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ABSTRACT

This research evaluates retrofitting strategies in unreinforced masonry structures
using probabilistic criteria such as repair costs, downtimes, and number of
casualties and injuries. The structure specifications are based on a typical short
elementary school building modeled by the modified macro-element equivalent
frame method. Retrofitting strategies include vertical and horizontal coils and
reducing wall openings. Record selection follows a method aimed at minimizing
standard deviation. This study derived structural fragility functions for
unreinforced masonry walls, addressing both non-collapse and collapse
scenarios across three damage states. For nonstructural components, the
suggested default curves were utilized. The normative values for each functional
group were determined based on their likelihood of occurrence in half of the
buildings with similar occupancy, along with the potential number of casualties
derived from primary schools’ population distribution. Implementing retrofitting
strategies results in a notable decrease in average damage of 48%. The reduction
in small damage levels surpasses that of more severe damage levels when
considered concerning the cumulative occurrence probability percentage. It
shows that the advantages of retrofitting, in terms of the useful life of structures
are primarily realized during low-intensity seismic events. The least damage
reduction was seen at the collapse level due to retrofitting. Retrofitting strategies
have significantly reduced average repair time, with a 51% decrease observed.
The probability of death has also decreased from 13% to about 2.5% after
retrofitting, demonstrating the effectiveness of retrofitting strategies despite their
simplicity and prevalence. While the strategies may not have affected initial
injury percentages in low event probabilities, they have reduced the number of
injuries in high-occurrence scenarios.
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Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall Axe
Axe 1 Axe 2 Axe3 Axe 4 Axe 5 Axe 6 Axe 7 Axe 8 Axe 9 10 (ton)
(ton) (ton) (ton) (ton) (ton) (ton) (ton) (ton) (ton)
Story 2 (Roof) 5.74 11.14 10.97 11.05 13.42 13.50 11.05 11.05 11.31 5.74
Story 1 6.61 12.83 12.64 12.74 15.46 15.56 12.74 12.74 13.03 6.61
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Specification Unite Weight Shear Modulus  Elastic Modulus Tensile Strength ~ Pressure Strength
(kg/m?) G (GPa) E=550%fm (GPa) (kg/em?) fm (kg/cm?)
Masonry Material 1800 0.7 2.2 1.0 40
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No. Record ID Event Year Station Mw R (km) Mech PGA (g)
1 IV79e13 Imperial Valley 1979 El Centro Array #13 6.53 219 Strike-slip 0.139
2 MH84g02 Morgan Hill 1984 Gilroy Array #2 6.20 15.1 Strike-slip 0.162
3 PM73phn Point Mugu 1973 Port Hueneme 5.80 25.0 Reverse-slip 0.112
4 PS86psa N.Palm Spring 1986 Palm Springs Airport 6.0 16.6 Strike-slip 0.187
5 WN87wat Whittier Narrows 1987 Carson - Water St 6.0 245 Reverse 0.104
6 SF71pel San Fernando 1971 LA - Hollywood Store Lot 6.6 21.2 Reverse-slip 0.174
SH87pls Superstition Hill 1987 Plaster City 6.70 21.0 Strike-slip 0.186
BM68elc Borrego Mountain 1968 El Centro Array #9 6.7 46.0 Strike-slip 0.057
LP89slc Loma Prieta 1989 Palo Alto - SLAC Lab 6.9 36.3 Reverse-oblique  0.194
10 NR94del Northridge 1994 Lakewood - Del Amo Blvd 6.7 59.3 Reverse-slip 0.137
11 CO0O83c05 Coalinga 1983 Parkfield - Cholame 5W 6.4 473 Reverse-oblique  0.131
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2 Design Basis Earthquake
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Interstory Drift Damage Indexes  Damage state Performance  Interstory Drift Considered Considered
Ratio by Park and  proposed by Park level (FEMA356 [v4]) Ratio Interstory Drift Damage States In
Ang [YA] and Ang [YA] (FEMA356 [¥4]) Ratio this research
0.2% Slight 10- Immediate Occupancy  0.1%+0.1%=0.2. 0.1%+0.1%=0.2. DS1
0.5% Moderate LS- Life Safety 0.6+0.1=0.7% 0.1%+0.9%=1% DS2
1.2% Severe CP- Collapse 0.1+0.8=0.9% 0.1%+1.2%=1.3% DSs
2.8% Collapse
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Damage Fragilities
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DS1 (1I0) DS2 (LS) DS3(CP)

Median 1.372 1.526 1.863

(Acceleration)

Dispersion 0.311 0.422 0.44

Description First occurrence of major Wide diagonal cracks with Wide diagonal cracks with
diagonal cracks remains closed typically haveone or more typically more cracks in each
with hardly noticeable residual cracks in each direction. direction. Crushing or spalling

Crushing or spalling at wall at wall toes near collapse
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crack widths after load removal.
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DSI DS2 (LS) DS3(CP)
Median (story Drift Ratio)  0.005 0.01 0.021
Dispersion 0.4 0.3 0.2
Description Screw pop-out. Cracking Moderate cracking ~ or Buckling of studs and tearing of

of wallboard. Warping or
cracking of tape. Slight
crushing of wall panels at
corners

crushing of gypsum of wall
boards (typically in corners).
Moderate corner gap
openings. Bending of
boundary studs.

tracks. Tearing or bending of top
track, tearing at corners with
transverse  walls, large gap
openings, walls displaced.
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| Story Drift Ratio)
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Story Drift Rafio (rad

8l 3 36 GBS 305 158 oo 1B S

DS (10) DS2 (LS)
Median of Drift (rad) 0.002 0.0033
BrTR 0.86 0.77
Description First occurrence of major diagonal cracks. Wide diagonal cracks with typically one or more
Cracks remain closed with hardly noticeable cracks in each direction. Crushing or spalling at wall
residual crack widths after load removal. toas.

WL ool gluo 2L 51990 (6l g (B w9y 0 485 9 Jbo W)l ailgi Wlaio g polie - Y

che 5 lapglie 5l i el 0 )3 DS2LS (60 Slas gl ;0 oad a8 5 )55 13 oS5 liee (09 Suop 4 4z L

I Jiu 9 AR J9A.‘> B JMS l.> ol C.l.m.c @L", )15.;9 Lg‘)" u‘).uc.u AT QO ‘_,;]Lo u)Lm} ).a\bl.o.a sé)Lu ‘le.‘u )‘ o DS[ 6Q)S.Lo$

5 28 Gl gan e cowl 8,8 18 annlio 550 dslol jo gilepglio 51w (6,500 ¢ s ((B,9,8 (60 ,Sles s g0 (ol gl
A oe Hleo gan e Jols laad £ S sl loges g 00,8 o Blod Dlawlore 1o Jlass gai e 5l e D0 a4 (5

Siw pglio 51 g o juf (s 51920 30 ((Jlo & yHlus) puoni gy 30 1 W Jguar

S ) et (A58 oo eSS40 lawge R ) e i o oyt Glp pond i jp bangie
15 YL polis [,5 as gl 5 YL polis Lower I las
(CoV) o ol sl &l S R sl (cov) b ol sl ( b oS RS
(Upper Quantity, (Lower Quantity, (Upper Quantity, Quantity, N<2)
N>30) N<2) N>30)
ARRY4 £V N DARRA ¢ YFA- OYY-

G0l Y0 OYY e a0 G ,el Yo #A-- 5l 55 1) Jles asly poojly & jlad e oo olgain Silwpglas sla 5ol ploxl
Coles 10 g LB Lles SO Oiles ad o)l Jleas! (1alS g e0ud ol sla,lges slaad jialS cams iz en sl sols ialS

141 G YR amio A F+F Jlo Yo 0 ko 1Y 0590 ol g 03w (wihigo (i g 33 — (oI8 &9 pid



O 1 0 3l (quigo (02! Jbleolo

oo e leo b s lie ol Sgo cole i gadgl e cde 4000 5 wales g pojly Jbe ol e sl ruls
Slaz, olail Oz il Cole (85 ganip Guized 5 S Glagdil woys Jdo 4 jles 093 i ganie Jeld oS

Sl 00! Sy il Lg)'LM,‘njLﬁ.a rab;.'»l 3o o5l Sl o g,

10000 10000
9000 9000 4
8000 8000 4
7000 7000 4
z z
= 6000 o = 6000 o
3 ]
S Lower Quantity 2 38 .
'E 5000 Average Repair Cost for 9160 g 5000 4 Lower Quantnfy
2 Lower Quantity of Regin 2 Average Repair Cost for 7800
4000 4000 4 i i
Upper Quantity 30 Lower Quantl.ty of Regin
A Repair Cost f Upper Quantity 30
3000 1 verage epa.lr o cw.r 6106.67 3000 1 Average Repair Cost for
Upper Quantity of Regin . A 4800
Upper Quantity of Regin
2000 4 2000 4
cov 0.1396 cov 0.16
1000 4 Curve Type Normal 1000 4 Curve Type Normal
0 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Quantity Quantity
< &l

90§l @yl @l polie (@ 9 ilupglio 5 oy DS3 (ol g 53 gbus pud (2L 51523 5y (g3Lasdl ©ylus @b polie :F S
Silupglio s, 8al) 1y 5 s DS2 ()5 w3 Ehino (2L
&bt el 5l g 9 e slacdle ;3 DS2-DS3 5 DS1 gl 55 (sl aelsl 5 (23 mgpos 58 4By 5l (56 & )Lt g8
IS g o0 g 50 By (loje il Slawi (l5ee 3> oS5 o5 e ;o Cesl ead 00,51 Ag ¥ gla IS 5 VY oz 5o
Tl S (o8 ilopslie 5l iy eadlioe Sl g 58 0 lens 90 bl oS ond and S Jlasys JBlas slasl sl 5 onile (Sl <ol
4d33 10 5 celw) 5o,k ¥l i (oS (silupslia 5l Jlms sl led (6l 5 Gyl ¥ 5l 5aS o 5 Sl 93) 594l
ol Sl oaile (Bl Soli 9,4l ¥ ogaz j0 Sl e cgzpi¥ (loj SuiS Gl oo 9 dallon Jobo 4 jeend (g, bt B 51
Voacelo 10 g 59,0L8 B 5l 9 09doa fdon joasd S p3Y Oloj gilupglie plxl 5l VL > haw o &5 el > 50
il a5 el ity auoyd 5 lepslie S| ey e i 22l Slasz 9 Glgies |y ol e g sy o0 clu Y g 59 0l
39 el ol ool 83l g 318 oy G 5| Lol (059, 40 4T (gilwpslia 5l G odd adlol G MS exi 5 (o5lusls
zhaw a5 DS3 mlaw 4 o, Jleisl a5 cool zudg 4 o3 uizod Cawl 0aits Bl pons g o3V Gloj 5 oolaidl san i
szl 3l iy CP s 4 oy Jloiol 4y o 0l (05 (53l pglie (sla)lS ol slpzl 5l uy ailion Gi5is,d 40 Suo
by el (g5lupglie 5l e 03l reni ez p3Y (o) e Sian) Egeme 50 45 39d o0 ez ge ol (al g 00 (lupslie

Tl yuf 2Ly 5lga0 Gl (PO g yo 4By &b yolie VY Jgur

Sl capo gy ool p3Y ooy Jawsie p3Y olej lawgie

sl cape lp p¥ by lamgte 5e; eleln Y (o) Lagte
(COV) YL olass (sl Slieni S S 59, elul (Cov) Slp Dt Saz jg, o5 Ol gl Sl pend
(Upper Quantity, Jl,5 o5 sl glp &l peess (Upper 1,5 obj sloas (Lower >
N>30) (Lower l,> Quantity, N>30) Quantity,N<2)
Quantity, N<2)
</YAPY A\AZZ& YAYaq </Y#FAA AAARR \ZN

11 G YR amio AP+ F Jlu Ve 0 ko (Y 0490 ol g 03l (wikigo (b g 33 — (oke 4 g



O 1 0 3l (quigo (02! Jbleolo

4.5 4.5
4 4
3.5 3.5
T 3 = 3
=) &
= Lower Quantity 2 a T
E 25 Average Repair Cost for 228 Lower Quantity 2
= ge Repa 4.0681 E Average Repair Cost for
" Lower Quantity of Regin . R 3.9247
g 2 0 0 g 2 Lower Quantity of Regin
& pper Quantity & Upper Quantity 30
15 Average Repair Costfor | __ . 15 Average Repair Costfor | .. .
Upper Quantity of Regin Upper Quantity of Regin i
1 cov 0.2698 1 cov 0.2712
Curve Type Normal Curve Type Normal
0.5 0.5
o 0 v v v v v . v
0 5 10 15 20 25 30 35 a0 0 5 10 15 20 25 30 35 40
Quantity Quantity

(@ 5 il pglio byl plxil 51 iy DS1 31,3 o 50 (Al boano e (3L Hl990 (510 (RO g 3w 50 akBg jlund &by olio 1Y S
il palie gl Bl (sl 5 s DS1 (215 o

3 8
7
5
6
4
z s
@ Ny
o Lower Quanti 2 @
b A R t.yc I S Lower Quantity 2
E 3 verage epa.lr 03 o.r 5.6153 sa Average Repair Cost for
= Lower Quantity of Regin s . . 7.1399
m N @ Lower Quantity of Regin
-8
g Upper Quantl‘fy 30 3 Upper Quantity 30
2 Average Repa.lr Cost fD_f 3.7447 Average Repair Cost for 4.7601
Upper Quantity of Regin 2 Upper Quantity of Regin
cov 0.2871 cov 0.2712
1 Curve Type Normal . Curve Type Normal
] T T T T T T 0 T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Quantity Quantity

< Al
DSz o5 g 53 (2 9 DS3 (ol 5 gehauw 53 (Wl gbuso i (2L 51900 (52 (PO g 0 53 AkBg oyl &b y10lie (W1 :A S
Silwpglio gla)aly slya! 51 om

(Sloslwyus g Glojlw g1321) BT 50 Ay e loislw 31 (AU rogiuan g yuo 9 S o Sload Lo

oS- Vil glas sl cazr oslinaly Jsome Sl 55 (B3 o 1 iy (liee 5 (oolatdl lus lne jl ool
—e 9wz ol Glusige Sln mee sl S (S g me slasi 5 (Sl D) e 5 S e Slas o)lgen Lol ally oo o Shee
~oe Sl el Joleo Jsore slaojls (sl J5id 350 5,Shos s (im0 b (b 5 0 Shos i) saaS i
slp Sl el 3l Foml o Ses gohaw 3ges Bl iy jlre gl 4 (R (nl )0 e 9 Spe L& o) B
S L slplasle gly FEMA Lug ool @)l ciaes lagsl 5l solituwl b o pwyp abbcos (owyp 9590 el
el 3l o131 g e chmex 5551 () jo el oo 03,51 VY Jgoz 10 cires (5551 ol el @185 ploul ol ga o
&y SVl 5,505 el 651 ) ol o gliie azhn ST g atan albl gl a5 oul 485 a5 0 dwjae ;0 bilon O B o V
ol i8S a3 0 SBpSy Sy a oyl S e Ay oS @i (e cal o Slee pal B ) Sl Sless 5 DL Sl
oW
Education (k-12) Elementary Schools-(Peak Number of Occupants per o5 Gilko olosul )l Sros 5e51:VY Jous
[fY] 1000 sf, COV=0.2)

101 G YR azio AFeF Jlo 1o 0o 1Y 0,98 il g 03w (wigo (i g 33— (ool &) pd ¥



O 1 0 3l (quigo (02! Jbleolo
Hours 12AM-5AM  6AM-7AM 7AM-1PM 1PM-2PM 2PM-5PM 5PM-11PM
Weekdays 0% 5% 100% 50% 5% 0%
Weekend 0% 0% 2% 2% 0% 0%

ou plowil o Juloxd' (omy 52 -0
&5y Jloy polie ((FouSo @l T L celite 5 48,5 elail gilopslin plonil jl gy 5 Gy sl 59 0 bl
Cl> 90 50 odal Cawds @S 5 ek A il slaads lp Oyls SVl la Jos g ool 48,5 i o abgs e Ojlus
(i S lse 5 (slos) B, Spes o] lasie g 03w & basye s ydses Bl odle  SVlezxl (gla s al 00d cas
Sz ) Sy S peeal (Bl 5 0305 Bl aiilgi oo 5 1) pelitas e slaanjo b g 49l Jlaw 5 )b olatdl glassly
b b s crazs Jlai] Jogas ijle oald ojle 8,Slae o5 b bl o il Slesanss 5 s jlopslic slog,b sdumlis

el 00 00,51 A IS y0 (g5l 6o, Sl sl s g i Sl o Sl b sl b K sy

AN 1 00009060000 —————
09 — Lognormal Fitted Curve 4 - —— Lognormal Fitled Curve ®
@ Binned Values @ Binned Values o/
08 08+ o/
/
/
~ 07 _ 07 o
- O /
" 8
% 081 Y 06
§ 05 = 054
s g
5041 3 04
2 3
™ .
03 - 03 f
02 " 2
02
VA
01 oY 0.1 9
000>/ o)
0 -pecccpesccseccaqeeceqecceqecccpecneneeel — —t 00°%
0 100000 200000 300000 400000 = 500000 600000 s T, TP ST e g P —
50000 100000 150000 200000 250000 300000 350000 400000 450000 5000¢
50000 150000 250000 350000 450000 550000 0000 109000. 150000 200009 239000 300000 39000 400009.450990.500000

$C (U.S. Dollars) $C (US. Dollars

Sl 118 o a3 i 03l JS (sl (o Sl gmocms Jlots! lages St 115 ol Jlos! 5 s 03l JS (512 o bt (moos Jlazo] foga

Sl sla, Bl plwil 51 (9 i 05w JS sl (Jlo ©)lus (oo Jloda lgei 4 JSb

i ol Jlais 5 TAND sgam wily 2aS (S5 el ¥ Jlsm FO+ 3l gl US )l e o5 el Jlainl (s jlupslio plond § i

TN e g Gl b s jlae sl Sl plosl 51 ey a5 el Jl> 0 ol ailco 70+ ail 1S S0l Yo Jle B0 5l &l
T Jlisl b g Kopel V8 5 YTV 3§ Jlo &ylas 110 Jlaisl & iz od cddbso yieS S0l Yo Jl3n F8- 5l ojl &l
et y3n el s stilin ke ccgilate sl ISal, (sl 45 35 e odalive il o s2aS Vo 38 Y5+ 3l o5l ol
Ooled Glae j0 (2ol 1FA L Jolee (goieis))l Jlaw L2olS a5 ans o 2alS 15,00 Yo e Y8 o IS5 0] Yo Jla 0 5l )
Yoyl BAe 5l O lus sane gilupglie Sl i LYV e e 4 Soo5 Jlaial 4 a8 Gl Glgi o iz bl ol golal
Yoo slolas ganme 1Y e 4 Seop Jlial 4 a5 90 65 A Gl ilupslie o, lSel; planil b sl oo 7S G
FYO L plp gilopglin 5l i Ojlud sanip 1) s Jlast as ams oo lad 1) (2alS 7YY Joleo 45 09 snlgs 168 15,01 Yo s
ams e ol |y oolaidl olas o aalS AT Jolee a5 atl e Sopel Yo Jsa VoY (silopslin 5 e g Bosel Vo Jia
P polie o O)lud als wo)s 5l i Djles SasS polie o Ol GlalS wsys aS sas e Lis ead plwl sy )

ol 00 00,451 (583 & y50 NV F Jgax 10 gad9e (ol il co i ooy, ez Jleil duo o b clite

5w poliio (S, 15 ol Lol 51y SBLS o33 5 0 39 32 @ w0l NF Jgur

11 G YR amio AP+ F Jlu Ve 0 ko (Y 0490 ol g 03l (wikigo (b g 33 — (oke 4 g



O 1 0 3l (quigo (02! Jbleolo

Yo L) ole Jb o)z olaygy ez Jlais!
FARIEEVA VA REEEYA SR DS S A Y S A CEARE
b polis 5 i AT £ SR o 7\ T ¥ ORI AR ICAN ) SRAN sCRA AR
Gl polie 5l e Y-Y YYO YYD YO-  ¥YPe  YYA YA.  Y¥.e.  YY. Yoo
selS s o VA S A IEA\ ) VA ¢ NEVA # NEVA {ANEVA & SEEEVA & WENEVA & SRENVA §A

st plogl (s jlupglia (0351 5 comad] 13 el yiionr oad b (laall) olas 51 yider oS i b slaal J; ol 45 Ly o1 5

55 ilepglie sla)lSal, L alal) )0 S peeas slp b walys Jol> 38555 sladlily )0 i ojle dibe jee D Job o

i el oS e polin 5| yialS oo 4 51 oges solitsl Jlainl 1 oS b 5 e Slime 5 LilS a5l s as

gl §l i Gud b plads cou b g (b aly Cou adBy (e esliial Jle jsb 4 Vb (63 Sles ol o polie ool

bog G059 whaw 4 az o adlige e silupglie sla)lS ol Jlasl J1 5o (pall ao)s b g Oslds (e i oo Jol> (&b
305 o0 eS (gilupglas o, Saly Jlesl Sy & )lus 50 0uls slom! @glad polie mugd oo SGo 3 Consls Jlaz! Ve o

Sibate 51 o 5 O U35 5 o Dlend Ca 4 il (B mg e 50 aiBy b lband (slaje ikt Jlaged VoSS 0 iz e
Dy90 (B (pmgyw O AdBy Ty odd dbml loy saile Jlade cgilags slo Sal; gl A5 06l o samlice Lol ol ooly las
5 alS 7OV L Jobe guiedsyyl jlaws ralS aS a2 o il cele VY g e, alids Vo4 el YO g 39, aled O 1) sy p
LV Seop Jliml 4y (o83 g p 50 488y Sz 0dd sl ol ol (lae ) iy adlioe alole (B0 g 3 4By e
@ Seoy Jliml 4 oS <l Gl il polie slo ol plonil b sadly oo el VY g 59, aileds A g0 (gilupslie I iy
3o ) e ey o ialS 00 sgas aF il e celw Vg 5g, 4l ¥ oogus Ol esd S 0ald ol ey ganie VN

223 o lid (3lupslie

1+ 1 0p88ef——
P 02
09+ § 09 04
T o/
/

& Y
08+ 08+
f 4
= 2
PR [ w06
H z
f 05+ qr’ g 05 !
§ ‘ £
£ | = 04 4
E 04 .; —— Lognormal Fitled Curve 59
= @ Binned Values o

03 f 03+ @ Binned Values
02t p 024
014 /e 014 o

o
0 T " .y T T + + + + + + 0 .?/
0 1 2 3 H 5 3 7 [ s 10 N 0 05 1 15 2 25 3 35 4 45
Time (Days Time (Days
W3ty 3 e s Sy 4 ol Joban gLy, bl 050 slajs; sres Sl loged U3y 3l e S ol Jedand Lo, b S 950 sy, (s Jlen>! Jlogad
3t Sl A o pglis (5 o5l s

Sl o, 515 plnil 51 g 9 (i 05l S5 (Sl (B g pw 50 4dBg (oo Jlosa] Hloges N e S5O

5 V)V USE o (Glole pé g losle slizD pleasle J1 s dljly e Sl 5l (LAU e 5 S e ohaad (YLl L)
GiRgly ol 50 a5 wblice Sige Yl egian Sl (ized 5 e 5 Spe Olie 50 Slojle e Sl Cesl 0ud 03,51 VO Jgar
S Sl aeys s wdlyood Sglite ilupglio 3l g Silupalie Sl A (owyp Sl 90 0 Glojle e izl Slasuie 5 slass
Sl b b Gladog Cule) b Glyies Joo )3 &5 ol (Jlojo nl g Sl oads aulS Lol aojo (al¥l o @ lagil
CawlS pregdans slaxd paasdl e g lali ol 5l (glojlu u8

plas 1o a8 Gl ol locas b o o g Fye dlasd og yao Jlzl aS cdl o Gle e VY SE @ asxl e
00 lpas clils axgy 50 4SS pl 4 b Ll el oYL Jlat aS ol oo TAY L ol ool aslhen 095 L Hblie slayg,y Jlaix!

141 G YR amio A F+F Jlo Yo 0 ko 1Y 0590 ol g 03w (wihigo (i g 33 — (oI8 &9 pid



O 1 0 3l (quigo (02! Jbleolo

g 5 Sy Jizl oo o a5 cul Jb jo ol g aldl o oYU o 5 S e olasd a5 il oo 1AY logas slayg, Jleio e g S e i
IAY Sl cal ks 5 aism QI3 S S50 & pan 5 So SIS i JET L o S fyign 5 ol 08,8 (oa s e
Sy sl g9 e Jletxl ile polie sla)lSel; Jlasl 5l Gy Sl (6l 098 o Comzme (potlae Jlaio zo g S po pae Jloio
30 509 YU Lewd gz g L aS cl Ve dgam 0l S 58 Ve 5l e 9 S e oo a5 ol Jlim! g Conl oo, ZAVIO 4 o g

Gl ool Juols diey ol 50 (6oL g (g3lpglio 5l iaw cll> b anslis

1
08 T
s S 064
o S
| — Lognormal Fitted Curve L} —— Lognormal Fitted Curve
E 04 @ Binned Values E 0.4 4 @ Binned Values
o o
02 0.2+
0 : t : t f : t 0 - : } } } :
0 50 100 150 200 250 300 350 0 50 100 150 200 250
Deaths Deaths
Therd oln Sl 3 pe s F e Lz s 51 il g E (gla ST ol by LSl o e g S e SYLeial 251
il polie 5l Jlocl 5l 2y Sl pslae Sl Jloel 51 e

9 slojlw lasin g dwjydo 53,0 b ebuo . (Lo loss b 50 ool (Sow sy jw0 9 S o Olans Y Lo b)gi).g N USSS
Silwpglio s )5l Jlosl 31 w9 (5 5lwpglio 31 i oudh Bl S 29595 9 (60 5o (sbrog,S g (slojlw s

bupglio 5o, 15ol ) ploxil 5 (s 9 s 9 090 35913 yoo 9 I 50 Olani 10 Jgur

Sk polie 51 i S5l polie 5l m
ez U0 R JURNIW, Jlez! a5 e Slass
TAY o VAN
AN 0. ALV v

L MCE a5 cov (3598 Jleix! [YV] ASCET-22 llhas o5 prily axdls azg 55 a5 ool 4 b ez

G 8,00 aniiias LI 55508 Sl b aS je g S ye Jlail a8 ol Jl> 0 ol ol 7Y ¢ 4y 95050 Sl o VODBE

399> i 5 A (gilwpglie 51 s 5 i adlllas 0550 sl so5le sl VIYDBE G -/ADBE 3l las )55, 5l (slos 1S so0g0xe

WERE walgd a5 S pe ol 5, 52 68L; Jlm B 0 Slas dgees sl (Sl 45 waS o Lis 5 el oel ey LY/B 5 LAY

Jlesl coenl yols lis gl Glaasls lae a4 b e 9 S e dlasd (55, 0o ploxl gy a5 00,5 0 WSU iz e Col

gl 53 slo3 ) IS 5l (LA e 5 Sye S92 50 sl endlygins 5 baslipnml (aled Gillae Lyl 5wl s3lupslin o, (S,
il oo jlore a2 Sln b 545

11 G YR amio AP+ F Jlu Ve 0 ko (Y 0490 ol g 03l (wikigo (b g 33 — (oke 4 g



O 1 0 3l (quigo (02! Jbleolo

1+ r
0.8 -f
z 2 b
=4 3 06+
5 5
" - n -
;m —— Lognormal Fitted Curve M. —— Lognormal Fitted Curve
= | = s :
e 04 @ Binned Values k] 0.4 4 @ Binned Values
o o
0.2 0.2
0 } } } i } : t . 0 ; A ; . ; {
0 5 10 15 20 25 30 35 40 0 : 10 15 20 25 30
Injuries Injuries
dye 68 b mlae d ol lezslo o o os olas SYleis 50 W5 a8l sls IS Lo mlooe ol plezslo 5 s e slaws SVLezsl 55415
Sibe pslie Sl Jlosl 5l e Sl palie sla S, Jlael 5l g

9 &lojlw e g slojlw Olasine g dwyow 6235 b o e by sl j0 00l (Sow S (reogiuan dloss Y s 3590 9 VY Sl
S3lwpglio sl aly Jlash 51w 3 g5lwpglio 5 iy oads Bl (Jumor 22395 3 69,5 os slaeg 5

pae Jlaixl asys aS il o ole oo vl ons 03,91 VY S5 o Gilwpslin sla Kol Jloc! 5l ion rogduas sloxi jloges

il dsyse )5 b laislo gl a5 alilioo TPV 5 T0A 050> o @ T 5l ey g 65l palie 51 iy pyiae o Jald
clls auales 3429 (gilwpglio 5l g i Glaizle j0 0ud deas 0 3 VYA 5 UFY Jluisl 4 Ko ojle @ g cnl ol [l
@ ol 5l e g Gilwpslie 1 i IO Jlais! @ a5 cdl o ol o VY S sla,loged el oYU s SVl as o a8
Ol38l Ce s 4y ngaian Slaad 5598 ek 4y (Al SHo L g AL Gl e Lol ol g S L&Y o Y egiuan slawd i
»® 9 %LQ) 5o Lol Cnl aildSs L;>|J.».> }A.il) Oy g 64.‘.]‘5‘ Qo0 (S9y X IDL?U‘ Lg)LwrasLa.o as DS (0 L)L““ LQLS“’))J AJLLSA

D9l oo sz Jlelzl oo by (regaias slasi l rwlS s YU glo Lo

S5 Az - V8
Dged AM> o I oy 015:@ I, adlol> C.)Lu

Slsmin 950 Glojles slojlsns Galy by SV loplralr cod Sl 5 Lo ls (350 ghae gz 4 iy S5 SRl L <)
IS it @ iy Slall & it &) Ay Sl Ko 31 s 5 (G p3) oo (ol bly o el & (slai G i

] 00905 lous puss

(G315% 5 237 S5 pow 5 sl ()5 mola )0 (80 g ;5 4By (glajg,aile shiss (gilupslie sla)Sal, Jlesl b -7
Cja...u oWt Qo0 g Gl...wo ‘_QLQ)‘}.LQ oo LS")?‘ g_)L..)).‘> B U‘B"Lgn ‘) QT Cde JJ[JGA L)“"‘)S‘ 9 oxslo Léb wl.‘ ‘.)5..\} w.)).' aQ
5ol gzl 51 e Gie,8 A e, Jledal aS 28,5 a0 Caslge ji |y SO el icanils g5l pglie 5 b )lges
Sibopglie 5l m ojle jeesd Sy Y Gl e S Egeme j3 45 d9don wxge yal (nl g S ok S (silupglie
Sl Shels
sals G eT Yo e Y8 a4 15 0] Yo J5a 00w 511, cwyp )90 pleitle &jla il Yoo (jlage sla,Sal, ol ol =Y
Ol i (Ol S8 polae o alS ws s bl g alols solaidl O lus e o el LA Joles a5 oo e
Dol b gleally olass (j0gr yidow 4 az g b Lol ally oo yitin sy, (orez Jleizl o po b sl 155 polis jo ials
g ab slg: Jol> oF Gas b gladd); o jii ojle dube yoe ow Job 4o (55lupglio (05,51 YU slachos a4 Cans oS

141 G YR amio A F+F Jlo Yo 0 ko 1Y 0590 ol g 03w (wihigo (i g 33 — (oI8 &9 pid



O 1 0 3l (quigo (02! Jbleolo

S 5o, Jlael 51 3o Sla 5 o sl Ciglis yolis cosd oo a0 CenSe Jlazml Ve o7 Ly e 550,98 pelaws 4y 4z
23,5 o0 foS (slupglie

Voa celo VIO 5 55,4l B 5l guyp 9550 (80 mg i 5o 4By (lo) saile Jlade Sl o il byl 2

95 Sy dlagg; pae Jlaixl s b jBlie slayg, Jlaial b oad alies calize gladljly slocad b o (gjlupslis 5 i -©
aQ 9 u...u‘)ﬁ‘ °)L25€. 9 sj).o él\.\.u ‘/QY JLQ.&‘ L QM) 9 JLQ.O‘ )o L;\AJ‘ )l—HMJ u,....:‘)_‘i‘ Lv 45‘_,;”? )b ‘w‘ //W l)).t‘).t o
oguso.» Y ) @91.‘@@ JL@..}‘ 9 u_?)o pas JL¢».>‘ TAY U‘)““ UJ‘JJL.: 9 o [ J.cu NG

Jloiol b o alien Gl glaaljly glacad Gl ;3 e 5 Sy sl pae Jlaio! cgilupglio glo)lSel, Jlael 5l oy =7
0y SN0 e o0 il eSS 8 Vel pe g Spe olaws a5 ol Jledsl g 4l iol38 ZAY/0 4 LAY 5l ses b bl slagg,
FB Soete silopslie 3l iy Sl boanalie )0 058 00 gt (VL Slanl e 5 T re goad 351 Slaed iz e sl
$o39me o 33 sariie b5 Binysp St b &S ey Spa Jlaio] ol ons S Jale ogas ol 5 st
Gl 000l sy 1Y/D 350> aalllas ol 1o (s5lupglio slaSol, Jlacl 5l w00l s ol sojle (sl 0,55, 51 (Sloo S
plol (gilwpglin 5 o, Slos dgupe sl Saly a5 a0 lid g 035 VY (g5le polie 5 L3 Szl pl a5 el Jb jo cpl g
B8 walsS e g S e Sl 69, » (kP BB 5L B9 Jgene g oole Jlaws 052 g Lond

oy g0 b aS il e AYA 5 LFY g0 e a4 il sl Kal, Jleel 51 e 5 i e0ud dedis 813l 3g>g Jlea>! -V
AT S slepglin 5l g 58 ¥l regians olaad TVO Jlaixl 4 (g3le polie 1 i iz o Sl (VL L SVl

aslas glabadle LB 550 (regdas adsl o yd (59 0ol plnil (g luaglin a5 d9ad (655 Azl lg (o0 g wlion fleS
el 0030 5 agauac dlasd I pinlS conw YU slayg, Jlaxl b sladd ) o Js

S 3wl

&l
[1] Tasnimi, A, (2005), Behavior of brick walls according to Standard No. 2800, Road, Housing & Urban Development
Research Center.
[2] Benedetti, D., Craydis, P., Pezzoli, p., (1998), Shaking table tests on 24 Sample masonry buildings, EESD, 27 (1), 67-90.
[3] Benedetti, D., Castoldi, A., (1982), Dynamic and static experimental analyses of Stone masonry Buildings, TECEE, Vol.
5, 179-188.
[4] Iranian Code of Practice for Seismic Resistant Design of Buildings, Standard No. 2800, 4th Edition, Iranian Building
codes and standards, Road, housing and Urban Development Research Center, BHRC-PN S-253.
[5] Magenes, G., Calvi, G., (1994), Shaking table test of brick Masonry walls, IOECEE, Vienna, Austria.
[6] Gavrilovic, P., (1996), Shaking table tests of adobe Structures, 1ZIIS 6-36.
[7] Gavilovic, P., Ginell, W., tolles, L., Sendova, V., (1996), Shaking table tests of adobe structural, 1ZISS, 96-36.
[8] Jurakovski, D., et.al, (1992), Shaking table tests of three-four—story brick masonry models, LOWCEE, Vol.5, 2795-
2800.
[10] Tomazevic and Turnsek, (1982), Verification of seismic resistance of masonry buildings, Proc. Br. Ceram, Soc. No.
30,360-369.
[11] Abram, D.P., and Costley, S.C., (1996), Dynamic Response of unreinforced masonry buildings with flexible
diaphragms, NCEER-96-0001.

“ 11 G YR amio AP+ F Jlu Ve 0 ko (Y 0490 ol g 03l (wikigo (b g 33 — (oke 4 g



O 1 0 3l (quigo (02! Jbleolo

[12] Li, J., M.J. Masia, M.G. Stewart, and S.J. Lawrence., (2014). Spatial Variability and Stochastic Strength Prediction of
Unreinforced Masonry Walls in Vertical Bending. Engineering Structures 59 (1): 787-797. doi:10.1016/.
engstruct.2013.11.031.

[13]Li, J., M.J. Masia, M.G. Stewart, and S.J. Lawrence., (2016), Spatial Correlation of Material Properties and Structural
Strength of Masonry in Horizontal Bending, ASCE Journal of Structural Engineering 142 (11): 04016112.
doi:10.1061/(ASCE)ST.1943-541X.0001488.

[14] Agha Babayi Mobarake Alireza, Mirghaderi Rasol, Khan Mohammadi Mohammad, (2018), Experimental-analytical
investigation of seismic behavior of non-reinforced building materials using field tests, Ph.D Dissertation, Civil Engineering
department, Tehran University.

[15] Paulay, T. and Priestley, M.J.N., (1992), Seismic design of reinforced concrete and masonry buildings, John Wiley ,
Sons, New York.

[16] Kheyroddin A, Ghodrati, G., (2009), Nonlinear Finite Element Analysis of Historical Masonry Building of Imam
Khomeini (Sultani) Mosque in Semnan, 8th National Congress on Civil Engineering, 2009, Shiraz, Iran.

[17] Aalijahan M., Zamani Ahari G., (2022), Evaluation and Comparison of Capability of Finite Element and Discrete
Element Methods for Predicting In-Plane Behavior of unreinforced Masonry Wall, Journal of Structural and Construction
Engineering, 8(12), pp.69-84, 10.22065/jsce.2021.262722.2314.

[18] Tomazevic , Turnsek, Verification of the seismic resistance of masonry buildings, (1982), Proc. Br. Ceram. Soc. No.
30, 360-369.

[19] Abram, D.P., and Costley, S.C., (1996), Dynamic Response of unreinforced masonry buildings with flexible
diaphragms, NCEER-96-0001.

[20] Jung-Han Lee and Chenghao Li and Sanghoon Oh and Won-Jik Yang and W. Yi, (2008), Evaluation of Rocking and
Toe Crushing Failure of Unreinforced Masonry Walls, Advances in Structural Engineering, 2008, 11,475 — 489.

[21] Haj Najafi L., Kheyroddin A., Kioumarsi M.,(2025), Reliability assessment of unreinforced masonry buildings using
fragility curves for collapse and non-collapse scenarios, Journal of Building Engineering, 101(111884),
10.1016/j.jobe.2025.111884.

[22] Ostad D. and Shafaei J., (2021), Comparison of Analytical Methods for Modeling Masonry Infill by Considering In-
Plane and Out-of-Plane Interaction, Journal of Structural and Construction Engineering, 8(3), pp.96-113,
10.22065/jsce.2019.171512.1782.

[23] NEHRP Recommended Seismic Provisions, (2016), Design Examples, FEMA P-1051/July.

[24] Ghodrati Amiri G., Razeghi H., and Doosti L., (2019), Presentation of analytical fragility curves for masonry
buildings of Iranian schools, Sharif Civil Engineering Journal, Vol. 31-2 (4.2), Pages 145-156.

[25] Instruction for Seismic Rehabilitation of Existing Unreinforced Masonry Buildings Code No. 376, (2007),
Management and Planning Organization Office of Deputy for Technical Affairs Technical Criteria Codification &
Earthquake Risk Reduction Affairs Bureau, Iran.

[26] Magenes Guido, Kingsley Gregory R, Calvi Gian Michele. (1995), Seismic Testing of a Full-Scale, Two-Story Masonry
Building: Test Procedure and Measured Experimental Response: Department of Structural Mechanics, University of Pavia.
[27] Karimi A H, Karimi M S, Kheyroddin A, Shahkarami A. A, (2016), Experimental and Numerical Study on Seismic
Behavior of An Infilled Masonry Wall Compared to An Arched Masonry Wall, Structures, Volume 8, Part 1, November,
Pages 144-153.

[28] Erbay O, Omer O, Abrams DP. (2001), Seismic rehabilitation of unreinforced masonry shear walls. In: 9th Canadian
Masonry Symposium.

[29] Federal Emergency Management Agency FEMA 356, (2000), U.S.A, November.

[30] Beyer K., (2012), Peak and residual strengths of brick masonry spandrels, Engineering Structures;41:533—-47.

[31] Medina R.A. and Krawinkler H., (2003), Seismic Demands for Nondeteriorating Frame Structures and Their
Dependence on Ground Motions, Blume Earthquake Engineering Center, Ph.D dissertation, TR-144, Department of Civil
and Environmental Engineering University.

[32] SAC Database Center, Structural Engineers Association of California (SEA), Applied Technology Council (ATC),
California Universities for Engineering (CUREE), (2024), Retrieved May 05, http://www.sacsteel.org.

[33] PEER Strong Ground Motion Database, (2024), Retrieved May 05, [Online]. Available:
http://peer.berkeley.edu/peer_ground motion database.

[34] Haj Najafi L and Tehranizadeh M (2015), Ground motion selection and scaling in practice, Periodical Polytechnica -
Civil Engineering, 59(2): 233-248, DOI:10.3311/PPci.7808.

141 G YR amio A F+F Jlo Yo 0 ko 1Y 0590 ol g 03w (wihigo (i g 33 — (oI8 &9 pid “


http://www.sacsteel.org/
http://peer.berkeley.edu/peer_ground_motion_database

O 1 0 3l (quigo (02! Jbleolo

[35] COSMOS Ground Motions Databases, (2024), Retrieved May 05, [online]. Available:http://db.cosmos-
eq.org/scripts/default.plx.

[36] Strong-motions Seismograph Networks, (2024), Retrieved May 05, [Online]. Available: http:/www.k-net.bosai.go.jp
[37] ASCE/SEI 7-10, (2022), Minimum Design Loads for Buildings and Other Structures, American Society of Civil
Engineers, Reston, Virginia.

[38] Park, Y.J. and Ang, A.H.S. (1985), Mechanistic seismic damage model for reinforced concrete, Journal of Structural
Engineering, 111, pages 722-739.

[39] Chung, Y.S., Meyer, C., and Shinozuka, M. (1987). Seismic damage assessment of reinforced concrete members,
Report NCEER-87-0022, National Center for Earthquake Engineering Research, State University of New York at Buffalo,
Buffalo, NY.

[40] Park, Y.J., Ang, A.H.S. and Wen, Y.K. (1987), Damage-limiting a seismic design of buildings, Earthquake Spectra,
vol: 3, 1-26.

[41] Performance Assessment Calculation Tool (PACT), (2014), FEMA P-58-3, Seismic Performance Assessment of
Buildings, Volume 3 — Implementation Guide, Second Edition.

[42] Federal Emergency Management Agency (FEMA), (2022), Seismic Performance Assessment of Buildings, Volume 1 —
Methodology,” Report No. FEMA P-58-1, Applied Technology Council, Washington, D.C.

[43] Mitrani-Reiser, J. Beck, J., (2007), An Ounce of Prevention: Probabilistic Loss Estimation for Performance-based
Earthquake Engineering, Ph.D. Thesis, Department of Civil Engineering and Applied Mechanics, California Institute of
Technology, Pasadena, CA.

[44] RSMeans Square Foot Costs, (2019), 35"  Edition, ~RSMeans Engineering Department,
https://www.rsmeansonline.com.

[45] Aslani, H. and Miranda, E., (2005), Probabilistic Earthquake Loss Estimation and Loss Disaggregation in Buildings,
Report No. 157. Stanford, CA: John A. Blume Earthquake Engineering Center, Stanford University.

[46] Design and Implementation of Buildings With Masonry Materials, National Building Regulations Code No. 8., (2021),
National Building Regulations Office, Road, Housing and Urban Development Research Center, Iran.

n 11 G YR amio AP+ F Jlu Ve 0 ko (Y 0490 ol g 03l (wikigo (b g 33 — (oke 4 g


http://www.k-net.bosai.go.jp/
https://www.rsmeansonline.com/

