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Cumulated damages caused by the past earthquakes lead to
structural damage. Ensuring the safety of individuals -
especially in highly populated buildings - and the
continuity of immediate occupancy in  consecutive
earthquakes with short periods is an important matter to

Critical aftershock; consider in seismic design codes. The use of strategies,

Cumulative damages; such as identifying damage sensitive stories, can help

frg'rgzg_rwd concrete and steel ensure the safety of such buildings. This paper identifies
damage sensitive stories for reinforced concrete (RC) and
steel frames based on damage distribution caused by
critical  mainshock-aftershocks. In  this regard, short,
medium and relatively tall steel and RC frames with 3 and
5,7, 10, 12 and 15 stories are analyzed under single and
successive scenarios in the OpenSees software. Damage
distribution of frames show that the upper stories in frames
with low and medium height and middle stories toward
higher stories in relatively tall frames are damage sensitive
stories. Also, when tested against successive shocks, the
initially-damaged steel frames experienced more
destruction than RC frames. In severe conditions, the
increased damages of steel frames were about 57%, 94%,
42%, 33% and 84% more than those of the RC frames.
Moreover, steel frames with 15 stories were better able to
sustain additional damages than RC frames (by about 1.84
times).
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1. Introduction

While the second shocks in seismic
scenarios with main shock-aftershock
usually have a smaller magnitude than the
initial shocks, the intensity of the aftershock
is not necessarily less. In fact, the main
shocks may even have smaller peak ground
accelerations (PGA), dissimilar content of
energy and shorter durations than the
aftershocks. Intact buildings have even
shown to collapse after successive shocks
due to a significant reduction of structural
capacity. For example, the Sarpol-e Zahab
earthquake (a strong earthquake with Mw
7.3 - 2017) —the second strongest earthquake
after the M7.4 of the 1909 AD Sialkhor
earthquake — had more than 900 aftershocks.

While  earthquakes  with  foreshocks
generally lead to lesser human casualties as
people are able to leave their homes before
the main shock, the single earthquakes are
considered in the design process of
buildings which have been founded on
seismic active zones and can lead to a non-
conservative prediction of seismic risk.
Nonetheless, most buildings are still
designed or retrofitted to suit the single
earthquake based on seismic design codes,
when in fact repeated earthquakes strongly
affect the capacity of structures.

The literature on structural and earthquake
engineering [1-5] present the necessity of
the seismic sequence phenomena and
propose approaches to consider the effects
of successive earthquakes. In this regard,
Zhang et al. [6] presented a new
methodology to develop state-dependent
fragility curves for wood-frame houses
founded on British Columbia, Canada under
real mainshock-aftershock records. The
fragility curves, which have been developed
for considering the damage accumulation,
provide the exceeding probability of the
damage state corresponding to the seismic

event intensity measure and the structural
damage state prior to the seismic scenarios.
The results of their study indicate that state-
dependent fragility curves, based on the
residual and maximum inter-story drift ratio
and peak ground velocity, are the proper
selection for determining the cumulative
damage effects [6].

In the same year, Wen et al. [7] quantified
the cumulative damage of structures
considering the effects of aftershocks with
pulse specifications. They claimed that
strong near-fault aftershocks can increase
the cumulative damage by about 40%. Also,
in order to predict the damage caused by
pulse-like main shock - aftershock
sequences, several equations were proposed

[7].

Zhai et al. [8] studied post-mainshock
damage states by evaluating additional
accumulative damages of containment
structures caused by aftershocks with
various durations. Their study found
accumulative damages caused by
aftershocks with longer durations to be more
severe. It can thus be said that accurate
evaluation of the containment structures,
safety depends on the aftershock features
and duration. Aftershocks should, therefore,
be taken into account when selecting ground
motion records for seismic  safety
assessment of a Nuclear Power Plant [§].

Since  soft soil has  considerable
amplification effects on ground motions,
Wen et al. [9] proposed a spectrum for
damage caused by main shock-aftershock at
soft soil sites to evaluate the accumulated
damage experienced by the structures under
these sequences. They mentioned that the
strong aftershocks at soft soil sites can
increase the spectrum of damage by more
than forty percent. Also, strong aftershocks
at firm soil sites cause smaller additional
damage than those at soft soil sites [9].
Zhang et al. [10] investigated the strength
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reduction factor of a single-degree-of-
freedom (SDOF) system under successive
earthquakes by considering displacement
ductility and cumulative damages. The
results indicated that aftershock ground
motions  significantly  affect  strength
reduction factors, and the damage-based
strength reduction factor is about 0.6-0.9
times the ductility-based strength reduction
factor [10].

In addition to the above researches [7-9],
many other recent studies [11-12] have also
investigated the damage caused by
consecutive earthquakes. Ghaderi and
Gholizadeh [11] conducted a numerical
assessment of steel moment frames (SMFs)
for low-cycle fatigue (LCF) damage under
mainshock-aftershock and found that the
repeated earthquakes strongly affect the
inelastic response and vulnerability of
structures. The Palmgren-Miner’s rule was
applied to the relative drift of the stories and
the LCF damage index for SMFs was
calculated under real strong multiple
earthquakes. In order to increase the safety
of optimally designed SMFs against LCF
damage, Ghaderi and Gholizadeh proposed a
simple procedure and examined the
effectiveness of the strategy in controlling
the LCF damage of SMFs caused by
successive earthquakes [11].

In most studies, artificial earthquakes which
have been generated by "random" and "back
to back" approaches are used to consider the
seismic sequence phenomena. It should be
noted, the use of artificial approaches can
cause a non-conservative prediction of
structural performance [13].

Damage caused by critical successive
earthquakes is one of the most important
parameters in the examination of
accumulated damages and realistic behavior
of structures. Also, identification of damage
sensitive stories is possible based on damage
distribution along the height of the structure.

Consequently, providing damage control in
these stories can strongly improve the safety
of the people. For this purpose, this paper
evaluates the damage sensitive-stories of RC
and steel frames wunder real critical
mainshock-aftershock ground motions. Two
sets of steel and RC moment resisting
frames with 3, 5, 7, 10, 12 and 15 stories
were designed in the OpenSees software,
and the stiffness and strength deterioration
properties were analyzed under a significant
number of real critical seismic scenarios in
“single” and “consecutive” cases. These
scenarios are scaled based on the design
spectrum for each fundamental period to
achieve more realistic results. The single
and consecutive scenarios damage of all RC
and steel frames for each floor is calculated
using the Park and Ang’s damage index
[14], and the results are compared for
several cases. Comparison of the results
show that increased damages of RC frames
are about 40% less than those of steel frames
in the most severe conditions. Moreover, the
steel frames with 15 stories sustained 1.84
times more damages than RC frames.

2. Research methodology

2.1. Strong ground motions

This research investigates RC and steel
frames under main shock as well as the
distribution of damage caused by
aftershocks. 84 critical recorded earthquakes
with one aftershock were selected and used
based on the effective peak acceleration
(EPA) from the PEER [16] and USGS [17]
centers. EPA is proposed as one of the most
suitable parameters for selecting the critical
earthquake [15]. It is the mean value of the
acceleration response spectrum (for 5%
damping) for periods between 0.1 and 0.5
(s) divided by the standard amplification
coefficient, 2.50. In addition, the EPA
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parameter indicates the amplitude and the
frequency content of the ground motion. The
EPA parameter was calculated for all of the
successive earthquakes, and the seismic
scenarios were divided to two databases
with time gaps of less than 10 minutes and
10 days (the criterion for the selection of
these numbers - 10 minutes and 10 days - is
adequate opportunity for initial excavation
of buildings and primary repairs of
structures after main-shocks).

The EPA parameter was determined for all
of the seismic scenarios with sequence
phenomena and time gaps of less than 10
minutes and 10 days.

The earthquakes with/without the following
shocks have Max EPA'! and App EPA? —
second or third rank relative to the
maximum value — in each database [18]. In
fact, the purpose of this selection (Max EPA
and App EPA) was to determine the
structural response and behavior of damage
sensitive-stories under successive
earthquakes with severe intensities. More
details and list of earthquakes are available
in the works of Ghodrati Amiri and Rajabi
[18].

It should be noted that the seismic scenarios
are scaled to have identical spectral
acceleration with the design spectrum for the
fundamental period of each frame. For this
purpose, all ground motion records are
scaled using linear scaling [19] by
multiplying time histories by the suitable
factor [20]. The mentioned technique is
convenient for implementation, as it helps
sustain the original phasing and frequency
content of the earthquakes [21]. The

! Maximum EPA
2 Approximately maximum EPA

acceleration response spectra and the
corresponding mean spectrum of critical
successive scenarios for analyzing the RC
and steel frames are shown in Fig.1. Also,
the specification of earthquakes in the
aforementioned database with a time gap of
less than 10 minutes and 10 days is
presented in the works of Ghodrati Amiri
and Rajabi [18].

As mentioned above, the first and second
databases differ in terms of the time
intervals between the critical consecutive
shocks. Successive shocks in the first
database followed each other by real time
gap (less than 10 minutes), while the critical
successive shocks in the second database
were recorded under 10 days of each other.
It can thus be concluded that the real time
gap (more than one day) increases the
volume of the nonlinear dynamic analysis,
making the damage index calculation
process very time consuming. For this
reason, an artificial time interval equal to
120 (s) 1s considered for successive
earthquakes in the second database. This
time interval is sufficient to stop the motion
of the structure due of the damping, and it is
selected after examining the time gap effects
on the damage index of RC frames.

Structural damages caused by the recorded
successive earthquakes were, therefore,
calculated by considering different time
gaps between the main-shock and
aftershock, which started from 20 (s) to real
time gap with time intervals of 5 (s). For
example, Fig. 2(a) shows the variation of the
damage index with a time gap between
successive shocks.
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The damage indices were caused by the
Imperial Valley, Chi Chi and the Chalfant
Valley 1 and 2 earthquakes in five-story RC
frames. As shown in this figure, the rate of
the damage index variation is almost fixed
after 120 (s). In fact, the studied frames stop
at about 120 (s) after the first shock because
the displacement of these frames
significantly reduced to less than 1.0 mm.
Fig. 2(b) illustrates the RC frame with 5
stories displacement versus the time gap for
the Chalfant Valley earthquake. Partial
displacements are considered in numerical
calculations, and some fluctuations are
observed in some parts of the curve.
Nevertheless, the structure is assumed to be
practically motionless after 120 seconds, and
the rate of the damage index variation can be
considered almost fixed after this time. In
other words, the time gap does not have
much effect on the damage index at the end
of the building motion. It should also be
mentioned that although the time gap of 10
minutes and 120 seconds is both enough to
stop the vibration of the first shock-damaged
structures before the occurrence of the
second shock, successive earthquakes with
time gaps of 10 minutes are considered in
the separate group (1% Database) to study
the performance of RC and steel frames
under more realistic conditions.

2.2. Reinforced concrete and steel frames

Two dimension reinforced concrete and steel
moment frames — of short with 3 and 5,
medium with 7 and 10 and relatively tall
frames with 12 and 15 stories and fixed base
— which have been used in Ghodrati and
Rajabi [18] is analyzed under all scaled
earthquakes in single and consecutive cases.
The schematic elevation of the studied
frames is shown in Fig.3. It should be noted

that, all frames are designed based on the
Standard 2800° and analyzed in the open
source platform after verifying the analytical
and experimental results of Lignos et al. [22]
for steel frames and Nagaee et al. [23] for
RC frames.

The properties of the used frames are
introduced in [18] and the Appendix.
Simulation of the flexural behavior of the
frames in the nonlinear case is modeled
using concentrated plastic hinges in the
beams and fiber section for the columns. In
this regard, the modeling of the beams and
columns are performed using the “beam
with hinge element” and the “nonlinear
beam column element”, in the Opensees
software, respectively.  According to
Ghodrati and Rajabi [18], the backbone
curve with three lines, proposed by Haselton
et al. [24] and Moehle et al. [25], is used for
modeling the beams in reinforced concrete
and steel frames, respectively. Important
features of RC frames [26] are shown in Fig.
4. The Clough material proposed by
Altoontash [24] is used for tri-linear models
in the Opensees software. More details are
discussed in Ghodrati and Rajabi [18].

3. Results of damage index

Damage prediction in buildings can be
used as auseful tool for managing
and decreasing the seismic risk of
earthquakes.

% Iranian Code of Practice for Seismic Resistant
Design of Buildings
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Fig. 3. The schematic elevation of the studied frames [18].
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This paper examines sensitive stories to
damage that have been identified based on
the damage distribution caused by critical
mainshock-aftershock  ground  motions.
Engineering literature presents many forms
of damage index definitions, most of which
are presented based on simple concepts,
such as ductility ratio and inter-story drift.
The damage index proposed by Park and
Ang [14] is the most simple and commonly
used index, and most recent indices are
developed with regards to the Park and Ang
index [27-28], which is defined based on the
linear combination of the dissipated energy
and maximum displacement. Moreover,
some researchers [29-32] used the Park-Ang
damage index to report the results. The
Park-Ang damage index was used in this
research to investigate the damage sensitive
stories based on the distribution of damage
caused by aftershocks in the main shock-
damage RC and steel frames [14]:

_%m , B
DI—5u +Py5u

[dE, (1)

In this equation, &, is the maximum
element deformation, &, is the ultimate
deformation (calculated based on Pushover
analysis), [ is a constant parameter as
controller of strength deterioration and
usually assumed between 0.05 to 0.20, [dE
is the absorbed energy of elements in the
earthquake, and Py is the strength related to
the yield state of the element (calculated
based on the Pushover analysis). In this
paper, B is taken as 0.15 and 0.025
according to [33], [34] and [35] for RC and
steel frames, respectively.

In order to calculate this index under seismic
excitation with/without sequence, the
control node was selected at the center of

mass at each story of RC and steel frames.
Distribution of the damage index ratio is
seen at the height of the RC and steel frames
in Figs. 5 and 6. In these figures, horizontal
axes present the ratio of the damage index
caused by critical successive earthquakes to
critical single earthquakes (DI Ratio). This
ratio is shown for three cases: (1) first
database, (2) second database, and (3) the
average of (1) and (2). These figures show
that the damages caused by successive
earthquakes in all of the stories are more
than those caused by single earthquakes (DI
Ratio>1). Because the frames developed
more slender hysteresis loops against single
earthquakes and the absorbed energy in
earthquakes is the effective factor in
calculating the proposed damage index by
Park and Ang, the structural damage caused
by the mainshock-aftershock sequence was
larger than that of the single scenarios. The
rate of this increase was larger for repeated
shocks with smaller time gaps in the second
database.

For a more realistic investigation of the
critical ground motion effects - in terms of
intensity (Max EPA) and time interval
between successive shocks (time gap equal
120 seconds) on the increased damage in
stories - distribution of damage caused by
worst case scenarios - critical successive
shocks with Max EPA and short period - are
compared in Fig. 7 for RC and steel frames.
Although the variation trend of damages is
more gradual in steel frames than in RC
frames, shorter steel and especially RC
frames (3, 5 and 7 stories) and relatively tall
frames (10, 12 and 15 stories) sustain more
damages in the upper and middle floors,
respectively, due to the occurrence of
critical aftershocks with maximum EPA.
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Maximum deformations are likely recorded
in the upper floors in short frames. Also,
damages in middle stories can be affected
more by changing the section classification
and, consequently, the story stiffness and
area under the hysteresis loops. The
following section 1identifies the damage
sensitive stories that experienced successive
earthquakes with time gaps of less than 10
minutes and 10 days. Fig. 8 shows the
average of the damage index ratio caused by
all critical successive earthquakes to the
critical single earthquake in each story using
bars. For better comparison, bars related to
low and medium frames are displayed in one
figure. As shown in this figure, the upper
stories in the RC and steel frames with low
and medium height and middle stories
toward higher stories in relatively tall RC
and steel frames are also considered damage
sensitive stories.

Fig. 9 compares the performance of
damaged stories in steel frames with that of
RC frames based on the average of damage
distribution under all critical scenarios and
story number. As seen in this figure, RC
frames perform better against critical
aftershocks. Since the hysteresis energy
absorbed during the earthquake (E) is one of
the most effective parameters on the Park
Ang damage index (based on Eq. (1)), the
steel frames have formed wider hysteresis
loops than RC frames under single and
successive earthquakes, and RC frames
experience less damage than steel frames
under the seismic sequence phenomena. In
the most severe conditions, increased
damages of steel frames are about 57%,
94%, 42%, 33% and 84% more than those
of RC frames under critical consecutive
earthquakes.
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Fig. 9. The average of DI for steel and RC frame against all of critical earthquakes.
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Moreover, additional damage in steel frames
with 15 stories is about 1.84 times more than
RC frames.

Finally, the average of the increased damage
index ratio (R = DlIscquence/Dlsingle) for steel
to RC frames (Rgwe/Rrc) 1s compared in
Fig. 10, based on the number of stories. As
seen in this figure, cumulative damages are
caused by repeated shocks that were
previously divided into two databases. The
last bar in each figure presents the mean of
this ratio for all stories. Fig. 10 illustrates
that this ratio is always larger than one,
which shows that RC frames perform better
than steel frames under consecutive
earthquakes. Regardless of the number of
stories, results reveal that when confronted
with critical consecutive shocks, RC frames
are about 48% less vulnerable than steel
frames.

4. Conclusions

This paper investigates the damage
sensitive-stories for regular reinforced
concrete and steel frames under successive
ground motions because seismic sequence
phenomenon has significantly effects on the
response and behavior of structures. In
addition to, determination of these stories
location and utilization of retrofitting
methods can decrease the additional
damages in multiple earthquakes. In this
regard, short - with 3 and 5-, medium - with
7 and 10-, relatively tall steel and RC frames
with 12 and 15 stories have been designed
and analyzed by real critical earthquakes in

single and successive cases which have been
scaled based on design spectrum. Damage
caused by these earthquakes in all floors of
steel and RC frames is determined based on
Park-Ang damage index [14]. Based on the
obtained result in this paper, the conclusions
are:

e Despite what is often assumed in the
seismic design codes, earthquakes do not
occur as a single event. In seismic active
zones, earthquakes consist of numerous
consecutive shocks which can cause the
additional cumulative damage to
structures. For this reason, disregarding
the successive earthquakes in the
structural design will be irreparable.

e As decreasing the time interval between
shocks, cumulative structural damage
will be increased.

e The comparison between the
performance of frames under critical
ground motions shows that steel frames
have poor performance in general. Steel
frames have been formed wider
hysteresis loops rather than RC frames
under single and successive earthquake.
Therefore hysteresis energy absorbed
during the earthquake and damage index
increased.

e Shorter and medium RC and steel
frames (3, 5, 7 and 10 stories) and
relatively tall frames (12 and 15 stories)
sustain more damages in upper floors
and middle floors respectively under
critical successive records with Max
EPA and short time gap between shocks.
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e In the most severe conditions, increased
damages of short and medium steel
frames are about 57%, 94%, 42%, 33%
and 84% more than those of RC frame
under critical consecutive earthquakes.
Moreover, additional damage in steel
frames with 15 stories is about 1.84
times reinforced concrete frames.

e The average of the increased damage
index ratio for steel to RC frames is
always larger than one for all stories
which presents the more suitable
performance of RC frames rather than
steel  frames under  consecutive
earthquakes. Generally discarding the
number of stories, results reveal that RC
frames is 48% less vulnerable rather than
the steel frames against the critical
earthquakes with sequence phenomena.
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P. Appendix:

P.1 Structural modeling

As mentioned in Section (2.2), steel and
concrete intermediate moment resisting
frames consisting of 3, 5, 7, 10, 12, 15
stories and fixed base columns are designed
with considering the stiffness and strength

deterioration and analyzed under significant

number of as-recorded critical seismic
scenarios ~ with/without  sequences in
OpenSees software. These frames are

verified by the analytical and experimental
results of parametric study by Lignos et al.
[22] for steel frames and Nagae et al. [23]
for RC frames which have been tested on the
E-Defense shake table provided by E-
Defense company —National Research
Institute for Earth Science and Disaster
Prevention (NIED)— in Japan. The geometric
and material properties of the designed
frames are presented in Tables P.1, 2 and 3.
Beams with concentrated plastic hinges and
columns with fiber section are employed to
simulate the nonlinear flexural behavior of
the moment frames. In this regard, modeling
of the beams is performed using “beam with
hinges element”, an elastic material was
assigned to the mid span and a specific
length (height of beam) at both ends is
allocated to the plastic hinges. Backbone
curve for suggested by Ibarra [24] for
concrete beam elements and Ibarra-
Krawinkler [25] for steel beam elements, is
shown in Fig. P1.

The tri-linear Ibarra model, as mentioned in
Section (2-2), was employed in the Open
Sees platform using the Clough material
proposed by Altoontash [24]. Then uniaxial
sections with pre-defined M-8 according to
the Clough material were assigned to the
plastic hinges.

Columns are modeled by means of the “fiber
method” with the capability of developing
distributed plasticity along the length of the
element because flexural behavior in the
columns is highly dependent on the
interaction of their axial and bending forces.
However, the aforementioned approach is
not able to consider variable axial forces for
beams during the analysis.

As a result, the fiber sections are assigned to
the "nonlinear Beam Column elements".
Each clement was also divided into four
sub-elements in a story level to provide
more robustness. Also, uniaxial material
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concrete02 and steel02 are used for  material  hardening is  used for
reinforced concrete. In steel frames, uniaxial ~ implementation of column elements.

Table P1. Geometric properties of the designed RC frames.
Column Width | Column Height | Beam Width Beam Height

Number of story Level (cm) (cm) (cm) (cm)
3 1,2,3 40 40 40 35
. 1.2 50 50 50 40

3.4,5 40 40 50 40

, 1,2,3, 4 55 55 53 45
5,6,7 45 45 45 35

1,2,3, 4 55 55 53 40

10 5.6,7 45 45 45 40
8,9, 10 40 40 40 35

1,2,3, 4 60 60 60 >0

12 5,6,7,8 55 55 53 40
9,10, 11, 12 40 40 40 35

1,2,3, 4 65 65 65 >0

s 5,6,7,8 55 55 33 >0
9,10, 11, 12 45 45 45 40

13, 14, 15 35 35 35 35

Table P2. Geometric properties of the designed steel frames.

Number of story Level Column section | Beam section
3 1,2,3 W27x146 W24x131
5 1,2 W27x129 W24x117

3,4,5 W24x192 W21x101

. 1,2,3,4 W27x146 W24x117
5,6,7 W24x192 W21x39

1,2,3,4 W30x173 W27x129

10 5,6,7 W27x146 W24x117
8,9,10 W24x146 W21x48

1,2,3,4 W33x354 W30x148

12 5,6,7,8 W33x318 W30x108
9,10, 11,12 W24x370 W24x146

1,2,3,4 W36x300 W33x152

15 5,6,7,8 W33x354 W30x148
9,10, 11,12 W33x318 W30x108

13, 14,15 W24x370 W24x146

Table P3. Material properties of the designed 3, 5, 7, 10, 12 and 15 story frames.

C Specified Concrete Compression Strength Modulus of Elasticity, E Yield Stress, F,
O:‘Cre f, (kg/em?) (kg/em?) (kg/cm?)
© 250 2.388 e+5 4000

Modulus of Elasticity, E (kg/cm”) Yield Stress, F,
(kg/em®)

2.039 et6 3700 2400

. 2
Steel Tensile Stress, F, (kg/cm”)
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