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Abstract

Measuring structural damage during earthquakes has always been a challenging problem for earthquake engineers.
Various damage indices are proposed with the objective of quantifying the structural damage in prototype and
model structures subjected to seismic excitation. In this study, seismic vulnerability of irregular steel buildings is
assessed in three dimensions considering effects of the panel zone, which has not been considered in recent
studies of the field of seismic vulnerability. The buildings are modeled with different storeys and irregular plans.
Seismic performance of buildings was assessed in life-safety and collapse-prevention levels. Cumulative functions of
damage indices are applied in the nonlinear dynamic analysis of buildings in the near-field ground motions. It is
concluded that participation rates of deformation and energy in the damage of irregular buildings are 74.5% and
25.5%, respectively. Severe damage and collapse due to seismic dissipated energy occurred in the initial storeys of
low-rise buildings and in the middle storeys of high-rise buildings.
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Introduction

Damage and detraction in recent earthquakes have
shown that even though buildings designed according to
recent codes and regulations have performed well from
the viewpoint of the safety of human lives, the level of
damage to the buildings and the consequent economic
losses are unexpectedly high. In order to assess the reli-
ability of structures subjected to ground motions, it is
necessary to evaluate failure modes, which lead to cyclic
deterioration in strength, stiffness, and energy dissipa-
tion. Many researchers have tried to determine numer-
ical functions in order to express the partial and total
vulnerability of structures. These functions are consid-
ered as the first step of the seismic rehabilitation of
the structure. More recent damage functions showed the
more realistic view to structural damage. One of the
main topics of debate in vulnerability evaluation of
structures is selecting the most appropriate damage
functions for a special structure to show a structural
situation more realistically (Foutch and Yun 2002;
Kalkan and Kunnath 2007; Gerami and Sivandi-Pour
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2008; Nethercot 2011). In a study, Elnashai (2006) evalu-
ated seismic vulnerability of structures. He introduced
different methods and tools for evaluating vulnerability
of buildings. Shibin et al. (2010) assessed vulnerability
and control of structures based on the performance
levels. They suggested a probable approach for seismic
evaluation of buildings. (Bojorquez et al. 2010) intro-
duced an energy damage index for multi-degree-of-
freedom steel buildings. Their model was developed by
complementing the results obtained by experimental
and analytical investigation on steel frame elements re-
garding the distribution of plastic demands on several
steel frames. Pitocco (2011) studied the information
technology in the context of evaluation of steel building
vulnerability. He suggested some methods for modifica-
tion of damaged buildings. Determination of most dam-
age indices involves complicated and time-consuming
computations that are neither economical nor feasible in
concurrent structural engineering practice. Cumulative
damage indices are usually modeled either by using a
low-cycle fatigue formulation, in which damage is taken
as a function of the accumulated plastic deformation, or
by inserting a term related to the dissipated hysteretic
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energy in the damage model (Kunnath and Chai 2004;
Poljansek and Fajfar 2008; Karimi et al. 2011). No study
was found on seismic vulnerability of buildings consider-
ing panel zone and irregularity. In this study, the panel
zone is considered and irregular buildings are modeled
three dimensionally. Cumulative damage indices consider-
ing deformation and dissipated energy (ductility, energy,
Park-Ang) were used. To evaluate the seismic vulnerability
of models, near-field records of Tabas, Northridge, and
Kobe earthquakes were used.

Method
Design of buildings
Models in this study include steel buildings with three
bays in five types of 4, 7, 10, 15, and 20 storeys. The
height of each storey was 3.5 m, and the length of each
bay is 4.5 m. The buildings were designed based on the
Iranian code of practice for seismic-resistant design of
buildings (Standard 2800) and LRFD method of AISC
(2005) (see Appendix). The loads and load combinations
were determined according to ASCE/SEI 7-05 (2005).
The buildings have irregular plans as shown in Figure 1.
A lateral resistant system is a moment frame in the X-
direction and a dual system of moment frame and
bracing in the Y-direction. IPE sections for beams, IPB
sections for columns, and UNP sections for braces were
used in the modeling and design.

Nonlinear modeling of elements

For nonlinear dynamic analysis, using OpenSees, an
open-source finite element platform has been developed
at the University of California-Berkeley for earthquake
performance assessment (Mazzoni et al. 2006). Fy, E, G,
and strain hardness were considered to be 2,400 kg/cm?,
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Figure 1 Plan of buildings.
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2.1 x 10°, 807,692.30, and 3%, respectively. For nonlinear
dynamic analysis, a nonlinear beam column element is
used, which is based on the non-iterative (or iterative)
force formulation, and considers the distribution of plasti-
city along the element. In order to do nonlinear dynamic
analysis, each element was divided into ten parts. In these
parts, the stresses and strains were derived from three
points at the top, middle, and bottom corners of the section
by which cyclic energy dissipation in each frame element
was calculated.

Modeling of connections and panel zone

During seismic events, connections in steel buildings
would experience a large amount of stress and deform-
ation demands due to their critical position in the
structure. Panel zone is the web area of beam-to-column
connection delineated by the extension of beam and
column flanges through the connection, transmitting
moment through a shear panel. Panel zones are
assigned to joints to model the flexibility of beam-
column connections. Correct modeling of the beam-
column connections is very important in the nonlinear
analysis of moment frames. Four models were used in
the steel buildings in order to model the connections
of beam to column:

1. Linear model. This model is suitable for designing a
moment-resisting frame. Although the model shows
reasonable results for design, it cannot accurately
forecast the distribution of the inelastic frame
element forces.

2. Elastic model with modeling panel zone. The beam
and column will be connected to the panel zone by
a rigid link. Stiffness of the panel zone is modeled as
a spring.

3. Nonlinear model. Yielding of frame elements is
higher than that of the elastic model. This method is
currently used in the modeling of buildings.
Modeled springs will remain rigid until the section
reaches plastic moment.

4. Nonlinear model with modeling panel zone. Three
approaches can be used in the modeling of the panel
zone. The first is to join with a nonlinear spring. In
the second one, two springs are used: one for
rigidity of the panel zone and the other for average
strength of beam and the panel zone. In the third
approach, the panel zone is modeled with eight rigid
elements (Krawinkler 2000; Lignos 2008; Kim and
Engelhardt 2002; Asgarian et al. 2010).

In this study, a nonlinear model with modeling of the
panel zone was used in modeling the joints in OpenSees.
Two nonlinear springs were modeled. Beams and col-
umns are jointed by the rigid link in the panel zone.
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Although the rigid link increases joint stiffness, the
modeled spring in the panel zone causes flexibility. A ro-
tational spring with trilinear behavior is then utilized to
tie the beam and column together. The rigid links stiffen
the structure, but the panel zone spring adds flexibility.
The net result would lead to a relatively stiffer assembly
than that of the center-line model. Since it is stiffer, it
would help in satisfying the drift design criteria. This
model has been shown in Figure 2.

The accurate description of the panel zone stiffness is
very important in the analyses leading to the estimation
of the fundamental period and of the expected frame
drift. Spring stiffness of the panel zone is obtained from
the following relation:

M

Ky=—2 1

'y (1)

M, = V,.dy = 0.55F,d.td, (2)
F

0}’ = yy = \/gyG (3)

where F, represents the yield strength of panel zone, G
represents the shear module, d. represents the column
height, d}, is beam height, and ¢ is thickness of panel
zone.

Near-field ground motion records

Near-field problems have become an important topic for
both seismologists and earthquake engineers. The char-
acteristics of near-field records of an earthquake are
quite different from the usual far-field records. After the
original recognition of their differences in the Port
Hueneme earthquake in 1957, a lot of inhabited struc-
tures and lifeline systems were damaged in the major
earthquakes which happened in the following year. The
special characteristics of near-field ground motions are
directly related to the earthquake source mechanism,
rupture direction relative to the site, and slip direction
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Figure 2 Modeling of panel zone in OpenSees.
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of the rupture fault (Gioncu 1998; Tirca et al. 2003;
Alavi and Krawinkler 2004; Brun et al. 2004; Bray and
Rodriguez-Marek 2004; Li and Xie 2007; Gerami et al.
2012; Monavari and Massumi 2012). In the present
research work, three near-field earthquake records
(Tabas, Kobe, and Northridge) were chosen. Models
were loaded under longitudinal and transversal compo-
nents of each record. Records were analyzed, and the differ-
ence between damages and function of different damage
indices in each storey of the buildings were evaluated and
compared. The specifications of records are presented in
Table 1 and Figure 3.

Seismic performance assessment

Two hazard levels of 1 and 2 were defined for seismic
performance evaluation and structural vulnerability. The
hazard level 1 (Basic Safety Earthquake (BSE)-1) is deter-
mined based on 10% probability of the event during 50
years that is equivalent to a return period of 475 years.
The hazard level 2 (BSE-2) is determined based on 2%
probability of the event during 50 years that is equivalent
to a return period of 2475 years.

Relative displacement of the storeys is one of the general
standards used in studying the performance of structures.
The maximum relative displacement of a building's roof
in each different level for different earthquakes has been
presented in Table 2.

If the frame elements are controlled by deformation,
this index can be calculated. The beams are assumed to
be displacement-controlled frame elements. As with the
columns, if the ratio of P/P, is less than 0.5, the control is
measured by displacement. In the parameters required in
the determination of ductility, yield and maximum rotation
of frame elements were considered. Maximum rotation of
frame elements in life safety (LS) and collapse prevention
(CP) performance levels is given in Table 3.

The determination of target displacement of models
using coefficient method according to FEMA 356 (2000)
is shown in Table 4. This method estimates the target
displacement, providing a direct numerical process for
calculating the displacement demands.

Buildings were loaded with live and dead loads for
gravity loading, and then laterally loaded. For each build-
ing, the total weight of the building, total height, funda-
mental translational mode period, roof displacement,

Table 1 Specification of ground motions

Earthquake Location Date PGA (g) Ms
Long Trans

Tabas Iran 1978 0.85 083 78

Kobe Japan 1995 0.75 036 6.9

Northridge USA 1979 0.82 0.6 6.5

PGA, peak ground acceleration; Long, longitudinal; Trans, transversal.
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and base shear were recorded. Figure 4 illustrates the
capacity curve of models in the X-direction under
uniform and dynamic load pattern.

In Figure 4, W represents the weight, H represents the
height, and Aroof represents the maximum displacement
of models. Maximum displacement of models in BSE-1
and BSE-2 are shown in Figure 5.

Results

Damage index is known to be a standard measure in
evaluating structural damage. Damage indices are
usually normalized so that their value is equal to zero
when there is no damage and is equal to unity when
total collapse or failure occurs. Damage indices can
involve a combination of one or more variables in its
determination. Damage indices are applicable to different
types of structural systems under different loadings
and are defined based on parameters indicating eco-
nomic conditions.

Ductility damage index

The simplest definition for a damage function belongs to
ductility damage index. Energy dissipation by elements is
not considered in ductility damage index, and only max-
imum deformation is used while expressing the damage
amount. This parameter shows the ratio of maximum

Table 2 Maximum relative displacement in two hazard
levels

deformation and yield deformation of frame elements.
Equation 4 shows the ductility damage index.

D>

DIDuctility - e_m (4')

Y

In this relation, 6, represents the maximum rotation
of frame elements during earthquake and 6, denotes the
yield rotation of elements. Figure 6 shows a schematic
curve for calculating the ductility factor.

A ductility factor of less than 1 indicates elastic re-
sponse, and the values of more than 1 show non-elastic
responses, if there is monotonic loading. This damage
index is presented in Figures 7, 8, and 9.

Maximum value of the ductility damage index in frame
elements is presented in Table 5. The mean value of duc-
tility damage indices in beams in BSE-1 and BSE-2 are 4.3
and 6.4, respectively. This value is 8.3 for columns and
11.9 for BSE-1 and BSE-2. From the average values, it can
be conclude that the deformation of the columns is 93%
higher than the BSE-1 beams and 87% higher than BSE-2.

Energy damage index

The amount of energy dissipation in each frame element is
considered as an index in the evaluation of performance
and structural damage. This function is defined based on

Table 3 Maximum rotation of frame elements in
performance levels

Models Maximum displacement (cm) Models Maximum rotation of columns (rad) Maximum
BSE-1 BSE-2 Uniform distribution  Spectral distribution :;tg;i::]s
Tabas Northridge Kobe Tabas Northridge Kobe LS cpP LS cp (rad)
4 19.8 20 205 215 295 22.7 4 0.008 0014 0.005 0.008 0.0097
7 1748 2972 2614 2778 38.2 35.05 7 0.005 0.007 0.008 0.005 0.0097
10 446 3691 5105 7332 4991 80.16 10 0.0063 0.0090 0.0219 0.0106 0.011
15 5951 449 6268 8882 4533 78.56 15 0.0028 0.0034 0.0036 0.0046 0.0079
20 6335 4451 5669 11794 58.19 64.46 20 0.0031 0.0038 0.0049 0.0064 0.0079
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Table 4 Target displacement of models in performance levels
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Models Target displacement in X-direction (cm) Target displacement in Y-direction (cm)
Uniform load pattern Dynamic load pattern Uniform load pattern Dynamic load pattern
LS cP LS cpP LS CcP LS CcP
4 17.87 3292 20.10 3292 5.80 949 5.80 949
7 3303 54.04 3991 65.30 13.33 21.82 13.33 21.82
10 37.88 61.98 40.58 6641 22.16 36.26 2216 36.26
15 4805 7863 5807 95.02 44.02 72.04 44.02 72.04
20 57.51 94.11 69.49 113.71 59.18 96.85 59.18 96.85
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Figure 4 Pushover curve of models. (a) 4, (b) 7, (c) 10, (d) 15, and (e) 20 storeys.
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hysteretic energy dissipated by elements. Energy damage
index considers only the energy absorbed by elements and
does not include their deformations. Regarding energy
dissipated in damage index function, the effects of
earthquake duration and damage aggregation are in-
cluded. Energy damage index is expressed according to
the following relation:
EH/F,4,
Dlgnergy = (Au/Ay — 1) (5)

where EH is the energy dissipated by the system, and
A, is yield limit strength of the frame element. Energy
damage indices of the models have been compared for
different earthquakes in Figures 10, 11, and 12.

Results of this index showed that most damages in
low-rise buildings occurred in initial storeys and in
high-rise buildings occurred in intermediate storeys.
The maximum value of energy damage index in frame
elements is given in Table 6.
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Figure 6 Maximum ductility factor.

The mean value of energy damage indices in beams in
BSE-1 and BSE-2 are 0.87 and 1.43, respectively. For the
columns, these values increase to 1.2 and 1.83 for BSE-1
and BSE-2. It can be observed that energy dissipated by
columns in earthquakes is 38% higher in BSE-1 and 28%
higher in BSE-2 compared to the beams.

Park-Ang damage index
The Park-Ang damage index considers the effects of both
parameters of maximum deformation and dissipated
energy in damage evaluation (Park et al. 1984).

The relation of this index can be expressed as follows:

A, . EH
o 6

DIPark—Ange =

where A, is the maximum deformation of the element,
A, is the ultimate deformation, and f is a model con-
stant parameter.

In this research, the value of 5 is 0.15, indicating the
amount of energy dissipated in the damage range. This
damage index is one of the functions that offer a certain
range for describing the physical concept of the damage
level. A comparison of this damage index for different
earthquakes is shown in Figures 13, 14, and 15.

Maximum value of the Park-Ang damage index in
frame elements is presented in Table 7.

The average of the Park-Ang damage index in beams
for BSE-1 and BSE-2 is 0.75 and 1.26, respectively. This
value is 0.55 and 1.1 for columns.

Discussion
Maximum values of damage indices are shown in
Figures 16, 17, and 18.

There was no remarkable difference in response of
buildings under records for 4- and 7-storey buildings.
Increase in storeys caused noticeable changes in the
results of records, so this difference will reach a peak in
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Figure 7 Ductility damage index in Kobe earthquake. For models (a) 4, (b) 7, (c) 10, (d) 15, and (e) 20 storeys.
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the 15-storey model. The maximum value of ductility
damage index belonged to the 15-storey model in hazard
level 1, and its value was 1.23 for Tabas earthquake. In
hazard level 2, the highest value of this index was equal
to 1.74, similar to the first hazard level.

Table 5 Maximum value of ductility damage index in
frame elements

Models Beams Columns
BSE-1 BSE-2 BSE-1 BSE-2

4 292 391 6.3 9.02

7 251 3.89 6.12 8.55
10 432 6.98 839 12.55
15 643 897 948 13.39
20 539 8.29 10.88 16.08
Average 430 6.40 830 11.90

As with the energy damage index, the highest energy
absorption belonged to the 20-storey model under Tabas
earthquake in hazard level 1. The minimum value of energy
absorption was that of the 7-storey model. In hazard
level 2, the highest energy absorption in Tabas earth-
quake was for the 15-storey model.

Participation rates of deformation and energy are
compared in Figure 19.

Figure 19 illustrates the deformation as the most
effective factor in the damage of buildings. Participation
rates of deformation in damage of low-rise and high-rise
buildings are 73% and 76%, respectively. Energy has 27%
and 24% participation rates in damage.

Conclusions

In order to assess the reliability of structures subjected
to ground motions, it is necessary to evaluate failure
modes leading to cyclic deterioration. This paper has
investigated the vulnerability of irregular buildings in
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Figure 10 Energy damage index in Kobe earthquake. For models (a) 4, (b) 7, (c) 10, (d) 15, and (e) 20 storeys.
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Energy Local Damage

near-field earthquakes using cumulative damage indices
(ductility, energy, Park-Ang). In this study, the panel
zone is considered, and irregular buildings are modeled
three dimensionally. In order to do nonlinear dynamic
analysis, each element was divided into ten parts. In
these parts, the stresses and strains were derived from

Table 6 Maximum value of energy damage index in
frame elements

Models Beams Columns

BSE-1 BSE-2 BSE-1 BSE-2
4 053 0.84 0.7 0.86
7 045 035 0.82 094
10 0.97 0.99 1.53 1.89
15 1.28 241 1.81 2.55
20 1.15 256 1.18 293

three points at the top, middle, and bottom corners of
the section.

By increasing storeys in buildings, the value of re-
quired ductility in top storeys increased. Vulnerability of
columns in the first storey in all buildings exceeded the
allowable value. Deformation of columns was 93% in
BSE-1 and 87% in BSE-2 which is higher than the beams
in earthquakes.

In the most vulnerable storeys of low-rise and high-
rise buildings, the values of dissipated energy are 34%
and 26%, respectively. Severe damage and collapse
occurred in the initial storeys of low-rise buildings and
middle storeys of high-rise buildings due to seismic
dissipated energy. For BSE-1 and BSE-2, energy dissipated
in columns during earthquakes is 38% and 28% more than
beams, respectively.

The maximum and minimum value of the Park-Ang
damage index occurred in high-rise and low-rise
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Figure 14 Park-Ang damage index in Tabas earthquake. For models (a) 4, (b) 7, (c) 10, (d) 15, and (e) 20 storeys.
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buildings, respectively. The mean value of the Park-
Ang damage index for beams in BSE-1 and BSE-2 was
0.75 and 1.26, respectively. This value was 0.55 and 1.1
for columns.

Participation rates of deformation and energy in
damage of irregular low-rise buildings were 73% and

Table 7 Maximum value of Park-Ang damage index in
frame elements

Models Beams Columns

BSE-1 BSE-2 BSE-1 BSE-2
4 0.28 043 0.65 09
7 022 043 047 095
10 0.75 118 0.61 0.96
15 13 1.79 0.11 121
20 1.24 247 091 149

27%, respectively. Deformation and energy had 76%
and 24% participation rates in damage of irregular
high-rise buildings, respectively.

Appendix

Iranian seismic code

Every decade or so, a major earthquake strikes Iran. The
2003 Bam earthquake was the last major earthquake in
Iran. Traditional buildings in Iran, especially in the rural
areas, have very little resistance to earthquakes of higher
magnitude. After numerous major earthquakes, in particu-
lar that of 1963 in Bouein Zahra and 1978 in Tabas, the
Iranian government began the upgrading of the code of
practice for earthquake protection. The Iranian Building
and Housing Research Centre further revised the code,
construction and design, and the updated and revised
Iranian code for seismic-resistant design.
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18 23 28

The design details of buildings according to the Iranian
Seismic Code 2800 and the different seismic regions
are categorized based on relevant seismic hazard ana-
lyses. As per Iranian Seismic Code 2800, earthquake
lateral forces can be calculated using the following
methods depending on the structure:

« Equivalent static analysis method
+ Dynamic analysis method

An equivalent static analysis method is allowed just for
regular structures which are not taller than 50 m or not
irregular ones which are taller than 18 m. Other types of
buildings must be designed using the dynamic analysis
method. Since in this study the structures are irregular

'd Y
100
;\; 80 4 u Energy
£ 607
Z a0
]
=
o
a. 20 o
0 P
4 7 10 15 20
Models
Figure 19 Participation rates of deformation and energy
in damage.

and are taller than 18 m, a dynamic analysis method is
used in the design of buildings (Building and Housing
Research Center 1999,2005; Asgarian et al. 2010; Gioncu
and Mazzolani 2011).
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