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ABSTRACT

Earthquakes cause a lot of damage to structures. A quantitative estimate of the amount of damage to
the structure always seems quite necessary after an earthquake. For this purpose, seismic damage
indices have been introduced as dimensionless quantities that can report the extent of damage using
various criteria. This quantitative assessment can help make decisions about the process of improving,
repairing, and strengthening structures. This paper presented a new stiffness-based damage index with
simple formulation by performing pushover analysis on existing concrete models and applying the
results. Using the capacity curve obtained from the pushover analysis output, this index can provide a
quantitative estimate of the amount of damage to the entire structure. To validate the results, damage
estimation was also performed using several reliable models such as the Park-Ang model and then
compared with the proposed index results. Then, a series of theoretical suggestions were presented to
address the existing weaknesses, which were implemented, and new results were obtained. Finally, the
implemented reform proposals led to an improvement in the performance of the proposed index,
resulting in excellent accuracy due to the simple computational process compared to the complex

implementation of the Park & Ang index.

doi: 10.5829/ije.2023.36.05b.16

1. INTRODUCTION

Different structures are made to last for long periods.
However, they may suffer some damage during their
service life as a result of changes in loading patterns and
random excitations such as earthquakes. Predicting the
extent of damage to the structure over its service life is a
probabilistic issuem. Nevertheless, many researchers
have proposed several equations to quantify damage by
applying various engineering parameters, such as
curvature, rotation, strength, stiffness, and dissipated
energy [1]. The performance-based structural design
method allows designers to purposefully control the
amount of damage to the structure as a result of mild to
severe earthquakes. One of the most effective tools to
handle the results about the damage performance of the
structure is the damage index (DI) together with the
damage states, which are used to correlate the damage
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indices with the damage that occurred in the actual
structures [2]. Damage indices use different initial
parameters to estimate the amount of damage, and
therefore, the degree of complexity in how they are used
varies. Given the importance of detecting seismic
damage, several studies have been performed on the
seismic performance of reinforced concrete frames
based on seismic indices. These studies aimed to
investigate the condition of a reinforced concrete
building following an earthquake and estimate the
amount of damage according to seismic demands.
Another goal was to study the relationship between
structural damage level and the important characteristics
of the input earthquake. Wen and Loh [3] attempted to
determine the relationship between design level and
performance level. The project investigated the
relationship between the annual probability of
exceeding the seismic hazard level and the performance
of a building subjected to a certain intensity of
earthquake loading. The Park-Ang index was used as a
damage criterion to quantitatively introduce the

Please cite this article as: M. Mazloom, N. Fallah, Seismic Vulnerability Assessment of Existing RC Moment Frames using a New Stiffness
Based Damage Index, International Journal of Engineering, Transactions B: Applications, Vol. 36, No. 05, (2023) 1000-1011



mailto:Meisam_mazloom@yahoo.com
mailto:Meisam_mazloom@yahoo.com

M. Mazloom and N. Fallah / IJE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 1000-1011 1001

performance level. Also, the relationship between the
components of earthquakes in Iran region and the
amount of damage to concrete frames was investigated
in a research project [4]. De Domenico and
Hajirasouliha [5] investigated the steel frames criteria
and the damage index in the performance-based design
method of reinforced concrete buildings. They also
studied the relationship between damage to components
and the values of the above criteria. In another study,
researchers investigated the relationship between the
proposed levels of FEMA and different damage indices.
In this research project, several models of steel frames
were analyzed, and the time history and damage index
curves were plotted against different performance levels
[6]. In addition, the correlation assessment between the
damage criteria obtained from the results of a pushover
analysis at different performance levels of a 2D bending
moment frame was performed in another research work
[7]. Some researchers conducted a laboratory study on
the seismic response of concrete foundations of existing
bridges. They attempted to build a model of a multi-
column concrete foundation in the laboratory and
measure the behavior of the structure at different
performance levels under the effect of cyclic loading
[8]. Tasnimi [9] investigated the Park index at the
seismic performance levels of reinforced concrete
frames using the results of nonlinear dynamic analysis.
The vulnerability of concrete frames was examined in
another study. They performed nonlinear dynamic
analysis on multi-story concrete frames. They also
examined the characteristics of the incoming earthquake
and used the Park & Ang damage index to assess
damage in numerical models [10]. Also, some
researchers attempted to quantify the damage level of
Shear Wall RC Frames based on nonlinear static and
dynamic analysis results. They used the Park & Ang
damage index as benchmark, examined other indices
such as drift percent and finally introduced some
practical relations [11]. Aghagholizadeh and Massumi
[12] assessed the seismic vulnerability of concrete
moment frames by nonlinear dynamic analysis. In their
study, the relationship between changes in structural
vibration period and damage index was investigated and
finally a new relationship was proposed to estimate the
damage [12]. Habibi and Asadi [13] developed drift-
based index to estimate damage to reinforced concrete
moment frames with vertical irregularity setback. They
used inelastic dynamic time-history analysis on several
frames with different types of setbacks and their damage
is computed by the Park & Ang damage index [13].
Rastegarian and Sharifi [14] evaluated dependency of
structural performance level on its corresponding inter-
story drift in RC moment frames. They used pushover
analysis and finally proposed equations to predict drift
percent at performance levels. Hait et al. [15] studied
the damage in RC buildings using an analytical method,

presented a new damage index based on a combination
of different structural response criteria which provided
accurate results compared to the Park & Ang damage
index. Ozturk et al. [16] evaluated precast industrial
concrete buildings by using dynamic analysis and
fragility curves that were designed and built according
to the building codes of Turkey. Other researchers have
performed static and dynamic analyses on a number of
concrete frames [17]. Kassem et al. [18] presented by
performing nonlinear static and dynamic analysis and
by classifying damage levels, a simple and practical
method to assess damage in reinforced concrete
buildings based on the results of vulnerability damage
index. In another paper, based on the suggested method
of damage assessment using the vulnerability index,
they examined the damage in a school building. With
the help of the results of this research, it is possible to
provide a proper assessment of the structural damages
without the need for expert observations [19]. The
evaluation of the effect of ductile details in reinforced
concrete structures was investigated in another study. In
this research, two ductile and non-ductile frames were
modeled and using the results of pushover analysis, the
effect of using ductile details on the safety, stability and
economy of the models was investigated [20]. In
another paper, Mibang and Choudhury [21] investigated
seismic damage in reinforced concrete frames with
shear walls. In this research, the Park & Ang damage
index was used to calculate the amount of damage. The
research results showed that in these structures, the most
damage occurred on the ground story [21]. In another
work, Nair et al. [22] evaluated the seismic vulnerability
of high-rise concrete frames in the United Arab
Emirates with the help of fragility curves. Zameeruddin
and Sangle [7] proposed a damage index based on
stiffness changes in order to estimate the structural
global damage, and calculated its value at the proposed
performance levels of FEMA-273. The history of using
damage indexes in estimating post-earthquake damage
was examined, indicating that most of the research was
performed using the nonlinear dynamic analysis
method. Limited research has been conducted on the
relationship between pushover analysis and damage
assessment, including. Also, some seismic instructions
such as FEMA-273 [23] and ATC-40 [24] have stated
the amount of damage to the structure based on the
relative lateral displacement values resulting from
pushover analysis.

The present paper presents a damage index based on
pushover analysis output, which was performed on
several concrete frames. The amount of damage can be
measured based on the cumulative degradation of the
stiffness. Then, to validate the results compared to the
values of valid indices, the amount of damage was also
calculated and classified based on the Park & Ang
model and relative lateral displacement, followed by
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comparing the values of the presented index with its
results. Several theoretical modifications were made to
improve the performance of the introduced index and
the results; the results were re-examined. As a result of
the improvements made, the results improved compared
to the original model and became more coherent with
the Park index. The amount of damage to the whole
structure can be properly estimated by performing a
series of simple calculations away from the complexity
of the Park index by using this index that only uses the
information of the capacity curve of the structure.

2. DAMAGE INDEX

The main purpose of assessing the damage to the
structure is to find a set of reliable quantities to
determine the amount of damage to the structure. Over
the years, a significant body of research has focused on
developing such methods. An appropriate damage index
has the following characteristics:

A) General usability: Damage indices should be able to
be applied to different systems under different loads.

B) Easy evaluation: Damage indices should be usable in
practice, and their introduced parameters can be
understood, observed, and measured.

C) Physical interpretation capability: Damage indices
should be able to express the physical meaning of the
damage to the structure. Damage indices are generally
defined either in terms of parameters related to
economic conditions or in terms of resistance-safety
considerations. Economic damage indices are usually
defined in terms of the parameters representing the cost
of replacing and repairing the necessary structural
elements. Specific and complete information is required
in this regard, and determining repair and replacement
costs is relatively difficult. Resistance-safety damage
indices are related to the amount of reduction in
structural strength. The damage index is generally a
normalized quantity with numerical values between 0
and 1, with 0 meaning no damage and 1 meaning
collapse.

2. 1. Relative Lateral Displacement Based
Damage Index The criterion of " Story relative
lateral displacement " can be used as a simple and
popular tool to assess the total damage to the structure.
Performance based design instructions such as FEMA-
356 and ATC-40 detemine the structural performance
level by setting four limit values for this index. This
index can be calculated based on the results of pushover
analysis using Equation (1) [25]:

A
Dlarift = Tm (1)

In this regard, A, is the target displacement at the

performance level and H is the height of the structure
studied. In Table 1, the limit state values of this index
are presented for each performance level.

2. 2. Park&Ang Damage Index Extensive
research has been conducted in recent years to develop
an accurate model for assessing the extent of damage to
structures. The Park and Ang model [26] is one of the
most common damage indices used to analyze damage
to members and, on a larger scale, structures. Three
types of damage indices can be calculated using this
model: member damage index (e.g., column, beam, and
shear wall), floor damage index, and total structure
damage index. The Park & Ang damage index was
initially a combination of maximal non-cumulative
deformation and hysteretic energy. Reinhorn et al. [27]
modified the Park & Ang damage model based on
Equation (2):

Om — 0.
y B
DI = + [dE
Park &An @
9 g -0 Mg
where 6y , g, and g, are the yield rotation, maximum

rotation, and maximum rotation capacity of the member
section, respectively, under uniform incremental
loading. This model is currently used in IDARC-2D
software to analyze the damage to reinforced concrete
structures. This damage index is proportional to the
observed damage classified, as shown in Table 1 [28].
The value of this index is calibrated in the range [0, 1],
reporting the absence of damage and complete damage
and destruction of the member (or structure),
respectively. Other performance levels, such as
immediate occupancy, life safety, etc., will fall within
these limits. Operational, immediate occupancy, life
safety, and collapse prevention performance levels
correspond to minor, low, moderate, and severe damage
(Table 1 and references ATC-40 and FEMA-273).

TABLE 1. Classification of Structural Damage According to
Park & Ang Index values and drift percent

Degree Park&Ang

Performance - Drift damage

levels of damage index index(%6)
damage value

Operational Slight DI1<0.10 Dl <0.70

Immediate Minor  010<DI<025  0.70<Dlyy <1

occupancy

Life safety Moderate ~ 0.25<DI<0.40 1< Dlyip <2

Collapse

prevention Severe 0.40<DI<1 2<Dly;n <4

Collapse Collapse DI>1 Dlyir >4
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2. 3. Stiffness-Based Damage Index  The amount
of damage can be calculated according to the slope of
the structural capacity curve obtained from pushover
analysis at different levels. Saleemuddin and Sangle [1],
presented a stiffness-based damage index to the original
form of Equation (3), derived from the following
expression [29]:

Dl S Ke 3
Ko

In Equation (3), DI, is the damage index at the moment

of collapse of the structure. Also, K, and K, are the

structural stiffness at the collapse level and the service
level, both derived from the capacity curve,
respectively. From the above equation, it can be
concluded that the amount of damage is estimated based
on the occurrence of the first yield in the structure. To
solve the challenge of not considering the cumulative
effects of structural damage, a new equation was
presented and used as follows [1]:

(1-DlIg)Kg =K¢ 4)

(1-DIg)Kodp =V} (5)

According to Equations (4) and (5), stiffness can be
replaced by base shear and displacement at the collapse
level. According to the incremental steps of pushover
analysis, Equations (6)-(9) can be written according to
the capacity curve:

Kody =V1 (6)
Kq(dp —dp) =Vp 7
Ka(dz-dp)=V3 ®)
Kn(@p —dn)=Vp ©)

In the above equation, K, is the structural stiffness at
the full-service level, d, is the displacement of the

structure at the calculated level, and Vp is the shear

force of the structure at the same level, obtained from
the capacity curve. Also, d,, is the displacement at any

desired point n and K, is the structural stiffness at the

desired point,

which must be read from the curve. For each step of
pushover analysis, according to Equations (6)-(9) and
Figure 1, the left-hand side of Equation (9) can be
rewritten as a sum of several terms as Equation (10):

n=I|
D Koty #Ka(d2 ~01) +Ko(d3 ~d2) + Kn (dp ~dn) Vp (10)
i=0

— Capacity curve

Bi-lincar curve

Base shear (kN)

<

<

» Performance
point

d d d 4

(

Figure 1. Display parameters on the pushover curve [1]

d d Displacement (m)

]

n=I
ZKod1+K1(d2 -d1)+K2(d3-d2)+..+Kp(dp -dn)

V "
Dlg=l-—L=1-1=0
Kodp Kodp

(11)

The above equation represents the value of the damage
index at any desired level, which can also consider the
reduced cumulative stiffness [1]. Therefore, the damage
index values for the performance levels based on
FEMAZ273, i.e., 10, LS, and CP were written as follows
(Equations (12)-(14)):

n=I

ZKod1+K1(d2—d1)+K2(d3 —d2)+..+K|0 d|0 -dp)

12
Dljp = 110 (12)
Kodp
n=I
DKot K1(#2 -¢1) +K2(¢3 -02) .+ KLS (€L ~dn) 13
Dl g =1-i=0
Kodp
n=I|
DKot K1(a2 -1 +K2(¢3 -02) ..+ KCP (4CP ~dn) 1)

DICP =1- i=0 Kodp

The damage index calculates the total damage to the
structure at different performance levels based on the
above model.

3. THE RESEARCH PROCESS

3. 1. Description of Study Models Three
concrete frame models were selected based on the
specifications in the research conducted by Reinhorn et
al. [27] and Ferracuti et al. [30]; modeled in the IDARC
2D Version 7.0 program [18]. In these frames, the
number of floors is 3, 4, and 6, respectively, and the
number of frame spans is 2, 3, and 2, respectively
(Figure 2). The height of the floors in the first frame,
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taken from a frame with laboratory dimensions [18], is
1.5 meters, and the length of each span is 3 meters. In
the second (three-span) and third (two-span) models, the
height of the first floor was equal to 3.5 meters, and the
height of the other floors was equal to 3 meters. Also, in
the second model, the length of each span was equal to
5 m, and in the third model, it was equal to 5.5and 5 m
[30]. The concrete used in the first frame has a
compressive strength of 40.2 MPa, and the steel used
has a yield strength of 400 MPa. In the second and third
models, the concrete used had a compressive strength of
30 MPa, and the steel used was considered to have yield
strength of 414 MPa [27, 30].

3. 2. Numerical Modeling in the Program and
Performing Nonlinear Analysis The models
introduced in the preceding section were generated in
IDARC-2D V7.0. As a set with the ability to consider
various aspects of concrete element behavior, the
IDARC program was introduced in 1987, to study the
nonlinear response of reinforced concrete structures
[27]. This program is capable of doing nonlinear static
and dynamic analyses and provides various information
according to the user's request such as displacement
status, stress ratio in elements, plastic hinge formation
process, the amount of damage in the structure, and
modal information of the structure in different steps
during progress. In the mentioned program, columnar
elements are considered as macro models with inelastic
flexural deformations and elastic shear and axial
deformations, and in the beam elements, inelastic
flexural deformations are considered with elastic shear
deformations [27]. Nonlinear static analysis is done on
numerical models of the present paper.

To consider the nonlinear behavior of beams and
columns, a concentrated plasticity model was used at
both ends of the element (Figure 3). The IDARC-2D
program uses a modified model in which the program
considers two nonlinear rotational springs at both ends
of the element while considering the element as elastic.
As a result, the plasticity behavior of the element will be

3.00
3.00
3 3.00
3.00 3.00
3.00 3.00
1.50)
:55 250 3.50
F3.00%3.008 T s00F5001500—  —550—500—

First model Second model Third model
Figure 2. Geometric view of the numerical models

M,

Nonlinear rotational spring Nonlinear rotational spring

%\_/ El, AN
L L |
T L 11
AL AL
| I
1 1

L
Figure 3. Concentrated plasticity model [28]

active only at both ends of the beams and columns. This
model also includes rigid end zones [27]. Since the
lengths of the beams and columns introduced to the
program are center-to-center, the rigid end zones that
must be defined by the user for both ends of the
elements are the joint area where the elements connect
to each other and to the ground, which is considered
rigid in the element of the beam or column. In addition,
to model, the behavior of beams and columns, a multi-
linear hysteretic model was used. The selected cycle
parameters for the elements were introduced as ductile
sections with appropriate details. It must be mentioned
that the IDARC program considers hysteretic behavior
for both ends of the element. To introduce hysteretic
behavior to the program, regarding the program guide,
the user must specify the HC, HBD, HBE, and HS
values. These values are determined based on the
definitions provided in Table 2.

Generally, increasing the amount of HC delays the
amount of stiffness degradation. In addition, increasing
HBD and HBE will increase the resistance degradation
rate, and increasing HS will reduce the slip value.
Consequently, the HC value was considered equal to the
default value of 200, which is the maximum value
proposed for the introduction of behavior without
stiffness  degradation. To introduce the strength
deterioration parameter, the values of HBD and HBE
were equal to 0.01 to introduce the mode without
strength deterioration and the value of HS was equal to
one for bond slipping (Pinching) [27]. Regarding the
program guide, the model intended for the rotational
behavior of elements was introduced in Figure 4. Also,
nonlinear geometric effects (P-A) were considered. The
uniform vertical load applied to the floor beams was
equal to 20 kN/m.

The IDARC program can perform pushover analysis
in the form of displacement control and force control. In
this study, pushover analysis was performed based on
force control.
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TABLE 2. Details of typical parameters and default values to
introduce hysteretic behavior in members [27]

Parameter Meaning Value Effect
4 Severe degradation
Stiffness 10 Moderate degradation
HC degradation
parameter 15 Mild degradation
200 No degradation (Default)
Strength 0.60 Severe degradation
degradation 0.30 Moderate degradation
HBD parameter
(ductility- 0.15 Mild degradation
based) 0.01 No degradation (Default)
Strength 0.60 Severe deterioration
degradation 0.15 Moderate deterioration
HBE parameter
(energy- 0.08 Mild deterioration
controlled) 0.01 No deterioration (Default)
0.05 Severe pinched loops
Slipor Crack-  0.25 Moderate pinching
HS closing
parameter 0.40 Mild pinching
1 No pinching (Default)

e

u

Figure 4. Multi-linear hysteretic model [28]

a) In the first model, the lateral load distribution was
considered an inverse triangle. This distribution is often
suggested by building codes, which assume that the
building is subject to a linear acceleration distribution
along its height (Figure 5(a)). Therefore, the
incremental lateral force at each step is calculated for
story i based on Equation (15):

aF = Vil 15
oxwiny g )
b) In the second and third models, the lateral load
distribution was assumed to be uniform. This
distribution assumes a constant distribution of lateral
load at the height of the building, regardless of floor
weight .(Figure 5(b)). The increased lateral force in each
step for story i is equal to:

s = Vb (16)
N

where N is the number of floors of the building. After
the analysis of pushover, a comparison was made
between the initial results of the analysis to validate the
modeling method and tools used, which included the
vibration period of the first three modes and the
structural capacity curve.

Briefly, information about the second model, the 4-
story frame, is provided above. Based on the
comparison of the first three modes of vibration, it was
found that the model developed in the current paper has
a mass and stiffness distribution almost similar to that
was reported by Reinhorn et al. [27]. In addition, by
pushover analysis, it was found that the observed trend
in the obtained capacity curve is similar to the results
presented in the reference article (Table 3 and Figure 6).

™
¥

(@) (b)
Figure 5. Lateral load distribution types (a: inverse triangle, b:
uniform)

TABLE 3. Comparison between the results of the current study and
Ferracuti et al. [30]

Results Model Mode 2 Mode 3
Ferracuti et al. [30] 0.50 0.17 0.11
Current Paper 0.51 0.175 0.104
Difference % 14 2.94 5.45
350 -
300 -
? 250
E
3 200 -
=
g 150 A
§ 100 - —&— Opensees Model [31]
50 - —+— |IDARC Model
0 T T T 1
0 0.05 0.1 0.15 0.2
Top displacement(m)

Figure 6. Comparison between the results of the current study
and Ferracuti et al. [30]
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4. DAMAGE ASSESSMENT BASED ON PARK-ANG
MODEL AND STIFFNESS BASED MODEL

In the previous sections, the stifness based damage
index was introduced which had previously been
provided by the researchers for the performance levels
of immediate occupancy (10), life safety (LS), and
collapse prevention (CP). Introducing this index at
performance levels alone cannot validate the results.
This index has not been calibrated based on valid
numerical models, and its results have not been
compared with those of other indices. Therefore, the
present study calculated the stiffness damage index
based on the results of the pushover analysis and
compared it with the results of the Park-Ang model. The
IDARC program can calculate Park-Ang index values at
the same time as pushover analysis and present the
results when requested by the user at different levels of
analysis. Based on the description given above,
numerical calculations were presented in a series of
separate tables for each of the above three models. The
first four columns of each table contain the results of the
nonlinear static analysis performed on the model and the
value of the global Park&Ang damage index, which are
obtained from the program output.

The amount of stiffness was calculated using the
data presented in these columns, followed by calculating
the cumulative stiffness reduction ratio and, finally, the
amount of damage index based on the stiffness model at
different displacement levels. Tables 4 to 6 are related
to the first, second, and third frames. Columns 3-6 from
the left are related to stiffness-based damage index
calculations. To cover the levels of "low to severe"
damage according to the Park-Ang criterion, the domain
of the index value varies from 0 (without damage) to 1
(structural collapse).

According to the results, the stiffness-based damage
index was higher than that calculated based on the Park-
Ang model. Accordingly, the following is a review of
changes in stiffness-based damage index values with
Park & Ang index values as well as drift levels for each
model, separately (Figures 7 to 9). Based on analysis
results mentioned above, the present study's findings
indicated a limited range of changes in the stiffness-
based damage index. In other words, at low damage
levels where the value of the Park & Ang damage index
is less than 0.10, the value of this index indicates a 50-
60% damage.

In the literature of damage indices, this value does
not mean the amount of damage is small and
insignificant, which can be guessed based on the steep
slope of the change curve. On the other hand, with a
change in Park & Ang damage index value in the range
of 20-60%, the value of the stiffness-based index has
changed only about 15%. This is not a reliable criteria
for determining the post-earthquake performance level

of the structure in question. In summary, this index has
shown the trend of rapid and slow changes at low and
high damage levels, respectively.

TABLE 4. Damage index calculations for the first model

Drift%e  Dlpga Sﬂf,\fl?r?,lss Kodp 2Vj DI

0 0 0 0 0 0.00
0.22 0.01 17305.79 168.13 168.13 0.00
1.66 0.13 3212.59 1291.19 376.61 0.71
1.72 0.13 3106.87 1337.91 385.00 0.71
1.78 0.14 3007.94 1384.79 393.15 0.72
2.02 0.16 2670.03 1573.02 423.50 0.73
2.26 0.18 2402.55 1762.57 450.86 0.74
2.32 0.18 2344.18 1810.15 457.30 0.75
2.53 0.20 2169.50 1970.26 477.93 0.76
3.70 0.30 1539.97 2881.41 559.01 0.81
6.04 0.50 1009.64 4703.71 665.33 0.86
7.22 0.60 871.73 5622.65 711.62 0.87

TABLE 5. Damage index calculations for the Second model

Drift%  Dlpga SEE?;SS Kodp 3V DI

0 0 0 0 0 0

0.29 0.01 616758 21552 21552  0.00
0.42 0.02 481319 31418 29955  0.05
0.50 0.02 434657 36902 33916  0.08
0.54 0.03 416054 39648 35768  0.10
0.61 0.03 383562 45384 39405 0.3
0.66 0.04 357914 49099 41561 0.5
0.85 0.05 200358 62561 47899  0.23
1.00 0.06 252778 74322 52719 029
145 0.10 179316 107345 62320 042
232 0.17 114927 171454 74266 057
3.16 0.24 860.72 234230 83027 065

TABLE 6. Damage index calculations for the third model

Drift%  Dlpaa e Kodp  3Vj DI

0 0 0 0 0 000
004 000 612633 5010 5010 0

012 001 544024 13657 12689 007
026 001 410930 28901 22914 021
045 003 253753 51387 32227 047
0.74 006 160039 83529 40624 051
110 010 100218 124161 47868 061
219 022 56016 248412 59411 076
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2.45 0.25 513.34 2782.09 619.08 0.78
3.60 0.36 364.20 4080.02 696.24 0.83
4.63 0.45 291.56 5248.42 751.84 0.86
476 0.46 284.72 5394.51 758.63 0.86
5.60 0.53 247.71 6344.61 797.05 0.87
0.80 -
g 0.70
1]
E 0.60 -
]
g 0.50 4
brd > o040 -
c e
aft oz —&— 3 story
w
b4 0.20 4
E 0.10 -
" 0.00 &
o 0.1 0.2 0.2 0.4
Park&Ang damage index
_ @
Figure 7.
frame

0.80 1
0.70 4
0.60 4
0.50 1
0.40 4
0.30 4
0.20 A1
0.10 4
0.00 -

Stiffness based damage
index

—i— 4 Story

01

02

03

Park&Ang damage index

@

04

To reduce these weaknesses, this paper proposes two
models. Following the proposed changes, the results are
represented in the form of a series of comparison charts
between the models and then compared with the initial
state of the proposed index.
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5. PROPOSED MODELS TO IMPROVE STIFFNESS-
BASED INDEX RESULTS

According to previous results from the study of the
stiffness-based damage index, the following weaknesses
can be mentioned:

A) Weakness in determining the amount of damage to
the structure at low damage levels, which can be used to
repair the structure if possible after the earthquake.

B) According to the basic definitions, the damage index
is defined in the range between 0 and 1. However, the
cumulative stiffness index has reported values above
0.5, even at low damage levels based on the Park index.
Accordingly, the present research work sought to
provide new definitions according to which the
mentioned weaknesses could be reduced.

5. 1. First Proposed Model (E1)  According to the
definition provided in section 2, the damage index
introduced can be expressed on another basis. As a
result, several corrections were defined as follows,
based on which the results of previous calculations will
be represented:

Dl =1- é\;”p 17)
Vo =Kgdg (18)
V1 =Kg(dp —dg) (19)
Vy =Kq(dz —dp) (20)
V3 =Kp(dg—d3) (21)

In the above equations, the values d; to d, are the

displacements read from the pushover analysis and the
value of v, is the sum of the shear forces calculated

according to Equations (18)-(21) to the desired
performance level, respectively. The value of the
damage index is between 0 and 1.

5. 2. Second Proposed Model (E2) Based on the
changes that will occur in the fundamental period of
vibration of a structure after damage, the softening
index [31] was defined as Equation (22):

TO
DI =1-2

T (22)

where T; and T, are the fundamental period of

vibration of the structure in position i after damage and
o without damage, respectively. Given the relationship

between period of vibration and stiffness, the period of
vibration can be related to the stiffness of the condition i
of the structure as follows, assuming that structural
mass remains constant after damage:

1
Tj W (23)

Therefore, the damage index changes according to the
new form as follows:

or 1o [ [Fi% g [2Yi (24)
Ko Kodp Vo

d, represents the displacement of the node control of
the structure in the performance level being calculated.
To calculate >v; , we must use the relations (25) to

(29):

Vg = Kodq (25)
Vy = Kq(dy —dq) (26)
Vy =Ko (dz —dp) @7
Vi =Kp @ —dp) (28)
SIEBV; =V 4V 4V Vg btV (29)

5. 3. Reviewing the Results of the Proposed
Amendments According to the corrections
presented in this study, the results should be evaluated
in comparison with the first case. The following is a
presentation of changes in the stiffness-based index
versus changes in the Park index after applying (E1) and
(E2) in a series of diagrams. Based on the results, it is
clear that the results of the proposed index have
improved compared to their initial state. (Figures 10 to
12) It is also clear that the second proposition has
yielded better results than the first. At damage rates of
up to 10% based on the Park & Ang model, the
difference in results can be reduced to 25% by applying
a second proposition. Also, there is little difference
between the values of the two indices at high damage
levels.

In light of the foregoing, a quantitative comparison
can be made between the damage index results and the
Park index values by averaging the results. Table 7 is
based on the initial classification of damage status based
on Park index values. Drift damage index values were
also obtained from the results corresponding to the
values of this index. The results of the stiffness-based
damage index before and after the correction are
presented below. Based on the obtained values:
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A: Drift limit values corresponding to the performance
levels of 10, LS, and CP were 1.24, 2.96, and 4.68%,
respectively (Table 7). However, the recommended
values for the FEMA guidelines are 1, 2, and 4%,
respectively.

B: The stiffness-based yield index showed better results
following improvements in its configuration. It is also

TABLE 7. Comparison of the results of the indices in the
studied models

Stiffness Stiffness
Initial based based
e Stiffness damage damage
Dlpga an(f)/";dex based index after index after
° damage first Second
index correction correction
(e1) (e2)
Less than Lessthan  Less than Less than
DI<0.10 1.24% 0.56 0.42 0.31
010<DI<0.25 Between Between Between Between
1.24-296% 0.56-0.74 0.42-0.66  0.31-0.49
Between Between Between Between
<
025<Dl<040 2.96-4.68% 0.74-0.81 0.66-0.74  0.49-0.57
DI>040 More than ~ More than More than  More than
4.68% 0.81 0.74 0.57

clear from the results of Table 7 that the second
proposed model introduced in this paper has succeeded
in offering both a larger range of changes and more
realistic values despite its relatively low computational
complexity compared to the valid Park-Ang model.

6. CONCLUSIONS

Given the importance of the issue of damage and
vulnerability and the need for quantitative post-
earthquake estimation of the damaged structure, this
study introduced a new stiffness-based index. Thanks to
its low computational complexity, this index can
conveniently estimate the total damage of the structure
based on the output of pushover analysis, i.e., the
capacity curve. Three numerical models were developed
to evaluate the performance of the index, and the results
were compared with those of the valid Park-Ang
damage index as well as the drift damage index. By
comparison, the initial stiffness-based damage index
model states that the results are somewhat higher than
the actual values, based on the damage index technical
literature. In other words, this index was not very
sensitive at low damage levels. Two correction models
were proposed to improve the results, and their
performance on numerical models was re-examined.
The results showed the ability of the modified models to
quantify the damage a little better.

In other words, the scope of this index was also
expanded to include low breakdown ranges after
modifying the damage calculation algorithm. Also,
changes in the results of stiffness-based damage index
were presented in comparison with Park-Ang indices
and relative lateral displacement index. Two main goals
of this research were achieved:

1) Provide a new damage index with a low
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computational complexity that can consider the
cumulative effects of damage and reliably assess overall
damage.
2) Calibration of the results of this damage index based
on valid damage indices using correction suggestions.
Given the importance of evaluating structures after
seismic damage, it is necessary to develop and provide a
set of damage indices with acceptable accuracy due to
their low computational complexity. This study
analyzed concrete flexural frames. However, the
performance of the stiffness-based damage index should
also be examined in a series of separate studies on other
systems due to the diversity of structural systems used
in buildings. It is also suggested to conduct a study on
the effects of various cyclical behavioral models for
nonlinear modeling of structures and their effect on the
progress of damage. The effect of lateral load
distribution patterns on the damage process should also
be considered.
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