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ABSTRACT: The purpose of this paper is to assess the seismic fragility and residual capacity of the
reinforced concrete frame (RC) with masonry infills subject to mainshock/aftershock sequences in the
far- and near-fields. In conventional incremental dynamic analysis (IDA), only the effect of the main
shock is considered in the analysis, while the double incremental dynamic analysis (D-IDA) method
which is used in this paper, considers the aftershock effects. Double incremental dynamic analysis
approach is used, based on the combination of the mainshock(MS) at different intensities with a set of
aftershocks (AS) scaled in amplitude with respect to peak ground. In this study, 20 near-field records
and 20 far-field records were selected. In each analysis, a same record has been used for the main
shock and after shock. The fragility curves of the intact and pre-damaged frames have been prepared
for the records using fiber modeling in OpenSees software. Also, based on the results obtained from the
incremental dynamic analysis, the frame residual capacity diagrams are defined and the infilled frame
response is compared with the bare frame at different intensities of the main shock. According to the
results obtained for infilled, the seismic fragility of the reinforced concrete frame is reduced due to the
mainshock and aftershock. Also, the damages and losses economic of the structure under moderate
earthquakes are reduced. According to the fragility curves, when only 100% collapse occurs in the bare
frame, the probability of the frame collapsing with the infill wall at the same intensity as PGA (maximum
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ground acceleration) for near- and far-field earthquakes records is significantly reduced.

1- Introduction

Due to the variable behavior of infilled frame and the
methods of designing and modeling, many studies have been
conducted in the past decades on the effects of infills in the
frames. Dolsk and Fajfar[1] presented a relationship between
displacement demand and seismic intensity for the evaluation
of infilled concrete frames. Mondal et al.[2] applied the
effect of openings by the reduction factor. Mainshocks (MS)
can cause many aftershocks (AS). In this regard, Di Trapani
et al. [3] investigated the influence of infilled frames on
seismic fragility of RC structures under the sequence of MS/
AS using the proposed double incremental dynamic analysis
(D-IDA) method. The results of Di Trapani et al. [4] research
on the 4-storey structure showed that masonry infills provide
additional capacity to resist MS and AS ground motions.
Yaghmaei et al. [5] investigated the influence of sequential
earthquakes on the fragility curves for different damage
states and showed that the well-known Omori’s law could be
considered a suitable tool for after shocks generation.

The amount of damage caused by the earthquake
depends on many factors such as fault location, soil type
and earthquake record characteristics as well as dynamic
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properties of the structure. Therefore, in this paper, the effect
of near- and far-field records as well as the presence of
aftershocks in the behavior of bare frame and infilled frame
have been studied using standard and double incremental
dynamic analysis. A 3-storey RC frame has been selected
for numerical simulations.Results provide fragility curves of
bare and infilled frame with different levels of MS intensity.
Residual capacity and AS loss diagrams, illustrating the
reduction of median collapse intensity as a function of MS
intensity, are finally provided for bare and infilled frames for
far- and near-field records.

2- Material and Method
2- 1- Description of Frames

A 2DRC frame with 3-storey and 3-bays has been
investigated in this study. Lengths of bays are equal to 5.5
m and story heights are 3 m except 3.5 m for the first story.
The infilled frame was arranged with clay hollow masonry
blocks having a thickness of 17 cm with an existence of 33%
opening. To consider the effect of existing openings, New
Zealand code [6] equation was used, which the reduction
factor equals 0.5 when there is 33% opening in the infilled
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Table 1. Strength and strain of concrete fiber section

fccO (Mpa) €cco fccu (Mpa) Eccu

C
ore 28 00024 56 0015
Cover feo(MPa) €co feu (MPa) Ecu
24 0.002 4.8 0.005
Cover of Beam from each edge of the section 4.0 cm
Cover of Column from each edge of the section 4.5 cm
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Fig. 1. Intact and aftershock fragility curves of the
bare and infilled frame under a) Far-field; b) Near-
field earthquake

frame. The lateral force resisting system is an intermediate
moment frame and the type of soil is considered as II. Dead
and live loadsof stories were considered 600 kg/m?* and 200
kg/m?, respectively. These parameters were considered 550
kg/m? and 150 kg/m?, respectively, for the roof story. Dead
load was considered 100 kg/m? for 17cm thick walls. The
Concrete02 model was used for concrete fibers. Effects of
concrete confinement are considered by Mander et al. [7] (see
Table 1). Parameters used for concrete in tensions were ft=2.0
MPa (tensile strength) and Et= 1500 MPa (tension softening
stiffness). Steel rebars were modeled as spread layers with
the Steel02 material model. The elastic Young’s modulus was
Es= 210,000, while the hardening ratio was b=0.01.

In this paper, the masonry infill walls are modeled as
an equivalent compressive strut. This strut is diagonal and
connects the opposite joint of the frames with a length equal
to the diameter and the width 0.2 times of frame diameter.
The hysteretic behavior of the struts is considered by the
parameter A, which regulates the ratio between elastic and
inelastic slopes of the unloading branches. The parameter A
is set equal to 0.07 for the equivalents struts and 0.1 for the
concrete elements.

2- 2- Research Methodology

Incremental dynamic analysis is generally thought to
assess undamaged structures undergoing a seismic event
for the first time. The standard IDA procedure is modified
by performing a double incremental dynamic analysis in
order to consider different MS/AS combinations. The steps
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Fig. 2. Medium seismic fragility of the intact and dam-
aged frame a) Bare frame; b) Infilled frame (IF)

to carry out D-IDA provide first defining ground motions
as an assemblage of two signals, namely the MS and the
AS, interspersed with a decay time sufficient to bring
the structure back to static condition. MS and AS ground
motions are taken from the same set of spectrum compatible
accelerograms. Incremental dynamic analysis is performed
using a MS ground motion having fixed intensity, each time
combined with Aftershocks scaled in amplitude. IDAs are
then repeated by changing the MS intensity and associating
the same set of scaled AS ground motions. The double scaling
of both MSand Aftershocks allows deriving fragility curves
depending on MS intensity, and can be used to define residual
capacity diagrams reporting the average residual capacity of a
structure as a function of MS intensity.

3- Results and Discussion

Based on Figure 1, the fragility curves of the infilled
frames are significantly shifted to the right for far- and near-
field earthquake records which confirms the significant
reduction of seismic fragility due to the presence of infills.

In Figure 2, the medium seismic fragility curves for intact
and pre-damaged frames for bare and infilled frames are
compared only under far and nearfield earthquake records.
It is observed that for the bare frame, the structure collapses
faster under near-field earthquakes. It can be observed that
the behavior of infilled frame is different against nearfield
earthquakes so that it collapses later than far field earthquakes.
This issue can be related to the different frequency content
in the near and far field earthquakes. In fact, as the system
of structures becomes stiffening action due to the infills,
earthquakes that have a richer frequency content at high
frequencies have had a greater impact on the structure under
study. Also, the average seismic fragility for the pre-damaged
frame is less than the intact frame due to the damage caused
by the main shock.

Aftershock capacity loss is assessed by diagrams in
Figure 3 showing the different normalized capacity losses
of bare and infilled frames in terms of average collapse
PGA. Residual capacity loss is almost the same for bare and
infilled frame up to an MS intensity 0f0.10 PGA. Beyond
this point, the bare frame loss curve significantly diverges
from the infilled one; achieving total residual capacity loss
at 0.3054 g MS and 0.3082g PGA, respectively, for near and
far field earthquake records (collapse in the mainshock). In
correspondence to the same point, the bare and infilled frame



S. Yaghmaei-Sabegh and S. Nassjyan, Amirkabir J. Civil. Eng., 54(4) (2022) 273-276, DOI: 10.22060/ceej.2021.19469.7184

a) capacity loss - Far Field record b) capacity loss - Near Field record
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Fig. 3. Aftershock capacity loss diagrams:
a) Far field earthquake; b) Near field earthquake

maintains 95% and 97% of the intact capacity, respectively.
Therefore, the structure subjected to far field earthquake,
about 2.2% more than near field earthquake, can maintain its
capacity compared to the undamaged condition.

4- Conclusion

Based on the results of the analysis, it can be said that
increasing the capacity of the intact bare frame against infilled
frame under near field earthquake is about 17% higher than far
field earthquake. According to the results of fragility curves
subjected to far-field and near-field earthquake records,
observed that collapse probability of 100% of the bare frame
corresponded to 15% and 2.2% of collapse probability for the
infilled frame, respectively, which indicates the effective role
of masonry infilled in increasing lateral stiffness. The IDA
curves of the bare and infilled frame show that the residual
drift subjected to near field earthquake is about 30% higher
than far field earthquake records.

Due to the limitation in the number of selected models in
this paper, it is recommended to perform additional analysis

with a larger number of models to complete the results of the
present article. It should also be noted that due to the high
volume of calculations, the effects of the vertical component
of the earthquake have not been considered in the analysis.
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Table 1. Compressive strength and strain of fiber cross-section of Reinforced Concrete elements

fccO (MPG) cc0 f(:‘cu (MPCI) gccu
Core
YA o/ +Y¥ kg ERIN
J(cO (MPG) 600 f;u (MPa) gcu
Cover
vE feey /A NERIN
Cover of Beam from each edge of section (cm) ¥/
Cover of Column from each edge of section (cm) ¥/
i |4
1 I
- !
N N e fo
R Emau  €mdu £
d .7 : ! o
e . !
= = NN . !
- I
” - --.._‘_‘_‘ ! 1
-7 ! i f
Pie - = -7 f- 1 "mdu
| P 0 L |
_____ ‘;ﬁ’ l : Concrete 01 _ fmda
1 1
R L | o1
Ll

Concrete 01 mlas ;L3 5 0uiiS 1 41995 Jolro (g,Lid SCuwd .F USG5

Fig. 4. Equivalent strut of infill wall and material behavior Concrete 01

Joio 3 ojle (s slasl (gt g 5 by (pimen by g 4wt
s i S0 jpamne Sl 58,5 5 3 el el 0 1) )
calllas dyg0 (g03le 53 .l o odlazwl [YV] o, 5 0l clalllas
@00y lod b Ol g s OB (gl ool o 4 gl D90 iglis Lo
(e S e o o )3 (peiomes bl o a5l /YA 5 /0) o5
ol 0l 48,5 \a5 13 Ao )3 O
syl (sl o3kl )50 Jio 398 00 0203 ¥ JSS )3 a5 pslailen
S sl o) 405 g )had Dygo 4 ()Lid S g3 jloaiS
b (1) WcSiws culbus B b b ply () oSt wype Job
Ay Y (W) S jige (o, g 5o <[V 0ulS 5 jlesd Colus
Sl 5l g sl oab 5, a5 5 (17 d) baSias wyge Job

Sly GBS0 gove 4 bype glayell Dgd e iyl g,

)% u“‘"?‘ U‘) 9 (fccO’gcco ’fﬁcu ’gccu) ol Jya>e o> L)*J
LSLQ)LO')[‘;: ol ods 0l ol ¥ Js (fco,é‘co, cu>Eeu ) oS

(kS Cwoglin)f, =2MPa (5 (S 4l (gl ol ool
(s3,8Le MBS S35 5 5] E, =1500MPa s
58, ol oas Jae (Steel02) wlas b g ailSlis (Y 5 (o5Vgs
Saagpon (SHgh cows b )90 S5 (Steel 02) ooVsh plas
oo G5 ¥ S5 5 (VYY) sty 5 550 5 355 by olul
aiY Jodo of | =400MPa 3Ygd s iS5 ol oud
ws S b 3 b =0.01 Swed ot cuns s E, =2x10°MPa

] Lg‘)’ S 9 NN;L" u»)); 9 d)l»»ﬁ LAA9LM ).JJLQA Gl 0045

YA



L PEER NGA ‘_510)’)] db)b b@;b )’| &S Cul &J)a 0)9> ))95)
S35 9 99 0js> > bally bl cun [YF] g2 pe 3 0ad adply
B S i o i 4y ol 48,8 5 i 3 e S Lyt
Cangly s ojls (gloj)) Gouly (2lj)l 2 35 55 39290 (SIS Cpalad pas
Olados 4y an g b0 pS )18 eolaiwl 3y50 i) (sladyeS ) 51 owlio dlaas
3)95 ) Camr B 03 0y 3Wad W] SS9 ogSmilyaly lawgs 485 ploc
368y 3w b )85k & b o conlio IDA sl Ll ¢l S5lg5 0
Q|9;.c FUPLY d\dj)'J)‘ PN LY (o OL\.g g o bl ul.w&i
odlazl ))95) Ol 3l 3% L;o)’)Jw ‘_gl)g Cowl 0 Olsus] LJ.@] de)J)
slaJgds 15,65, o ¢lp PGV 3 PGA o Sle polis .ol ons
dllas )00 QB (391 (g 93 > 4 L Jlod )3 Canl (Bl 568, o
&l PGA olis .l ois 48,5 JLa5 )5 ladlj); dolxie (cadlgo (b5
S S35 2y sl g AV B 9 IV G (g JuS 1 y93 (slo3)s5
85 IOV & ply i & (] (Siko g 0391 puiita VY Z 5 +/YAE (3
CIMY/S 5 Y+/0+ CIM/S o JuS S35 (sladyeS) sy 9 VVOCM/S 4
YA/SO CIV/S V¥ CIV/S ply oy s o) (uSokio g 039 puiio VYS/Y+

ol odd olde PGA ) e a8, Lo

Ji99 (381 (Sl s Judexi' oLl b —F

(BF) ks slacle (sl ig> (el 81 (Seolod Jelows cellie il 5o
5 (MS) Lol sladlgl; ol s plocl (IF) iS5 Jlops b L5
35 by gl (Sass sla e 2yl jslaie 4 (AS) o)) ey
(intact frame) S couml g ojle sy Sloss olids Lol
gz D-IDA Lo 5l oslizal b cnl 05 ol IDA oo Laii
D)5 ey 1y il cud )b slajlages

o3l sl IDA Lo ¢ S $5355 5,65, Y+ 5 )93 2,8, ¥+ sl
ol 5435 ¢l PGA s (oo aiols iy 5 glaito 4 plls (9
o el I 00 plonil JuS 0355 9 593 (sl )5y
g2 b B 5 e B el (23493 PGA (Lol clodlj; o] IDA

3 odel Cowd 4 bagie ibgyd PGA cosds g o Lasubie 008

IYAY

bl ol a5 (Concerete 01),k3, b pdlas gl aaio b b3
o) pannats 518y Ll 04 odlawl (g5l Jde (gly cunl plas ( Saiip 5
0555 53 )l b o s oS a0 gy A i)l Lags
Sl (6 buwgs oid plol Glalllas &y ds g5 b .l ddsl o 9 Sl
oS slyp /A B o/oY gojb ;> A gl )b e wabais b [YO]
Cawd & gl oyt OB godmy LS o slaplal gl o/
s sl gl g o/oV i gl A el )l adlae ol )3 0] o
tlas Slastie 1)l Cand 4 jelate 4 .l ond 485 Jla > -/
[Y8] ol o odlimul Wiyl (caob oyl 5l oo pdlas b lacSiwd
Oizred AGS o )5 5Lid 1 bl g Lyl S Cuglie Sty ()
) glas b ol led sl (55— 5 (e & bgnye slajiel )l
(fa =0.38MPa,c,,,
B gl g Jobo g Mg L b ooy laes eldsyl g Jsb ¥ S 53 ol

ol oas oy s h o L b sy 4y

=0.0097 »f,, =1.11MPa,s,,, =0.0018)

020 S oyl ogge slagdil b (B8 a5 (4l
Gl o o3l (Y] Ao (cal ol 55 o 8l S Jigo

{(¥) sasl)

Ly
A =1—1.5x| —2ins )

opening

Infill

5 (W) Saws Jigo (238 G2l capd Appig Vi blee

P oxiS o> Jobo S Ly oy 9 (81 bl 5 955L Jobo Lyping

o> 5 933k XY oS Slos A SRS Gy el Bl sl

(2T = 0.33) ) go Cosd &y +/0 5l 05 48,5 L5 j5 e0iS

Infill

> Jho b 6)llp 5 Joe ygl g (ot llt (i Cono Y Y
DAL 500

5 e Jao bodd and oo jolbey (govie & JSB ulal

Gl Jols @bt (JS ol & a2 g5 Lol 0l duglie VA] o s26

3)95) ul.’>c.ul =¥ -y

Yoo 90 0jg> 3y55, Ve adllae pl 3 odlatul dy90 3,65, diwd



a) Pushover Curve for (3 Story+Strut 17 ¢m,1/3 Opening,3 Bays)
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Fig. 5. Pushover curve a) Hosseini and Tabeshpour model [18]; b) Software model of the pre-
sent article
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Table 2. Characteristics of Far field records (FEMA P695)
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Northridge/MUL009 6.7 356 0.42 63
Northridge/MUL279 6.7 356 0.52 63
Northridge/LOS000 6.7 309 0.41 45
Northridge/LOS001 6.7 309 0.48 45
Duzce, Turkey 7.1 326 0.82 62
Imperial Valley 6.5 275 0.35 33
Imperial Valley 6.5 196 0.38 42
Kobe, Japan 6.9 609 0.51 37
Kobe, Japan 6.9 256 0.24 38
Kocaeli, Turkey 7.5 276 0.36 59
Kocaeli, Turkey 7.5 523 0.22 40
Landers 7.3 354 0.24 52
Landers 7.3 271 0.42 42
Loma, Prieta 6.9 289 0.53 35
Loma, Prieta 6.9 350 0.56 45
Superstition Hills 6.5 192 0.36 46
Superstition Hills 6.5 208 0.45 36
Chi-Chi, Taiwan 7.6 259 0.44 115
Chi-Chi, Taiwan 7.6 705 0.51 39
Hector Mine 7.1 685 0.34 42
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Fig. 6. Pushover curve of Bare frame (BF) and Infilled frame with clay block (IF) of three-story structure studied
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Table 3. Characteristics of Near field records (FEMA P695)
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Imperial Valley 6.5 203.2 0.44 111.9
Imperial Valley 6.5 203.2 0.46 108.9
Loma, Prieta 7.6 370.8 0.38 55.6
Superstition Hills 6.5 348.7 0.42 106.8
ol pg se,sS,

Gazli 6.8 659.6 0.71 71.2
Imperial Valley 6.5 223 0.76 443
Imperial Valley 6.5 274.5 0.28 30.5
Imperial Valley 6.5 274.5 0.28 30.5

Nahanni 6.8 659.6 1.18 439
Nahanni 6.8 659.6 0.45 347
Loma, Prieta 6.9 462.2 0.64 559
Loma, Prieta 6.9 376.1 0.51 455
Capemend 7 513.7 1.43 119.5
Capemend 7 513.7 1.43 119.5
Northridge 6.7 380.1 0.73 70.1
Northridge 6.7 380.1 0.42 532
Chi-Chi, Taiwan 7.6 443.6 0.56 91.8
Chi-Chi, Taiwan 7.6 680 1.16 115.1
Kocaeli, Turkey 7.5 297 0.33 126.4
Kocaeli, Turkey 7.5 297 0.31 73
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structure: a) intact (IF-intact); b) 0.19gMS; ¢) 0.30gMS; d) 0.42gMS; e) 0.49gMS
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Fig. 10. Base shear-displacement curve of Bare frame (BF) for three-story structures Under Far field earth-
quake: a) 0.16 gMS; b) 0.26gMS and Under Near field earthquake: c) 0.16 gMS; d) 0.26gMS
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a) Residual capacity - Far Field record
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a) capacity loss - Far Field record

Avg. Coll. PGA/Avg. Intact Coll. PGA

Main Shock intensity (g)

1¢ | —&— Bare Frame
|
—o—Infilled Frame
0.8
0.6
0.4
0.2
0 L L
0 0.1 0.2 0.3 04 0.5 0.6

0.7

b) capacity loss - Near Field record
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Fig. 15. After shock capacity loss diagrams for three-story structures: a) Under Far field; b) Under Near
field earthquake
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