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Abstract Review History
Masonry infills are generally assumed as non-structural elements in structural calculations Received: Feb 26, 2024

and are not modeled. However, observations after past earthquakes have shown that masonry Revised: May 13, 2024

infills have significant effects on the seismic performance of structures and their seismic behavior  Accepted: Jul 13, 2024

should not be neglected. Additionally, the absence of masonry infills in the first story, which is
common in structures for commercial and architectural reasons, has led to the occurrence of the
soft story phenomenon in past earthquakes. The maximum interstory drift ratio (MD) is the most ~ Probabilistic assessment
important criterion for assessing seismic damage and the occurrence of collapse in structures. In  Maximum interstory drift
this study, the seismic performance of 3- and 9-story steel moment resisting frames (MRFs) with ratio

masonry infills was evaluated using a probabilistic framework considering the record-to-record  Masonry infills
variability. Two conflguratlo_ns were con5|dereq f(_)r the masonry infills mcludlng_fully infilled Rayleigh damping

and open ground story configurations. The seismic performance of the MRFs with these two
configurations was compared to that of bare MRFs. The OpenSees software was employed for
nonlinear modeling of the structures and masonry infills were modeled using single compression-
only struts. The fundamental periods of structures with masonry infills significantly increase after -
the failure of the masonry infills. To evaluate these effects, Rayleigh damping was modeled using  Fragility curve
the conventional method and a modified method, which considers the severe elongation of

fundamental period due the failure of infills, and the responses obtained from the two methods

were compared. By performing incremental dynamic analyses using 78 far-field ground motion

records, drift fragility curves and mean annual frequencies of exceeding four MD levels of 0.7%,

2.5%, 5%, and 15% (Amp) Were obtained for the structures. The MD levels of 0.7%, 2.5%, and

5% correspond to the performance levels of immediate occupancy, life safety, and collapse

prevention, respectively. The MD level of 15% corresponds to the seismic collapse of the

structures. The results indicate that the presence of masonry infills improves the drift

performance of the MRFs with the fully infilled configuration. However, since the masonry

infills experience failure at higher drift levels, their effectiveness decreases at these drift levels.

For example, by using the modified damping method for the 3-story structure with the fully

infilled configuration, the masonry infills reduce the Ayp value given MD = 0.7% by 43%, but the

reduction in the Ayp given MD = 15% is 19%. Furthermore, the absence of masonry infills in the

first story leads to the soft story phenomenon at lower drift levels, and therefore, the performance

of the structures with the open ground story configuration is worse than that with the fully

infilled configuration. It should be mentioned that at higher drift levels, due to the failure of

masonry infills, the structures with the two configurations for infills have almost the same

performance. Furthermore, the performance of the 9-story structure with the open ground story

configuration given some drift levels is even worse than that of the bare 9-story structure. Based

on the results obtained, the conventional Rayleigh damping method in the technical literature

underestimates the responses.
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1 Conventional Damping Method (CDM)
12 Modified Damping Method (MDM)
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Fig. 1. Overview of the study process.
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Fig. 2. Geometrical specifications of the structures.

2 Risk Targeted MCE Response Spectrum (MCEg)
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Table. 1. First to third mode periods of the structures.

T(Tll TZY T3) [S]

Bare (0.95, 0.30, 0.14)

3-Story Fully Infilled (0.12, 0.04, 0.03)
Open Ground Story  (0.51, 0.06, 0.03)

Bare (2.08,0.78, 0.44)

9-Story Fully Infilled (0.33, 0.10, 0.05)

Open Ground Story  (0.93, 0.18, 0.06)
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Table. 2. Values of the periods used to define Rayleigh damping
in the bare frames and the infilled frames with the conventional
and modified damping methods.

(T T [s]

Bare (0.95,0.14)

Fully Infilled-MDM (0.95, 0.03)

3-Story Open Ground Story-MDM (0.95, 0.03)
Fully Infilled-CDM (0.12,0.03)

Open Ground Story-CDM (0.51, 0.03)

Bare (2.08, 0.44)

Fully Infilled-MDM (2.08, 0.05)

9-Story Open Ground Story-MDM (2.08, 0.06)
Fully Infilled-CDM (0.33,0.05)

Open Ground Story-CDM (0.93, 0.06)

! Interstory Drift Ratio
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Fig. 8. IDA curves of the 3-story structure with the fully infilled
configuration obtained using the modified damping method given
MD = 0.7%.
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Table. 3. Median Sayp and o,samp Values of the structures
obtained using the conventional and modified damping methods
given the four MD limit states.

Median Sayp (Ginsamp)

MD=  MD=  MD=  MD=
0.7%  25% 5% 15%

ason.pae 0246 0951 1736 2479
y (0.127)  (0293)  (0.298)  (0.351)
3-Story-Fully 0372 1022 1830 2650
Infiled-MDM ~ (0.209)  (0.271)  (0293)  (0.352)
éritonré’ggf; 0318 1009 1795 2576
DM (0.229)  (0273)  (0.295)  (0.352)
3-Story-Fully 0631 1833 3207 5655
Infiled-COM ~ (0.291) ~ (0237)  (0.260)  (0.371)
g'rihonré"ggf;_ 0362 1115 2007 2955
iy (0.218)  (0273)  (0.294)  (0.349)
oSorv.gae 0086 0387 0618 0847
y (0.211)  (0362)  (0.369)  (0.423)
o-Story-Fully 0144 0386 0661  0.949
Infilled-MDM ~ (0.344)  (0.302)  (0.329)  (0.397)
g'rgtonré’ggf;_ 0074 0339 0589 0901
DM (0.410)  (0.245)  (0.311)  (0.405)
o-Story-Fully 0199 0555 0860 1442
Infiled-COM ~ (0.357)  (0.313)  (0.347)  (0.395)
ool OPen 0083 0380 0651 1021
con Y (0402 (0.260)  (0.323)  (0.416)
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! Sawp

2 Immediate Occupancy (10)

3 Life Safety (LS)

* Collapse Prevention (CP)

® Collapse (C)

® Median Sayp
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8 Median Sac

® Logarithmic Standard Deviation Sac (cinsac)



Olllxsy guain 5 ) Lo e s

= b ol Jlas slackile shls 3¥ hws ol pus plral L)

Slab ey Clale Ol U bassla 5y (g iy bl
)‘ A D)Lvd u_gu L)LA) j:-‘;'f &‘ﬁ\ Cjﬁa}p U'l\ sz.: Llasls
clab aan 5 Clile Oldar L lacsle js biolile s

A3l e sl adb 5o Clale Oab Oladr L baeslo 4 o

s bl il s gde 1) e Sy (2L -
d;.{.vL:A f".sLLn )‘ osla ol L_; LA@)L» L;.M..: L;l;-d\.:l;- &m.i)
. Yoo . -
ot ol el plralr mhae Sl 5l se AU Sl
35 alous (0) alasl 51 elised b O g5 e 5 uslie oyl

[ee]

Ap = f P(MD | Sa) - |dsa(Sa)|
0

)

S e gy 5 SAuSCl g P(MD | Sa) cadasly ol 3
() adaly 3l esliul Lmp slie casdllas pl 55 ol T (Sl )
JISS) gode = (B) aaly a5 el SH p“y Kol apslea

"\‘:'LL;“ (O) AJG_:‘) )J ol 4.5‘)\

Mg, (S a;) )

Aup —ZP(MDIS - ‘ - ASa

| Asa(S az,)

(_gle_i J_la;- u_,aw g_M_..u d.Ua.AJ
ol_<4.) )‘ Y8 WA JAJ_% K L§‘°)JJ J_b L5L"d’“‘ ]
LS5 il 53 45 bt 51 leds | sl [47] TUSGS

L4LJ.‘) ‘ﬂ'l DL

[EYpLsy
)l_<.3 Ls'.’k_ﬁ';)); U‘L}) )\ osla_ul L: Lﬁe)'Lw L;Lp\ éL&ngu OL“)

Sl s oie Lok &) Lol slaansls ooy sl

S ol S3ap ey lodel oo [9] o] Jaw g5 0k ae S
el S5 eslinal 350 553 (5,500 Sllllas s B
5> das e 0L 1 slos ) et sla soe (V0) 05 [48-50]
Slesliul b dizes r bt S 40 &S pla povie (JSKG )
S e S dup palis (F) Jsd ledal vy olos s
o e e s s o b bassle aas (6l alie (gl
o oY el L) S 500 s plralr mhaw lex 1)
Lo 3 V0 d plrasls Clad Sl admp polie &S il S3
Laeslu [9, 45]1° o553 sl Sl o Sle slie Olan

MDWJ—’/IMD_;-L)U‘-‘ Q‘J’.‘.’.‘."‘" (\\)JK*AMjWM.M

2 Mean Annual Frequency of Exceeding a MD Limit State (Avp)
% Seismic Hazard Curve (4s,)

# United States Geological Survey

® Mean Annual Frequency of Collapse (/i)

YA

Hinsamp <l lbusl Jlo 3 omazsd a5 55 w6 D) calasly ol 5o
Oinsamp 5 Lae 3l \‘_;-«4 ol o b K LSl
oY el baosle o plrals b b ol sl
Lol o bl S (gla iows 5 ol S5
S S (gl i Sles 1053 10 e bl e (5151
Sl gla g () Ko s ao3la [9, 45] 55,8
Sl bl & ol olidde Bgy 53 a L el aen Sl )
5 o odalle oS shilen das 0 0L ol plrals <l
(s il sk des 3 el P

Eelb wlab a5 Olile lia L lassle 5o biolils

sl oo 02

Cidisen 3lie 3l 4 s olrals C381 5 Jlas| j2als
el 0l a8 Ll 6 5V sl 3 s dileds Sa(Ty)
oalS s e il VG ke s Ol S
G 02 Q) S bl B e sk nl s el st
3 8es o 2l Soml sk 53 s Pl e
3 Sdes 5l s sl akb 5 Clile Osdn Obdr L aesl
ol 53 o dle 4ol Dlab dan s Clile Jlde L el
o dsladb 5 cliile 0 Oledr Lejlu s Shas caib &
O o5l 3 Shas 51 5 - Sa(Th) sl 51 (slossues (sl
Laosla 3 o5 akb ooy sl g 550 ol o ol il
Sl 553 as pY L e Jl il 5o Clils O Obedr
s el YL lea“ BERNY
slaoslo s, Shes o S g5 alin Lo s (o0 Shes Clile

Coh 53 bolile oS el pl s dilazils Clile 05

Obdar 55 2 L Laoslw ¢ o

uLE.:LJJ)JJ rJPJJJMr))ML]ooJ.LJi Jk"i‘_}"“)b@)ﬁ
Ao, Sedal ey Ol wllae ju 1y Jgl a2l s
aon 5 Laosle aen 3 S das e 025 (4) K3 [12-14, 46]
oo b Blae Suss sla el plralr £k
ce.l_\icvut “\j:"g;:ﬁ)‘t—fc"?-“"‘.’;s—."éc)t-:‘fb‘)b J)‘.l.’l.a
Sl s sl S 380 2 1y (g S 28 b sladlaxs]
a)l_.» UJ\_J Qlﬁ) Ll wbﬁ\ )U‘ ij QL:;J‘ BE d}‘.\.'.’.n U’N})

;5"")’3" LS)L—«AJ-/\/“ ui:}) 93 C»L_J; n(d\) L}i‘; UAL_.A‘ B Lle

! Logarithmic Mean of Sayp



VE-F Jls 0 oyleds YO 0)9

e Olyes (gwiige (sele Al

Bare Fully Infilled (MDM) Open Ground Story (MDM)
— = = Fully Infilled (CDM) — = = Open Ground Story (CDM)
1.0 1.0
> 08 [ > 08 F
z 2
@ 06 } % 06
I i
& 04 F £ 04 F
1 S
0 o2t 0O o2t
0.0 0.0 iz L
0.0 0.9 1.8 2.7 0.0 0.3 0.6 0.9
Sa(Ty) [9] Sa(Ty) [9]
(/<) (a/ )
1.0
z 2 o8
2 S o6 |
S |
LL LL
= g 04r
= =
[a)] O o2}
0.0
0.0 3.0 6.0 9.0 0.0 15 3.0 45
Sa(Ty) [9] Sa(Ty) [9]
d/e) (C/g)
1.0 1.0
é’ 08 F é‘ 08
> 06 | > 06 |
o o
LL LL
e 04 F £ 04 F
= =
O 02t 0 o2t
0.0 0.0 =
0.0 0.3 0.6 0.9 0.0 0.1 0.2 0.3
Sa(Ty) [d] Sa(Ty) [9]
(/o) (e/ &)
1.0
2 2
2 > 06
I i
£ & 04 F
S |
@] 0 o2t}
= 0.0
0.0 0.6 1.2 1.8 2.4 0.0 0.5 1.0 15
Sa(Ty) [9] Sa(Ty) [9]

(s NV (W s gbrals C}]&w slil e aib 4o slaosle gl el el el Sras S eslial L ool ooy o sl Sasls gla e A JSS

.M):\a (C} M))O(G‘M)é Y/0 (Cu-Lé)é NV (uw\_g};—bl}- Cj.]a.w 6|Jlm4.;.~]9446l.&a)l¢ﬂ &lﬂ}f-hﬁ)é\o(d)jw):a (%— gM)JY/O

Fig. 9. Drift fragility curves obtained using the conventional and modified damping methods: for the 3-story structures given a) MD = 0.7%, b) MD
=2.5%, ¢) MD =5% and d) MD = 15%); and for the 9-story structures given ) MD = 0.7%, f) MD = 2.5%, g) MD = 5% and h) MD = 15%.

Yq



Olllxsy guain 5 ) Lo e s

= b ol Jlas slackile shls 3¥ hws ol pus plral L)

05 Ll ailesls fals ool Sl Cjk.w St 53 1y Avp
BRSNS | W IUR T PRGN PR SO P I [ o
T o=l o ol cnSs s & s abralr 5L s
Laolile il a0 5w glaoslo o calsed gl o ol
o hdmp p3lie doys Y el plrals Ck.ﬂ 05 Lzl
e plrals mhe ps s das (LAl us s YO 5 TV (s
USE bl ity s Y5 504 & slie ol Aoy 10
sloralr Soml polae 03 wdd Aol ale Bss s (1Y)
SHdshaddk 5o Cliile 05 Oledzr L baojla 5 Shas ¢ o
el S Olab aen 5y Olaile bt L baejle s Slas
53 lile 05k Oledr L laosle 5o o 5 add ooy bl Lo
i 45 o5le 3 e 4 Lledel v = orl sl saib
T Sl mans 53 Jol adb s CLile O Ol Lol
il Clle Ok e3lu Sl 5 3 ,Shes s od plrals
wlralr mhaw oo wib 5 an Glaesle )3 @igas gl ol
Clile 0k Oleder b baosla s Ayp ol e ys +/V i
lib i 5 Clile Oledar U baojlo 4 cd Jl il o
Aol 5o e A s i Lo 3 VP YV Lo 5w
L o3l 5o Avp Slds cdasys t Vs plralr <o > wib
ol Sl il o3 Y7 o sl adb 5o Clile 05 Ol
33 S s e 0L (V) S Ll sal vty Cliile 050
el C))\_.pl e s e s bl js Jslae g,
S o olral> C)J‘-W aor 5 ojl aen gl Amp ol
=l s I S Ceal oS3 p3Y el 5,50
AL ol pa Laclile 51 gy ol 53 el #S
SUT sy ol a8 ool 51 acl ol 1S o gl
2 baolile cnS Sl ojle sl Oley s Ll
S s ol 03 el ol i i 38 0
s bolile eyl 51 day o3l Jsl 350 35 Ole 3 ol e
Dl 3,5 1y SRl Sl 4 o3l Cls Gley 5 L Gl S
LMD polde S 250 o Lol gl 5 25 00 L0 )2 0 5 Sl
03 ad SO Ol a g b3yl S aBls b b
S wolib aan 53 Clile Oledr L ab & 5 v glaojle
53 el sl e Shy A Cams (28 Dbl 5 Jole

)j-l?&-:%‘jd{\)lMDﬁbuﬂM‘)J\Ow&_b—&gbcla.w

1.E+00
1E-03 |
]
%) _
<’ LE06 ¥ T=075s
- = =T=09s
T=100s
1E-09 T=200s
- = =T=208s
T=300s
1E-12 . . .
0.001 0.01 0.1 1 10
Sa(T) [9]

slisss s USGS o5 5l sl Al gles )l (gla joie Nt Jss

.Lﬁa)'Lw JLJ. LSU:;J)LJ JLA) lej__: I
Fig. 10. Seismic hazard curves extracted from the USGS website
and interpolated for the fundamental periods of the structures.
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Table. 4. A\p values of the structures obtained using the
conventional and modified damping methods given the four MD

limit states.
AmD
MD = MD = MD = MD =
0.7% 2.5% 5% 15%
3-Story-Bare 1.44% X 0.14:’53 X 0.03_23 X 0.013 x
10 10 10 107
3-Story-Fully 0.828x 0.118x 0.027x  0.010 x
Infilled-MDM 10° 10 10° 108
3-Story-Open
Ground Story- 1.0193 x 0.12_23 x o.oz_% x o.01_13 x
MDM 10 10 10 10
3-Story-Fully 0329 x  0.026x 0.004x  0.001 x
Infilled-CDM 10° 10 10° 108
3-Story-Open 0.827x  0.097x 0.021x  0.007 x
Ground Story-CDM 10° 10 10° 10°
9-Story-Bare 1.46f15 x o.zsg x o.ogp3 x o.osp3 x
10 10 10 10
9-Story-Fully 0.806 x 0.198x  0.075x  0.037 x
Infilled-MDM 10° 10 10° 108
9-Story-Open
Ground Story- 1.98;53 x 0.23_73 x o.ogft3 x o.o4_23 x
MDM 10 10 10 10
9-Story-Fully 0533x 0.105x 0.043x  0.012 x
Infilled-CDM 10° 10 10° 108
9-Story-Open 1.685x 0.199x 0.077x  0.032 x
Ground Story-CDM 10° 10 10° 10°
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Fig. 11. Variations of yp versus MD obtained using the conventional and modified damping methods for the a) 3-story and b) 9-story structures.
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