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Abstract: This investigation aims at studying the energy method in calculating the
exceedance probability of structures under seismic loads in reinforced concrete frames and
its comparison with the conventional approach based on maximum story drift in structures.
To do so, two reinforced concrete moment resisting frames with six and ten stories are
designed based on the Iranian seismic code of practice and modeled nonlinearly with
Perform software. Twenty near-fault earthquake records have been utilized to conduct the
fragility analysis. The Incremental Dynamic Analysis (IDA) approach is used for the analysis
and the IDA curves obtained from two methods are extracted and compared. The IDA curves
resulted from the energy method provide this ability to calculate the elastic and plastic
behavior zone and the instability point of the structure accurately. The output of the fragility
analysis in reinforced concrete frames illustrates that the energy method can be utilized as
an applicable approach in estimating the seismic fragility of the structures whereas the
exceedance probability calculated in this approach in a particular acceleration is lower than
the conventional method based on the story drift meaning that the conventional method
provides more conservative results in comparison to the energy method.
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1. Introduction

There are various parameters to evaluate the
behavior of structures. Displacement,
rotation of plastic hinge, base shear, energy,
etc., all these parameters quantitatively and
one-dimensionally express a seismic
behavior. If the fragility curves
probabilistically express the behavior of the
structure and exceed their performance
levels.

The exceedance probability from a specific
damage level for every type of structure and
nonstructural elements sensitive to relative
displacement and acceleration can be
specified based on a parameter describing
the earthquake such as PGD, PGV, PGA in
order to quantitatively explain the
vulnerability of various structural and
nonstructural elements based on the seismic
hazard level (Giordano, De Risi et al. 2021).
Iteration of these operations for various
seismic intensities or other single
parameters would lead to normalized curves
so-called fragility curves (Ge, Tong et al.
2021). The equation (1) proposed by
Barron-Corvera (2000) is wused to
demonstrate the conditional probability of
exceeding the seismic response of the
structure (R) from a particular performance
limit state which is depicted by r;;,, and is
dependent on earthquake intensity (1):

Fragility = P{R = rym|l} (1)

After choosing a few records in the IDA
analysis approach, each of these records is
scaled to specific intensities with equal
steps and is exerted to the structure
(Moradpour and Dehestani 2021). The
maximum dynamic response of the
structure (usually the maximum drift) is
extracted and creates the IDA curves with
the maximum intensity corresponding to the
earthquake records (Liu, Fang et al. 2021).
In a specific seismic load intensity (e.g.
spectral acceleration Sa), IDA curve suites
illustrate the number of records by which
the intended limit state is secured and the
records by which the structural response has

exceeded the limit state (Tavakoli, Moradi
et al. 2022). Fragility curves for structures
have been developed with this argument
(Afsar Dizaj and Kashani 2022). In most
previous studies, the maximum story drift
parameter is considered as (R) or the
Engineering Demand Parameter (EDP) and
Immediate Occupation (10), Life Safety
(LS) and Collapse Prevention (CP) limit
states are assumed as 71y, (Moradi,
Tavakoli et al. 2022).

For instance, Xu and Gardoni (2016)
probabilistically investigated the seismic
fragility of reinforced concrete structures
based on maximum story drift and in
various Sa intensities. Jalayer, De Risi et al.
(2015) have developed the fragility of
various structures with the use of maximum
story drift and PGA parameters as the
structural response and seismic load
intensity based on the linear regression
method. Hancilar and Cakt1 (2015) have
conducted research on the most suitable
pair of earthquake intensity-engineering
parameters in reinforced concrete structures
and concluded that the earthquake intensity-
maximum story drift has better efficiency
than other pairs of parameters. Del Gaudio,
De Risi et al. (2019) studied the drift
fragility functions equation by estimating
the damage in reinforced concrete
structures under seismic load and proposed
a damage function based on the drift
fragility —approach. Hosseinpour and
Abdelnaby (2017) studied the fragility of
reinforced concrete  structures under
consecutive earthquakes with the use of
maximum story drift.

As it is obvious from the aforementioned
studies, using story drift parameter as the
EDP and limit states criteria proposed by
regulations such as HAZUS and FEMA is
a common and simple method in evaluating
the fragility of structures (FEMA 356 2000,
Kircher, Whitman et al. 2006). Moradi and
Abdolmohammadi (2020) proposed an
energy-based method in their study in
which the dissipated plastic strain energy
has been used in the structure instead of
using drift as EDP. They proposed that the



Housner method can also be used to secure
the limit states related to collapse
prevention and life safety levels. They also
illustrated that the elastic limit state and
instability point can be determined by the
energy method (Housner 1960, Moradi and
Abdolmohammadi 2020). Although their
method was presented for a tall steel
structure, this study intends to assess this
method on reinforced concrete structures
and compare the fragility curves proposed
by Moradi and Abdolmohammadi with the
maximum story drift method to study
whether it is possible to use this approach to
evaluate the fragility curves of moderate
and tall reinforced concrete structures or
not. To do so, two reinforced concrete
frames including six and ten stories are
considered and the IDA curves from the
maximum drift and strain energy have been
extracted and compared. Eventually, the
fragility curves for various limit states have
been calculated and compared through
conventional and energy methods for these
structures to evaluate the efficiency of the
energy method in determining the fragility
of reinforced concrete frames.

2. Energy balance

Earthquake is energy and in fact, during an
earthquake, a large amount of energy
reaches the structure. This energy, which is
associated with ground shaking, causes
vibration in the structure. Although force-
displacement relationships (force balance)
can also be used to investigate the dynamic
response of the structure, but considering
that earthquakes have an energetic nature,
investigating this phenomenon with energy
methods can be more useful.

Nowadays, various methods are available
for the analysis and design of structures one
of which is the energy method. A structure
would remain stable in case that the input
energy (Ei) makes a balance with the
internal energies in that structure (Moradi
and Tavakoli 2020). The internal energy in
a structure consists of various energies
including kinetic energy (Ex), dissipated
energy through damping (Ei) and strain
energy resulted from deformations. The

strain energy in a structure can be separated
into potential energy (absorbed energy) (Ee)
and dissipated energy (Ein) with respect to
the deformation values (Goodarzi, Moradi
et al. 2023). The strain energy in the
structure would be in form of absorbed
energy if the deformations are within the
elastic range and the strain energy would be
the sum of potential and dissipated energy
in the case that the deformations are within
the plastic range. Therefore, the energy
balance in a structure can be defined as
Eq.2:

EizEk+E£+Ee+Ein (2)
E = 1

T 2mu?
E, =qu2dt

Ee +Ein = J‘f:gdu

E; = —fmuédug

Where C is related to the damping
coefficient, m is mass, fs is the force, u is
the velocity, u is the displacement of
structure, the acceleration of the mass, and t
is time.

Moradi and Abdolmohammadi proposed
that the (Ein) parameter can be utilized as an
EDP to assess the fragility of a structure.
The dissipated energy in a structure has a
direct relationship with the destruction level
in the structure. The more the dissipated
energy resulted from the plastic
deformations in the structure is, the more
damage the structure would experience
during the seismic load. They proposed that
in the case of using the plastic strain energy
as EDP, the Housner method can be used
for computing the limit states. This method
is described in section 4.

3. Model properties

Reinforced concrete frames are used to
achieve the goals of this investigation. For
this purpose, concrete structures with
moment resisting frame system with



moderate ductility are considered with six
and ten stories exposed to gravity loads
according to loading guidelines and lateral
loads according to the Iranian seismic code
of practice (Standard No.2800) with the aid
of equivalent static method (Moradi,
Tavakoli et al. 2019). The specifications of
gravity loads are depicted in Fig.1 and it is
considered that the structure is located in a
region with a high level of seismicity
(A=0.3g) and on a soil type Ill. It is
assumed for 3D modeling and design of the
structure that the structure has 4 spans with
a length of 5 meters each in both directions.
The plan of the studied structure is
demonstrated in Fig.1.

Table 1. Gravity load specifications (Moradi,
Tavakoli et al. 2020)

Parameter Value Unit
Dead Load 600 Kg/m2
Live Load 500 Kg/m2
Roof Dead Load 650 Kg/m2
Snow 150 Kg/m2
Roof Live Load 200 Kg/m2
| | | | |

Fig.1. Structural Plan

After determination of gravity and lateral
loads, the structure is modeled in SAP2000
v17 software and designed based on the
Iranian concrete regulations and the
required structural elements are achieved.
After computing the structural sections, the
structure is controlled by checking some
parameters such as relative inter-story drift.
Furthermore, the materials specifications
are illustrated in Table.2:

Table 2. Specifications of concrete and steel

materials
Parameter Value Unit
Fc 2400000 Kg/m?
Fy 34000000 Kg/m?
Special Weight 2400 Kgfim?

The structure is analyzed and designed after
the  modeling procedure and the
specifications of sections for structural
elements are depicted in Tables 3 and 4:

Table 3. Specifications of sections in the ten-story
building

Story  Beam Section Column Section

1-3 55*55 70*70 20fi24

4-7 50*50 60*60 20 fi 18

8-9 40*40 50*50 20 fi 14
Table 4. Specifications of sections in the six-story

building

Column Section
60*60 20 fi 22
55*55 20 fi 16

Story Beam Section
1-3 50*50
4-6 40*40

After designing the structure and obtaining
the sections, the middle frame of the plan is
selected for conducting the nonlinear
analysis and then the structure is modeled in
Perform 3D software. The concentrated
plastic hinge is used in defining the
nonlinear behavior of the structure. It is
considered that the structure has
concentrated plasticity in critical regions
and is elastic in other regions. The Iranian
guideline No0.360 is used for nonlinear
modeling and the modeling values and
acceptance criteria are selected based on
this guideline. The behavior of structural
elements in this model is according to the
type of their internal work and the resulted
force-displacement curve is in form of
force-controlled or displacement-controlled
condition. The force-displacement curve
can be an indication of ductile, semi-ductile
or fragile behavior. The force-displacement
curve in ductile behavior has four zones
according to Fig.2-a.



Force

Deformation

a)

Force

Deformation

b)

Fig.2. Force-Deformation curve of the ductile
element (Tavakoli and Afrapoli 2018, Ugalde,
Parra et al. 2019)

The behavior is elastic in the first zone
(OA). The behavior in the second zone
(AB) is perfectly plastic or plastic with
hardening. Strength significantly decreases
in the third zone (BC) however does not
totally vanish and in the fourth zone (CD)
plastic behavior with softening can be
observed. In order to assume the primary
elements  in  displacement-controlled
condition, the ratio of the corresponding
displacement of the strength degradation
threshold to the linear limit deformation
(e/g) should be more than 2; however,
secondary elements that have behavior
similar to Fig.2-a are presumed in
displacement-controlled condition with any
(e/g) ratio.

After determining the type of forces,
modeling parameters and acceptance
criteria (fig. 2-b), the structural elements are

modeled in three steps. First, their elastic
behavior is modeled in the software. Then,
nonlinear parameters and acceptance
criteria with strength degradation values are
defined for the software. For this purpose,
the FEMA beam concrete type element and
FEMA column concrete type are utilized
for beams and columns respectively.
Finally, elastic and plastic values are
combined and elements with elastic
properties containing concentrated
plasticity at the two ends are created. The
modeled frames for six and ten-story
structures are illustrated in Fig.3.
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Fig.3. The modeled frames: a) six-story frame, b)
ten-story frame

4. Energy method in fragility evaluation
of the structure

The steps of the approach proposed by
Moradi and  Abdolmohammadi  for
assessing the fragility of structures based on
the plastic strain energy in the structure are
presented in the following. In these steps,
the required parameters for six and ten-
story buildings are computed (Moradi and
Abdolmohammadi 2020).

In various research, many records have
been used for IDA analysis. Generally,
there are two methods for fragility analysis.
Time history analysis and IDA analysis. In
time history analysis, a larger number of
records are used to perform the analysis and
obtain the engineering demand parameter
distribution. In IDA analysis, a more
limited number of records are used, but each
record is scaled to many seismic intensities.
IDA method has been used in this research.
For this purpose, twenty seismic records
have been used according to different
references.

According to the proposal of Moradi and
Abdulmohammadi, the AC parameter can
be calculated based on equation 3:

1, 1 /T 2 ()
E, ==-MS2 = —M(Esag)

2 2
Where M is the structural mass, T is period,
Sa is the spectral acceleration and g is the
gravity acceleration. In various studies such
as the report prepared by Earthquake
Engineering Research Center (EERC) in
1998, it was declared that the external work
done by the system is equal to the elastic
input energy multiplied by the energy
modification factor (y). (y) is dependent on
ductility ratio (u), ductility reduction factor
(Ry) and structural period (T) and is
calculated as Eq.4.

_ 2ps — 1 (4)
Rj

W and R, are shown in table 5:

Table.5. Ductility reduction factor and the
corresponding structural period range (Moradi and
Abdolmohammadi 2020)

Period Ductility Reduction Factor
Range
0<T<

Ty R,=1

10

T — -1
10 T1 Ru:m_ (ﬁ)Z.SlBlog(‘/ZuS 1)

1<
4 ;T< R,=/2p — 1
1
T<T< R S
T, LToT
1
T, <T Ry = us

Where T1=0.57 and T°=T, .Y ZL‘S*

Since all the parameters in Eq.3 are constant
except Sa, the value of (Et) can be readily
determined if a specific Sa can be defined
for each performance level. Since tall
buildings period range is more than (T1), the




ductility reduction factor is considered
equal to the ductility factor. According to
the Iranian seismic code of practice, the Sa
can be considered as AB for LS
performance level wherein A is the
maximum design acceleration and B is the
building response factor. The Sa value in
CP performance level can be considered as
1.5 times of the spectral acceleration (Sa) in
LS performance level. Parameters of
calculating AC for six and ten-story
buildings in LS performance level is
illustrated in Table.6:

Table.6. Parameters of calculating AC for six and
ten-story buildings for the LS performance level

Parameters Unit 10-Story 6-Story

Period S 1.2 0.75
A - 0.35 0.35
B - 1.75 25

Sa - 0.6125 0.875
s - 1.85 1.52
R, - 1.85 1.52
M Kg 105000 63000
E: Kg.m 71914.21 37204
Y - 0.788897 0.88
Einws) Kg.m 56732.9 33070

For the CP performance level, the (Ein)
values for six and ten-story buildings are
calculated as 72325 and 129011 kg.m,
respectively.

Step.5)  Assessing the  exceedance
probability by comparing steps 3 and 4. For
each performance level, the value of
dissipated strain energy in a specific
intensity of seismic load in the structure is
compared to the amount of allowable strain
energy and its exceedance probability is
calculated.

Step.6) Returning to step 3 and computing
the exceedance probability for other seismic
load intensities.

There are measures such as Spectral
Acceleration (Sa), Spectral Displacement
(Sd), Maximum Displacement Velocity
(PGV) and Maximum Ground Acceleration
(PGA) to measure intensity. Each of these
parameters has its own characteristics.
Since in the past research in the field of
fragility assessment with energy method,
spectral  acceleration and  spectral
displacement criteria have been used, in this
research, it has been tried to calculate
fragility from the perspective of ground
acceleration. There is many research in the
field of fragility curve that evaluated the
fragility based on the maximum
acceleration of the ground.

5. Seismic load

As previously stated, the incremental time-
history analysis is used in the current study.
Twenty near-fault earthquake records is
selected based on the recommendation of
FEMA P695 for IDA analysis (Council
2009). The specifications of these records
are illustrated in Table.7.

Near field earthquakes refer to the points of
the earth whose distance from the surface
center of the earthquake is less than a
certain limit. The characteristics of this type
of earthquake include the effect of
progression, relative amplitude, pulse
period and the number of pulses in the speed
record (Sharma, Shrimali et al. 2020)
(Sharma, Shrimali et al. 2020).



Table.7. Records specifications (Moradi and
Abdolmohammadi 2020)

ID Lowest PEER.NGA Record PGAmax
No. Freq information (9)
(Hz)
1 0.13 IMPVALL/H-E06 233 0.44
2 0.13 IMPVALL/H-EQ7_233 0.46
3 0.16 ITALY/A-STU 223 0.31
4 0.15 SUPERST/B-PTS_037 0.42
5 0.13 LOMAP/STG_038 0.38
6 0.13 ERZIKAN/ERZ_032 0.49
7 0.07 CAPEMEND/PET_260 0.63
8 0.10 LANDERS/LCN_239 0.79
9 0.11 NORTHR/RRS_032 0.87
10 0.12 NORTHR/SYL_032 0.73
11 0.13 KOCAELI/I1ZT 180 0.22
12 0.08 CHICHI/TCU065 272 0.82
13 0.06 CHICHI/TCU102 278 0.29
14 0.10 DUZCE/DZC_172 0.52
15 0.06 GAZLI/GAZ_177 0.71
16 0.13 IMPVALL/H-BCR_233 0.76
17 0.06 IMPVALL/H-CHI_233 0.28
18 0.13 NAHANNI/S2_070 0.45
19 0.13 LOMAP/BRN_038 0.64
20 0.25 LOMAP/CLS 038 0.51

6. Assessing the seismic performance of
the structure

After the initial modeling, the seismic
performance of two frames is studied in this
section. The horizontal displacement curve
of the roof in six and ten-story frames in
various maximum accelerations of the
Loma earthquake record is illustrated in
Fig.4. According to this figure, as it is
expected, maximum rood horizontal
displacement in the structure increases by
increasing the maximum acceleration
imposed to the structure. Residual
displacement is one of the most important
parameters that can be achieved from the
roof horizontal displacement curve. In the
ten-story structure, the horizontal residual
displacement remains zero until PGA=0.6g
and increases hereafter. In the six-story
building, the residual displacement remains
zero until PGA=0.5g. Rising the residual
displacement in the structure implies the
growth of the dissipated plastic strain
energy and damage in the structure. The
analyses results indicate that the residual

displacement in the structures designed
based on the Iranian seismic code of
practice (standard 2800) occurs in the six-
story building in a lower PGA in
comparison to the ten-story structure.
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Fig.4. Roof horizontal displacement: a) ten-story
building, b) six-story building

The time-history curve of the base shear in
six and ten-story buildings is illustrated in
Fig.5. Base shear is an indication of
structural capacity against seismic loadings.
According to Fig.5, the base shear imposed
to the ten-story structure is higher than that
of the six-story structure and the maximum
base shear of the structure increases by
rising the PGA.
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Fig.5. Time-history curve of the base shear in the
structure: a) ten-story building, b) six-story building

The maximum drift curve of six and ten-
story frames under Loma earthquake record
is illustrated in Fig.6. Maximum story drift
of the structure is the most important
parameter in assessing the structural
stability under seismic loads which is used
in fragility analyses as EDP. In IDA
analyses, the more the maximum story drift
the structure has, the higher amount of
response and performance would be in the
structure. Based on the FEMA guideline,
the values of 0.01, 0.02 and 0.04 as the drift
limit are considered in 10, LS and CP

performance levels. According to Fig.6, the
amount of drift rises in the stories by
increasing the maximum acceleration
applied to the structure. The maximum drift
does not necessarily take place in a specific
story in various maximum accelerations.
For instance, in Fig.6a, the maximum story
drift in the ten-story building occurs in
stories 2, 3, 4 and 5 in various maximum
accelerations while the maximum drift has
taken place in stories 2 and 3 in the six-story

building.
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Fig.6. The maximum drift curve of the structure: a)
ten-story building, b) six-story building

By applying the seismic load to the
structure, the input energy should be equal
to the internal energies in order to keep the
stability of the structure. The input energy
of the structure includes Kinetic energy,
absorbed strain energy, dissipated strain
energy, and dissipated energy due to
damping. The time-history curve of the
energies for the six-story building in the



maximum acceleration of 0.6g is illustrated
in Fig.7.

The elastic strain energy starts from non-
zero values with respect to this figure. This
energy exists in the structure due to the
gravity load and elastic deformations that
occurred in the structure in form of potential
energy before applying seismic load and
increases by applying seismic load and
making higher elastic deformations and its
value fluctuates as far as the kinetic energy
exists in the structure. According to this
figure, since the six-story building was not
able to establish a balance in this maximum
acceleration by kinetic and elastic energies
and damping against the input energy due to
the seismic load, the structure has employed
its plastic strain energy capacity to create
plastic deformations and the plastic strain
energy has been formed in the structure.
Based on this figure, the structure has been
able to establish an energy balance against
the input energy due to the seismic load by
dissipating 8250 kg.m energy through
plastic deformations, 3820 kg.m dissipated
energy through damping, 5584 kg.m of
elastic strain energy and 7027 kg.m of
kinetic energy. To make the values of the
dissipated strain energy in the structure
meaningful, the plastic hinge rotation
performance in the six-story structure under
the Loma earthquake record in the
maximum acceleration of 0.6g is illustrated
in Fig.8. According to this figure, no
rotation is formed in the LS performance
level in the structure and only a few beams
have reached or exceeded the IO
performance level (between 10 and LS
performance level). The time-history curve
and performance of plastic hinges of the
ten-story structure under the Loma
earthquake record with the maximum
acceleration of 0.7g are also illustrated in
Figs. 9 and 10.
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Fig.7. Structural performance of the six-story
building under Loma record with 0.6g maximum
acceleration
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Fig.8. Time-history curve of the internal energy in
the six-story building under Loma record with
PGA=0.69
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Fig.9. Structural performance of the ten-story
building under Loma record with 0.7g maximum
acceleration
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Fig.10. Time-history curve of the internal energy in
the ten-story building under Loma record with
PGA=0.7g

The plastic strain energy in the structure
indicating the measure of nonlinear
deformations and damage exerted to the
structure. The more the plastic strain energy
is in the structure, the higher the damage
and plastic hinge rotation would be in the
structure. The time-history curve of plastic

strain energy in six and ten-story buildings
under the Loma earthquake record in
various  maximum  accelerations s
demonstrated in Fig.11. According to this
figure, the plastic strain energy measure in
the structure increases by the rise of the
acceleration value applied to the structure.
These curves depict the amount of
cumulative dissipated strain energy in the
structure indicating the amount of energy
dissipated in the structure until the X
moment. Therefore, the time-history curve
of the plastic strain energy in the structure
has an ascending trend showing the amount
of energy dissipated in a particular moment
in the structure.
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Fig.11. Time-history curve of the plastic strain
energy under Loma earthquake record in a) ten
story, b) six story structures
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Roof displacement, base shear, maximum
story drift and plastic strain energy
parameters are studied in the structure each
of which can be used as EDP in assessing
the fragility of the structure. The IDA and
fragility curves of six and ten-story
structures are calculated and compared in
the following by considering the maximum
base shear and plastic strain energy as EDP.

7. Incremental Dynamic Analysis

The IDA curves of six and ten-story
buildings under specific earthquake records
are illustrated in Fig.12 for the case that the
maximum drift is considered as EDP. The
PGA is used as IM with 0.1g steps to
conduct the IDA analysis and the analysis
process continues if the drift reaches 0.1.
This form of presenting the IDA curves is a
common method that is generally
investigated before the fragility curve. This
curve represents the variation trend of the
structural maximum drift from lower values
of IM until the instability moment.
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Fig.12. IDA curve of the structures by considering
the maximum drift as EDP: a) ten-story building, b)
six-story building

The IDA curves are presented in this section
by considering the plastic strain energy as
EDP for the studied structures. These
curves are presented for six and ten-story
buildings in Fig.13.

3.6
34
3.2

3

2.8
2.6
24
—~ 2.2
2 2
g 1.8
1.6
& 14
1.2

1

0.8
0.6
0.4
0.2

0

0 200000 400000 600000
Energy (Kgf.m)
a)



3.50E+00

3.00E+00
2.50E+00

B 2.00E+00
<

O 1.50E+00
1.00E+00
5.00E-01
0.00E+00
0 200000 400000 600000
Energy (Kgf.m)
b)

Fig.13. IDA curve of the structures by considering
the plastic strain energy as EDP: a) ten-story
building, b) six-story building

For a better evaluation of the IDA curves
resulted from drift and energy methods, the
curves achieved from the Imperial Valley
earthquake record in the ten-story structure
are separately compared (Fig.14). The IDA
curves obtained from these two methods
have the following differences:

e The IDA curve of the energy
method starts from zero points
however does not increase by the
rise of acceleration and remains
constant until a specific amount of
acceleration. The zero value of the
plastic strain energy in the structure
illustrates that the structure has a
perfectly elastic behavior and
nonlinear deformations have not
taken place in the structure while the
IDA curve resulted from the drift
method starts from zero and rises by
increasing the acceleration. This
curve has a linear behavior until a
specific acceleration and exits the
linear behavior hereafter. Exceeding
the linear state does not mean the
exit of the elastic condition for this
curve because the structure can
become roughly nonlinear before
this point but this curve cannot show
the acceleration in which the
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structure enters the nonlinear

condition.

e The IDA curve obtained from the
energy method after the elastic
region (zero value) illustrates that
the  structure enters  plastic
deformations. After the elastic
point, this curve would have an
ascending trend and would never be
constant or descending because by
increasing the input energy, the
structure is obliged to dissipate
more plastic strain energy to reach
equilibrium. However, the IDA
curve achieved from the drift
method may not have an upward
trend after the linear region and
remain constant or have a
downward trend. The reason for this
phenomenon  might be the
occurrence of soft-story or changing
the maximum drift of the structure
from one story to another.

However, these two curves in high
accelerations in which the structure would
reach the instability have a similarity. The
energy and drift values would surge in the
structure by increasing one or few
acceleration steps. This immediate increase
in drift or plastic strain energy can be
described as the global instability of the
structure. In most earthquakes selected in
this study, instability point in two IDA
curves corresponds with each other;
however, there have been some records in
which this point has discrepancies. In this
situation, the drift value has net reached 0.1
with an abrupt increase of the energy; in
other words, the energy has not increased
abruptly by reaching the drift to 0.1 value.
Elastic  points, performance levels
calculated with drift and energy methods
for the ten-story building and the instability
point of the structure are illustrated in
Fig.14. The horizontal gray dash line shows
the comparison of elastic, LS, CP and
Instability points compared to the drift
approach. The results indicate that in this
specific acceleration in the ten-story
building, the acceleration that exerts the LS



performance level coincides. These two
methods present the same instability point
in this specific record. The elastic
performance level occurs in acceleration
lower than the 10 performance level. The
highest difference in IDA curves in this
record has taken place in CP performance
level. This level occurs in 1.3g acceleration
in the energy method and in 1.1g in the drift
method in the structure. The fragility curves
of six and ten-story buildings with two
different methods are compared in the
following in order to examine the
differences of these two methods in various
performance levels.

8. Fragility analysis

Fragility curves of the 2D frame of the ten-
story reinforced concrete frame with two
methods of drift and dissipated strain
energy are illustrated in Fig.15. In this
figure, the points are related to the
exceedance  probabilities  which are
calculated in various performance levels
and the lines are related to the fitted curves
with normal distribution function. The
exceedance probability from elastic, LS, CP
and instability are presented in the energy
method while the exceedance probability
from 10, LS, CP and instability is calculated
in the drift approach. For a Dbetter
comparison, maximum acceleration values
related to the 50% exceedance probability
in various performance levels are
compared. Maximum accelerations that
show the 50% exceedance probability in
three levels LS, CP and instability in drift
method are 0.95g, 1.35¢g and 1.8g
respectively.

In this research, which is based on the
energy method, it has been tried to express
IDA curves based on the maximum
acceleration of the ground (as a measure of
intensity) and the plastic strain energy
dissipated in the structure (as a parameter of
engineering demand). In both methods,
intensity measure is considered based on
the maximum acceleration of the ground.
This parameter is common in both methods.
On the other hand, since the assessment of
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fragility by energy method is considered as
a new issue, the comparison is currently
focused on the shape of IDA curves. For
example, the IDA curve starts from zero by
the drift method and increases immediately
with the increase in the intensity of the
seismic load. But in the energy method, up
to a certain intensity, the value of the IDA
curve is equal to zero. On the other hand,
the performance levels obtained from two
methods (such as LS and CP) have also
been compared, which can be considered as
a benchmark for comparison.
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Fig.15. Fragility curve of the ten-story structure
with: a) drift method, b) energy method
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One of the advantages of the energy method
compared to the drift method is that the
exceedance probability from the elastic
level can be calculated in the structures.
Therefore, this method can be used for the
structures for which the design seismic load
is required to remain within the elastic
range. For instance, the maximum
exceedance probability (100%) from the
elastic performance level in six and ten-
story buildings takes place in the maximum
acceleration of 0.4g and 0.6g, respectively
whereas the maximum  exceedance
probability from the 10 performance level
in these structures occurs in maximum
accelerations of 0.7g and 0.9g, respectively.
The ability to calculate the exceedance
probability from the elastic level in
structures is one of the advantages of this
approach.

The main limitation of this method is in
evaluating the boundary conditions related
to different performance levels. Although
the energy method is considered an
excellent and perfect method in evaluating
the probability of exceedance the elastic
level, it can be associated with errors in
other levels. In past research, Housner's
relationship has been used to calculate
different levels of performance. Although
this method is known as a definite and well-
known method in the design of structures
with energy methods, it can also be
associated with errors in the evaluation of
fragility curves. This method provides the
amount of plastic strain energy at the design
level. The main hypothesis of the energy
method is that this input energy can make
the structure reach the LS performance
level. The same issue can be considered
uncertainty in fragility assessment with the
energy method.

The energy method has been proposed as a
new method in assessing the fragility of
structures. Structural design methods are
changing from force methods to
performance methods (Gardner 2019). One
of these performance methods is energy-
based design. When the energy-based
design method, which is considered an

16

efficient method, is included in the
regulations, the energy-based fragility
assessment method will be the most
important tool for fragility analysis.

9. Summary and conclusion

The aim of this study is compare the
fragility of six and ten-story reinforced
concrete frames with the conventional
method and the energy method and evaluate
the possibility of using the energy method
for reinforced concrete structures with
moderate and short height. To do so, the
seismic performance of frames is firstly
studied. Then, the energy balance of
internal and input energy due to seismic
load is investigated. Afterward, the IDA
curves based on energy method and inter-
story drift are calculated and presented and
their differences are discussed. In the end,
the fragility of the frames is calculated for
elastic,c LS, CP and global instability
damage levels in the energy method and
compared with 10, LS, CP and global
instability levels in the drift method and the
summary of the results are presented as
follows:

e The maximum exceedance
probability (100%) from the elastic
performance limit in six and ten-
story frames occurred in the
maximum acceleration of 0.4g and
0.69, respectively.

e Using the energy method represents
higher values of fragility in a
particular maximum acceleration
compared to the drift method. In
other words, the seismic fragility of
the structures in the conventional
method is more conservative than
the energy method.

e The IDA curve resulted from the
energy method is a curve with an
ascending trend. This curve can
obviously represent the
performance point of the structure in
the elastic zone.



e Since the drift value is the criterion
of most guidelines in assessing the
fragility of the structures, Ls and CP
performance levels in the energy
method can be transmitted to the
drift method by modifying the
Housner method and applying
reduction factors which can be
considered for further
investigations.
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