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Probabilistic Seismic Assessment of RC Buildings Considering Soft and Extreme Soft
Story irregularities Subjected to Main Shock-Aftershock Sequences
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ABSTRACT: Recent Iranian earthquake damages like the damages caused by the Kermanshah
earthquake revealed that RC buildings having soft-story irregularities experienced more seismic
vulnerability. Moreover, earthquake aftershocks increased the seismic failures in past earthquake events.
But they are not included in recent seismic design codes. In this article, for assessing the effects of soft-
story irregularities and also the earthquake aftershocks, 3,5 and 8 story RC models having intermediate
sway frames are designed and then modeled in OPENSEES and then IDA analysis is performed in order
to produce the seismic fragility curves consistent with HAZUS definitions. The resulting seismic fragility
curves revealed the influence of soft-story irregularities and also main shock-aftershock sequences on
the vulnerability of considered RC models. By increasing the height of the RC structures, the effects
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1- INTRODUCTION

A recent glimpse of contemporary Irans history, such
as the Bam earthquake, Manjil, Buinzahra, and recent
Kermanshah earthquake, show that existing RC structures
are highly vulnerable to earthquake effects, based on old
regulations. Many RC buildings built in the country due to
height difference about parking, as well as inappropriate use
of Masonry frames, there are sudden changes in the story
stiffness, which, due to the soft and Extreme soft story, lead
to the vulnerability of the building The earthquake occurs
when the earthquake occurs. Yin and Li developed a complex
methodology to estimate the loss after earthquakes and applied
it to the wood frames. Luco et al. proposed an incremental
dynamic analysis (IDA) based numerical procedures to
facilitate the probabilistic assessment for the increasing levels
of damage states due to aftershocks [1]. Ryu et al. used the
above procedures to generate the seismic fragility curves of
reinforced concrete (RC) frame under repeated earthquake
events. However, it should be noted that although the above
studies have tackled the effects of aftershock in terms of
seismic demands or fragility of specific structural models,
the literature is limited. More research should be warranted
to evaluate the effects of aftershock using different structural
types and models [2].

*Corresponding author’s email: jshafaei@shahroodut.ac.ir

2- PROPERTIES OF MODELS USED IN THIS RESEARCH

In this research, models of three, five, and eight stories of
three-dimensional, Reinforced Concrete Moment-Resisting
Frame, soft and Extreme soft-story have been used.

The specification of the model used is as follows:

e building is designed in a region with a high relative risk
and the site of the construction site is assumed to be of type
III.

e The height of the first story is for an irregular structure
of soft and Extreme soft story of 3.7 and 6 meters, and the
height of other stories is 3.2 meters.

o the concrete was found to have a compressive strength of
25 MPa and the reinforcing steel bar was found to have a yield
stress of 400 MPa.

e Effect of confinement of transverse reinforcement on
the cyclic behavior of concrete section was considered using
equation was proposed by Mander et al. [3]. The application
of using the methodology for considering the effect of
confinement was previously proposed by Pahlavan et al [4]
for Iranian in-filled RC frame structures.

3-SELECTIONOFEARTHQUAKEACCELERATIONAND
MAIN SHOCK AND AFTERSHOCK INTEGRATION
Determining the record of aftershock earthquakes is one
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Fig. 1. Mammoth Lakes-Convict Creek Mainshock and Aftershock Scale Acceleration
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Fig. 2 Fragility curve of the 8-story model with (a) soft and (b) Extreme soft stoty under mainshock and aftersock sequence

of the most important steps in nonlinear dynamics analysis;
Because the results of an increasing nonlinear dynamic
analysis depend on the type of record. In this study, 20
earthquake records were selected based on the type of site’s
soil and according to the recommendations of Yu Lee and his
colleagues under the following conditions from the peer site.
[5]:

e The soil has a shear rate of 175-375m / s.

¢ The magnitude of the seismic is at least 5.0.

¢ PGA is greater than 0.4g.

To simulate this research with the real world, the models
were first subjected to earthquake acceleration and then the
structural was suspended for 4 seconds until the permanent
displacement of the earthquake remained, and the vibrations
of the main earthquake would be stopped due to the damping,
then Structural is placed under After-shock acceleration. In
the new accelerated sequence, the Main earthquake merger,
Sleep mode, and After-shock mode are created, and all new
acceleration pulses are increased to a ratio and scaled to 1g.

(6]

4- GENERATE AND PLOT THE FRAGILITY CURVE
Fragility curves determine the probability of passing
through a specific failure level versus the seismicity
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parameters of the building. To generate the fragility curve,
a probability distribution is used for engineering demand
parameters that are derived from the IDA analysis. In
this research, the distribution of the normal log is used.
Each structure was analyzed once with 20 earthquake
records from 0.1 g to 1.5 g and again under Earthquake-
Aftershock-seismic sequence and from 0.1 g to 1.5 g. Then,
the probability of structural failure was investigated using
Openness software.

The fragility curves can be written according to equation

(1).

P(:<D)=0 Ln(;%)

(1)

In the above relation, p is the deflection state D (maximum
displacement between classes), B, is the standard deviation
logarithm, s_is the mean value of the permissible gravity, is
the average amount of seismic demand.

5- CONCLUSIONS
After analyzing the structures of reinforced concrete,
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three, five and eight stories with a soft, and Extreme soft
story with different height, the results show that there is
not much difference between the height difference for the
slight and moderate failure levels, but in the Extensive level
and The collapse of the effect of the height difference is
significant.

Also, with the increase in the number of stories, the
effect of the difference between the first story on two types
of irregularly structured structures is less soft and Extreme
soft of four-dimensional damage. Aftershock in structures
with low elevation and low stories has a significant effect
on all four levels of failure, while with increasing height and
number of stories, this effect has been reduced to all levels
of deterioration such that it will be negligible in high-rise
structures.

By comparing the fragility curves for three, five, and eight
class models under the influence of single earthquake and
sequencing of the earthquake and post-earthquake, it can
be concluded that post-shrinkage in low PGAs has an effect
on increasing the damage of structure but with increasing
earthquake acceleration, post-shock increases the number of
failure levels.
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Fig. 1. Damage caused by soft-story effect in Kermanshah earthquake 2018
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Table 4. Different time periods of the studied structure with soft-story irregularity under the effect of a single earthquake
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Table 5. Selected earthquake records of mainshock-aftershock sequence
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1 Chalfant valley Zack Brothers Ranch 11 6.19 0.447
2 Coalinga Qil-City 11 5.77 0.398
3 Northridge Sun Valley - Roscoe Blvd 1 6.69 0.604
4 Imperial Valey El Centro Array #11 11 6.53 0.37
5 Coalinga 14Th & Elm (Old CHP) A1 5.77 0.84
6 Imperial Valey Bonds Corner 11 6.53 0.776
7 Mammoth lakes Convict Creek 111 6.06 0.444
8 Mammoth lakes Fish & Game (FIS) II1 5.94 0.376
9 Mammoth lakes Mammoth Lakes H. S I1I 5.69 0.44
10 M.anagua— Managua-Esso I 6.4 0.371
Nicaragua
11 Northridge Northridge - 17645 Saticoy St | III 6.69 0.459
12 Northridge Canoga Park - Topanga Can 111 6.69 0.392
13 Northridge ]er-mten FilAter Plént- I 6.69 0.617
Administrative Building
14 Northridge La - Sepulveda Va Hospital [II 6.69 0.93
15 Northridge Newhall - Fire Sta 411 6.69 0.59
16 Northridge Rinaldi Receiving Sta 111 6.69 0.87
17 Imperial Valey El Centro Array #4 811 6.53 0.48
18 Imperial Valey El Centro Array #3 811 6.53 0.53
19 Imperial Valey El Centro Array #7 I 6.53 0.57
20 Imperial Valey El Centro Array #8 11 6.53 0.61
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Table 6. Drift values at different damage levels according to HAZUS-MHMR-5 damage levels
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Fig. 15. Fragility curve of 3-story structure with Extreme
soft-story irregularity affected by a single earthquake
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Fig. 17. Fragility curve of 3-story structure with Extreme
soft-story irregularity affected by the mainshock-after-
shock sequence
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Fig. 14. Fragility curve of 3-story structure with soft-story
irregularity affected by a single earthquake
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Fig. 19. Fragility curve of 5-story structure with Extreme
soft-story irregularity affected by a single earthquake
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shock sequence
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Fig. 25. Fragility curve of 8-story structure with Extreme
soft-story irregularity affected by the mainshock-after-
shock sequence
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Fig. 22. Fragility curve of 8-story structure with soft-story
irregularity affected by a single earthquake
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Fig. 24. Fragility curve of 8-story structure with soft-story
irregularity affected by the mainshock-aftershock sequence
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soft-story irregularity affected by a single earthquake &
mainshock-aftershock sequence

Sl @il pals
oanlin py Lo adb ol glls adlb 4w Jas lp
WS o dd gly (Sass ale polie o a5 005
Sl ojlw a5 LK 5 ok 4 Ay cov ojle a5 Sl
Sl plp LB (e i QLB OBk (0 0))) g )5 I
&S Sy (SauSs albe polie o lawgie ol > 6l g
Vo) dhdon QLS w3l (oo 05 (g 5 35 Iy Sl o o5l
oalS cal ol a4 Ay cou ojle a5 Sy 4 Cond woy0
S 9iSs il polae jo ol ol Cdls Gl e g aidl
e 35 18 05,0 5 U3y g o Sl ejle o ol
35 leed ojle a5 (Bg 4 Cond 00,0 VO (e i SLO
Jol5 cilg el o Les .l anils ol o lo 103 oleas o
lpaSo0S oo odalive /Y (oB8lg 2 yo ol F Jlexxl anlis b
V¥ Sgum a8 )5 18 050 5 a3y Jl Sl cow ojle o5 Slej
kol Al cou L ol 4T ol 4y o diion Gl w0

Al o Joe slp gm@mﬁwuﬁ—Y—\‘

slo Joo slp (SauSs slo o anolie g puw i 3l



FYA U FOV axbw ¥ JL» Al Q)LQ.A-\J QY 0)9d ‘)uf)m‘ LJ‘)‘"’C u,u)._\.-.@(a 4.4)..;3:

Probability of Collapse

0 01 02 03 04 05 06 07 08 09 1
PGA(Y)

12 13 14 15

o o ol b 1S Al D e (SN i TV 505
050 o 9 435 o 9 35
Fig. 29. Fragility curve of 5-story structure with Extreme
soft-story irregularity affected by a single earthquake &
mainshock-aftershock sequence

bl sl asl cuta Juw Glp YV jlogel camlin b

o gl FaSs il pyolin 45 45 35,5 o oanlive o ails
5 @l 4 iy codojle & Gloy dawgte D> g 05 2
Shde il oo 05 g 5 JIF S cos ojle o
@l Sl Gl Grizmes 5 Senl plp LB (e iy SlLB
Slgi e glojle a5 e Souss ailw polie s ol
@ Comad w3 V0 ey Al QLS 300 1B 05 ) e 5 A5
sl azls alSls 3 Ll 4 A3l 5l Co ol a5 B
B3 55 ol il lio b oIS i3 Sl o Lad
iy Jlg Sl cod ojle a5 Sy sl a5 90,5 (0 camline oo /Y
2oy WY g0 ey dlpdion QLD e i85 18 050 ey s
Sl o ol Ui Co5 4 il o alfie & o
Gt aib el gl aib cote Jae gly sl adly
> Gl (Sl aile polie ;o a5 00,5 o canline gy
@l & iy cod ojle & Gloy dhawgie DS 5 05 (5
Slde 2l (oo 030 G g W3y JIgs S o ojle oS ol
@ A lp pizmen g Sl plp Lo pB e dipden SLLD
Sy cod Jlojles a5 e Sauss aile polis cuns p 0k
U G d0)0 U ey s Ll 0)ls 18 65 ) o g 435

ol ails palssgls (13 oleas 4 dily Sl cow ojlu a5 23,

Probability of Collapse

vy

1
0.9
0.8
0.7
=#=P(Slight) MS
0.6 ~0-P(Moderate) MS
05 ====P(Extensive) MS
== P(Complete) MS
0.4 —+—P(Slight) MS+AS
--m-- P(Moderate) MS+AS
0.3 - P(Extensive) MSAS
02 P(Complete) MS+AS
0.1
; H e
0 o=t e —
0 01 0203 04 0506 07 08 09 1 11 12 13 14 15
PGA(p)

W35 o oy aliab (gl,ls aiub B Joe FAoSd Sore Y yloges
o5 d0m 3 435 Jos
Fig. 28. Fragility curve of 5-story structure with soft-story
irregularity affected by a single earthquake & mainshock-
aftershock sequence

WS & ddb gl (SauSs ale polie o aS 805
Ao ojls &5 (olin g 2l 4 i) Cod ojle o5 Sl
9 ol plp Loyl anin QLG Wil (oo 03] 5 A3y I
ojlw a5 Jley (SauSs ails polie po hawgin ol > Sl 6l
Voomey i Sl w3l (oo o)) 9 5 Iy ST e
oeals cwl oles 4 Ay cod ojlu a5 Sl 4 Coed wo o
S WSl aibee polde yo 0l ol Cdb Gl uioren g aidly
ke 3 s )15 5 e 5 35 g 2o 5 ojle &S alae
a3l Hlco ojle a5 (285 dy S 00 )3 WY (e Ay DS
Jol5 silig 8 el jo Lo caslails pals o jls |18 oleas 4
Slp a5 295 (oo onalie IV (L2850 (ol F Jleio alio b
VP ogam a3 S 18 o)) g A3y Jlg5 ST e osle o5 S
a5 0o s o3l oS (ol &y S (e iy QLD 0o

b e Jow gl (Sanss sove duslae-Y-) -
s Jow lp Sauss gle e aslin g gy 5l
Soleyd o)) g U35 JIg g e dljly ooy aib gy g an
Floos b cun gl Jow glp (Sauss pove alio 4

Cewloads 4.;.‘>‘\>).| °))J o= 9 d.l).‘) ‘_J‘}a 9 Leru AJ)J)



1

FYA U FOY daxbwo NF- - JL..J &y b)l.au» OY 0)92 x).:.S).:.nl u‘)o& (sWARR 4.’{).1‘&)

o =
09 __ , x/ P
08 i e
i a4

9 07 A0
§ il / —=P(Slight) MS
g 0.6 i / ~0—P(Moderate) MS
“ 05 ‘ /.,- «===P(Extensive) MS
E‘ i 11' = P(Complete) MS
Z 04 I / /." ——P(Slight) MS+AS
@ /,"/ . --n- P(Moderate) MS+AS
& 03 I /,‘l/ ¢/ -+ -P(Extensive) MS+AS

02 4 g 7 P(Complete) MS+AS

| /o
0.1 [ V 2l
0 / R -

Probability of Collapse

1

09

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

0

0 01 020304050607 0809 1 1112131415
PGA(g)

o oy s A glyls dibA S (FaisSl oo YF loges
057 o g 435 JIg g U35
Fig. 31. Fragility curve of 8-story structure with Extreme
soft-story irregularity affected by a single earthquake &
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Fig. 30. Fragility curve of 8-story structure with soft-story
irregularity affected by a single earthquake & mainshock-
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Fig. 32. Possibility of collapse of -3story model with soft and Extreme soft-story irregularity affected by a single earthquake
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Fig. 33. Possibility of collapse of 5-story model with soft and Extreme soft-story irregularity affected by a single earthquake
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Fig. 34. Possibility of collapse of 8-story model with soft and Extreme soft-story irregularity affected by a single earthquake
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