the HAZUS instruction for different types of construction
and failure and are shown in Table 5.

Table 5. Values of Sc and βsd (HAZUS instructions)
Type

Slight

Moderate

Extensive

Sc

βsd

Sc

βsd

Complete

Sc

βsd

Sc

βsd

S1L

1.3

0.80

2.59

0.76

6.48

0.69

17.28

0.72

S1M

2.16

0.65

4.32

0.66

10.80

0.67

28.80

0.74

S1H

3.37

0.64

6.74

0.64

16.85

0.65

44.93

0.67

C1L

0.9

0.81

1.8

0.84

5.40

0.86

14.40

0.81

C1M

1.5

0.68

3

0.67

9.00

0.68

24.00

0.81

C1H

2.16

0.66

4.32

0.64

12.96

0.67

34.56

0.78
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Figure 5. IDA curves for structures with 3, 5, and 7 stories under the
Imperial Valley earthquake conditions

Figure 8. Results of inter-story drifts for the 3-story building

Figure 6.IDA curves for structures with 3, 5, and 7 stories under the
Loma Prieta earthquake conditions
Figure 9. Results of inter-story drifts for the 5-story building

Figure 7. IDA curves for structures with 3, 5, and 7 stories under the
Tabas earthquake conditions
Figure 10. Results of inter-story drifts for the 7-story building

To prepare the diffraction curve using probabilities, the
probability of any damage state regarding the number of
analyses was determined, and the diffraction curve was
generated in terms of Earth’s movement probability and
intensity. Also, FRCs are presented using the concepts explained

668

in Eq. (3). These figures are derived from Table 5 for each model
and each damage state. By inserting ln(sd), a numeric value
was obtained for each subsequent damage state, and the PGA
value was determined by taking the normal distribution of this
value. The probability of failure of the structure is described as a
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Table 6. The number of times a structure falls in the four modes of failure under the 1st and 2nd classes of earthquake records
Records

Slight

Moderate

Extensive

Complete

1st

2nd

1st

2nd

1st

2nd

1st

2nd

3 story

4

4

4

4

1

2

0

2

5 story

3

4

3

3

1

2

1

1

7 story

3

4

4

4

3

3

1

0

combination of probabilities of being at various damage levels.
For example, the 5-story structure under the influence of firstclass records was found to be in a low damage state five times,
in a medium damage state three times, once in a high damage
state, and once in a complete damage state.

3. Model analysis
For the proper functioning of the structure, the possibility of
structural failure at any performance level should be below 50
%; otherwise, the structure’s performance is assessed to be in
an undesirable limit state. The FRCs for the 3-story steel model
under two different seismic events are shown in Figure 11; for
the 5-story steel model in Figure 12, and for the 7-story steel
model in Figure 13, respectively. Table 6 lists the number of
times a given structure falls in the four modes of failure under
the 1st and 2nd classes of earthquake records. In this study, two
different categories of records were used to draw the FRCs.
The purpose of this study was to investigate the effect of two
classes of earthquake events on the FRCs of steel frames. The
main difference between the 1st-class and the 2nd-class records
lies in the maximum ground acceleration. A comparison of the
FRCs under the effect of the two different earthquake events is
presented in this paper.

under the first class of earthquakes (PGA = 0.35 g). In other
words, the increase in PGA has little effect on the probability of
exceeding of the slight and medium failure levels. The increase
in PGA increases the PoE at extensive failure levels for the
3-story structure.
The FRCs under the effect of the second-class earthquake
event have significant differences in both slight and moderate
failure levels compared to those under the effect of the firstclass earthquake event, as seen in Figure 12. In other words,
the increase in PGA increased the levels of failure and thus
increased the probability of exceeding. The fragility curves for
the second category earthquakes shifted from the sleeping
mode (gradual increase) to the standing mode (sudden
increase) as compared to those for the earthquakes of the first
class records. Compared to the 3-story structure, there is a
definite increase in the number of times the 5-story structure
experiences various modes of failure as the earthquake event
changes from the first class to the second class. Consequently,
we can conclude that increasing the number of stories increases
the probability of exceeding.

Figure 12. 5-story structure FRCs under the first and second classes
of earthquake records
Figure 11. 3-story structure FRC under the first and second classes of
earthquake records

From Figure 11, it is evident that there is no significant difference
in the slight and moderate failure levels of the FRCs under the
second class of earthquakes (PGA = 0.85 g) compared to those
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The FRCs under the effect of the second-class earthquake event,
compared to those under the effect of the first-class earthquake
event, show a significant difference at the extensive failure
levels, as can be seen in Figure 13. In other words, the increase
in PGA increased the probability of exceeding, and in three failure
levels (slight, moderate, and high), the PoEs reached 100 %. The
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maximum PoE for the complete failure level was 45 % under the
first-class earthquake event, and this value increased by 13 % in
the case of the second-class earthquake event.

Figure 13. 
7-story structure FRCs under first and second-class
earthquake records

Finally, the influence of the number of stories on PoE, considering
four modes of failure, was investigated. According to Figure 14,
increasing the number of stories increases the PoE in extensive
and large failure levels. The PoE of the extensive failure mode in
the 7-story model was 10 and 15.5 % higher than that in the 5- and
3-story models, respectively. However, for the complete damage
state, the PoE in the 5-story model was 6 and 7 % more than in the
7- and 3-story models, respectively. Therefore, it can be concluded
that increasing the number of stories increased the PoE, but this
increase was more evident for the extensive failure level.

4. Conclusion
The following conclusions can be drawn from our study:
-- Increased seismic demand increases the probability of
exceeding. In other words, the probability of exceeding (PoE)
increases if the maximum earthquake acceleration gets
bigger.
-- For the 3-story building, there was no remarkable
difference in the fragility curves (FRCs) for slight and
moderate failure levels under the first or second class
earthquakes. However, for the 5-story building, the FRCs
under the second class of earthquakes, both the slight
and moderate failure levels, had significant differences
compared to those under the first class of earthquakes.
Moreover, for the 7-story model, the FRCs showed a
marked difference compared to those for the 3- and
5-story models at extensive failure levels.
- - The PGA increase had little effect on the PoE in the
slight and medium failure levels for the 3-story building.
However, for the 7-story model, this parameter increased
the PoE in three levels (slight, moderate, and high) to
100 %.
-- The PGA increase causes an increase in PoE for the 3-story
structure at extensive failure levels. The FRCs for the 2nd
category earthquakes changed from the sleeping mode
(gradual increase) to the standing mode (rapid increase)
compared to those for the 1st-class earthquake records
for the 5-story model. The maximum PoE of the complete
failure level was 45 % under the first class of earthquakes,
and this parameter increased by 13 % under the second
class of earthquakes.
-- Increasing the number of stories increases the PoE in the
extensive and large failure modes. The PoE of the extensive
failure mode in the 7-story model was 10 and 15.5 %
higher than that in the 5- and 3-story models, respectively.
However, for the complete damage state, the PoE in the
5-story model was 6 and 7 % more than that in the 7- and
3-story models, respectively. Therefore, it can be concluded
that increasing the number of stories increased the PoE,
but this increase was more evident for the extensive failure
level.
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