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ABSTRACT: Methods for generating fragility curves in buildings are generally based on the maximum
inter-story drift. Moradi and Abdolmohammadi (2020) proposed an energy-based method. They stated
that by considering the plastic strain energy in high-rise structures as an engineering demand parameter,
fragility can also be derived. The aim of this study is to compare the maximum inter-story drift-based
method and the energy-based method in 4-, 8-, and 12-story steel buildings. For this purpose, after
initial design, the structures were modeled nonlinearly in PERFORM-3D software and subjected to 20
near-fault ground motion records. Incremental Dynamic Analysis (IDA) curves were extracted using
both the energy and maximum drift methods and compared with each other. Finally, by calculating the
energy limit states at two performance levels—Life Safety (LS) and Collapse Prevention (CP)—the
fragility curves at these two levels, along with the elastic level, were computed and compared with the
maximum drift-based method. The results showed that in low- and mid-rise structures, the maximum
drift-based method provides a more conservative fragility estimation compared to the energy-based
method. For example, the probability of exceeding 50% of the LS level in the energy-based method for
4-, 8-, and 12-story buildings occurs at peak accelerations of 1g, 1.25g, and 1.45g, respectively, while in
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the conventional method this occurs at peak accelerations of 0.65g, 0.9g, and 1g, respectively.

1- Introduction

Earthquakes are among the most destructive natural
disasters, potentially causing severe damage to the physical
environment, disruption of economic and social activities,
and resulting in thousands of fatalities, injuries, and displaced
individuals. Although such high-impact events are relatively
rare compared to other natural hazards and are characterized
by low occurrence probabilities, their consequences are
catastrophic and can affect large regions for extended periods
of time [1-3].

Moradi and Abdolmohammadi (2020) stated that, since
an earthquake is defined as the release of energy within the
Earth, a structure maintains its stability during seismic events
when the total internal energy in the structure is in equilibrium
with the input energy from the earthquake. Therefore, plastic
strain energy can be employed as an Engineering Demand
Parameter (EDP) in fragility assessment of structures [4].
They were the first to develop Incremental Dynamic Analysis
(IDA) curves based on the dissipated strain energy rather
than maximum drift. Subsequently, they defined the Collapse
Prevention (CP) and Life Safety (LS) performance levels in
terms of plastic strain energy and developed corresponding
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fragility curves. In their study, energy-based fragility was
defined as the probability that the plastic strain energy demand
in the structure exceeds the energy-based performance levels
under varying seismic intensities [5, 6].

Based on previous studies, it has been demonstrated
that the energy-based approach proposed by Moradi and
Abdolmohammadi can serve as an effective method for
assessing the seismic fragility of structures. However, their
investigations were primarily conducted on high-rise steel and
reinforced concrete buildings. In this study, the applicability of
the energy-based method for evaluating the fragility of low-
and mid-rise steel structures is examined and compared with
the conventional (drift-based) approach. For this purpose, three
buildings with 4, 8, and 12 stories were designed and modeled
nonlinearly. First, the dynamic behavior and performance
of the structures were analyzed. Subsequently, Incremental
Dynamic Analysis (IDA) curves were developed based on both
maximum drift and dissipated strain energy, and the results
were compared. Finally, fragility curves derived from the two
approaches—energy-based and drift-based—were computed
and compared. The following sections present the numerical
modeling and research methodology.
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2- Structural Model Description

In this study, 4-, 8-, and 12-story regular-plan steel
structures were selected for analysis. Each bay length
was considered to be 6 meters, and the story height was
set to 3 meters. The structures were designed for a high-
seismicity region and soil type III, employing a special
moment-resisting frame system with residential occupancy,
in accordance with the Iranian Seismic Code Standard No.
2800 (4th edition). The steel material used was ST37 with
a yield strength of 2400 kg/cm? a Young’s modulus of
2,000,000 kg/cm?, and a unit weight of 7.85 ton/m*. The
floor system consisted of steel decking with a dead load of
560 kg/m? and a live load of 200 kg/m?. Floor loads were
distributed in a checkerboard pattern. For exterior spans,
wall loads of 700 kg/m and parapet loads of 300 kg/m
were considered. The structures were modeled and loaded
in ETABS and designed based on strength adequacy and
maximum allowable drift criteria.

3- Fragility

Figure 1 presents the fragility curves of the 4-story
structure obtained using both the conventional and energy-
based methods. As previously discussed, the energy-based
approach enables the estimation of fragility at the elastic, Life
Safety (LS), and Collapse Prevention (CP) levels, whereas
the conventional method can be used to derive fragility
for different damage states or performance levels such as
Immediate Occupancy (I10), Life Safety (LS), and Collapse
Prevention (CP). In this study, the conventional method was
applied to evaluate fragility at three performance levels: 10,
LS, and CP. The results for the 4-story structure indicate that,
as expected, the elastic state occurs at lower peak ground
accelerations (PGAs) compared with the 10 level, and its
probability of exceedance reaches unity within a narrower
acceleration range. Specifically, there is a 50% probability
of exceeding the elastic level at a PGA of 0.15g, while the
same probability for the IO level occurs at 0.25g. The 50%
exceedance probability for the LS level in the energy-based
method occurs at a PGA of 1.0g, compared with 0.65g in
the conventional method. Similarly, the 50% probability of
exceeding the CP level for the 4-story structure is observed
at 1.2g in the energy-based method and at 1.0g in the
conventional approach.

For 8 Stories structure, the 50% probability of exceeding
the elastic level occurs at a peak ground acceleration (PGA)
of 0.25g, indicating that the 8-story structure remains
elastic under higher acceleration levels compared with the
4-story building. The 50% exceedance probability for the
IO level occurs at 0.45g. For the LS performance level, the
corresponding PGAs are 1.25g and 0.9g for the energy-based
and conventional methods, respectively. Similarly, the 50%
probability of exceeding the CP level occurs at a PGA of 1.7g
for the energy-based method and 1.5g for the conventional
approach.
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Fig. 1. Fragility curves of the 4-story structure using (a)
conventional method and (b) energy-based method.
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Table 2. Record specifications.

PEER.NGA Record information PGVmax
ID No. Lowest PGAmax (cm/s.)
Freq (Hz.) FN Component FP Component (g

) -I\Y IMPVALL/H-E06 233 IMPVALL/H-E06 323 - /¥ WY
Y WY IMPVALL/H-E07_233 IMPVALL/H-E07_323 Niia VoA
v A% ITALY/A-STU 223 ITALY/A-STU 313 Nan) £o
¥ -1 SUPERST/B-PTS_037 SUPERST/B-PTS 127 <[y Vo5
o A\ LOMAP/STG 038 LOMAP/STG 128 DAL 00
£ -I\Y ERZIKAN/ERZ 032 ERZIKAN/ERZ 122 -/¥a a0
v R CAPEMEND/PET 260 CAPEMEND/PET 350 Nias AY
A A LANDERS/LCN_239 LANDERS/LCN_329 A% V¥
A AN NORTHR/RRS 032 NORTHR/RRS 122 <INy \PY
Ve AN NORTHR/SYL 032 NORTHR/SYL 122 -Ivy WY
A A\ KOCAELI/IZT 180 KOCAELVIZT 270 AAS Y4
WY /A CHICHI/TCU065_272 CHICHI/TCU065_002 <IAY WYY
W -l-5 CHICHI/TCU102 278 CHICHI/TCU102_008 AR |4
¥ N DUZCE/DZC 172 DUZCE/DZC 262 -Joy va
A o[£ GAZLI/GAZ 177 GAZLI/GAZ 267 <y v\
g AN IMPVALL/H-BCR_233 IMPVALL/H-BCR_323 -Ivs ¥
WV of-F IMPVALL/H-CHI_233 IMPVALL/H-CHI_323 <IYA Y.
A A\ NAHANNI/S2 070 NAHANNI/S2 160 -/¥0 ¥
A <Y LOMAP/BRN_038 LOMAP/BRN_128 el o
\E RAL LOMAP/CLS 038 LOMAP/CLS 128 -/oy A

PGA 4 PGV s giaS e 3913 ¢ o 5l o8 abuols 15ke oS5
sl ojlo (sly Yoare [\V]aited )55 0jg> (glad)68) 4y s (5508
iled o dlml |y (gt oy S35 0js> (55 ) A pe (e g UgS
P9y 9 Jolie gy 93 b (SWSS anlee g oy Sl Gl

Jera 5l pslate cnl sl sl oad plonil ]38l (Sl Jolod o555
o3l (s,lubl dais b /Y g Jlade 15,65, pa .Cowl ol oslazwl PGA
oo 5 oo 1N 8 lalS L (1Y Ll ojle )3 cd g e SLo)
3Pl Sy (23,8 (551 lade By 5 el 0ad JlosT ol 4
ool 005 (gy5l gox 5 Ao ojls i) oy Sl 5 SVl ((25)S
LSS el eie b ) 3] o3lizal b g <6 IDA (sl ke (yuges

Sl 00 Ml?u

yo)

S Jeols B jlade o0gd dslore dlls YO+« gdaw a3l (gly yal)l g3
S bcwy cpl g salg CP ahw i clbs Sl 0 aal,
LS ghaw 55 (5551 5 EDP ol & Sy 58 551 5855
Slie yp (SiSs dwle gl ¥ dal) jl ol 0 AC loie 4 CP
oo i ey s (sl 3905 ol Spdl S 5550

e b-¥
Swolind oo s 5l Sauss Judoo pbl (gl Baios (pl 5o
09 £ g ol L V) 005 0jen 3565, Vel i odlainl a8l
LV ] canl oas odlassl FEMA P-695 5 bl slin b sollas (b

Wl Seap o saayeSy Al oad By ¥ Jgia )3 b 2)8,



VEE B YFY docio VF+0 Jlo o oyl DA (S yual lyos swdiges 4yl

2 03k Sl sy pad clls (oS (sla Clids A ) 0l Siiw!
i 9 ©HIRLE S 53 05l )18) pow Sl g (Sleo sl QLS Al
S (55l Sloj el sl e ¥ JSS > ol sle Gl
w5 s Jpwed] 40305 3,65, o5 4o Y g A OF (sla ol 39
03l o Ay 3D Cauwl astiie &S jslailed .ol oad 1))+ /Y g Ll
Ao plpeile 3 Sy (25,5 (51 e 355 (] S5 390 ]
AVYE ) o5l 0 JS (g5l lade 0 oS da g b 00 &jle & ]
3 (Al ¥ 9 A AT (lo ojlus sl et )3 Sk VIV 51 -0
ol Jo15 5 S sl S s 5 g3 (s1a (531 L 353

F sl ojl (G9)d sl (55l Sloj )b gl (oo A US55
1) 15 8 i it 3 Jy Jued] 43 355 € 4k WY A
03 lg Gl ial38l L oS dad o LS A 5V sla S dulie .l ol
5P byl il wley (93959 (3P L VL > Wlg ol &S 6l
sk 05l Glads sl daja WS e eolaiw] 25 Sy 5,8
bl amlgd asaie Ol S gain (S900 s58 ol 2L
b 3 dy Lasede olid Sy i VW 4 ¥ o3l 1 I8 | aSTe
Glo (651 e o] Satodly Al 3 b g sl St ojlus &S
Db (o0 Yo (5950

S ol (590 b 5l Sloj )b sl e & SIS
V¥ g Qi aiedi > (Jg Jbyorl A1) )95, cod ailo WY 5 A F
HOLL Qs aidus (pl 50 ol dw yo IS5 cpl (bl ol oads &)
)55 JSb 03l )3 (3953 551 5 53959 S5l o 5 YL A
555 &5 pdlie S g0 ojle gy luLL a3 cules )5
ol g 4Bl yaljl o)l 4 gl Sl (23U (3l g (i ¢ Sl

ol 0 HluLL

Jolde w9y 93 yd (SaiSi g IDA gl Joxio dmulin -V
SiPl o
o) Jolkie gy 93 b aids ¥ o3l IDA (gl v Ve K5 4o
el o 1)) (6550 g e gy g (lab iy yd meuiSle p
Gl il cinpd e Sle e DA (oxie (sl o)) )l o
55 i R e IDA (poin 3 85l (Jb > ol il (o0
> Setdly 55 (5551 e e B a0 b Sl

2 035050 3)lg il 48T Sloj Gl LWl38l b w5 Gl jao o3l

o 3l o Shos 5 Sopaliz geanly (5351 -0
e > gl oj) 5 (B sla)l ayei g o ojls (giladss Sl
o)) Fely Cunso .l oids plosl  Soliss (sl Judow iz (gl52
Jolie (g 5 ol (Bl abmle slo oo JB )3 L ol 3 )Sles
o ae b el imio O S5 5 sl 00 sy s 5 01, Seuodly
b QU andey 3 (2 (2 353,55, Cod BuiS Jlai 390 (Sl 0l
il o ]| Cilisea
slo ojlo 2 od)ly b (BIEIL anliy 8 S5 5l &S ghailen
orizzen bl o Gl o3l > B bl dld Jadie BidoS ol
o 1 1 o3l > Slawy B ol 3y i 2050 sl L
ool I g Ol Ay (o ddls edjled ojlw 3 Jle laie 4 g
o3l 5> Jolos slegtl 3 o (il ¥ jlade 4y gl (plmle )58,
bl 5 e bl (e OLS saome (BB, csl xile Bl
ailo VY ojle Y/) g Clid alnd )5 coled 2 B b oo (il oy
5y55 5 cpl ) dids ¥ ol a8 Conl &S ol o 4 piY b 0 HluLL
e 4 VIV g olid aiin ) 5 aib A s ojle 5 Y/ g Ol
ool 0y (55110
(LS) Sl sl o 5 03l 5> Sy Juolio (90 S5 >
3 ool o G VA g o V/E Clids ais 93 > GAZLI 5,65, (4l
Taw & Sedly Jolie gligd o amd (o0 U5 jo)8 S5y S5
Per- 1580 o5 55 canl S5 4y p3Y el oad 3y o] 51 L g odwwy LS
Jeolae ly90 sanlie oSl Sap2000 38l 5 8MS ), form-3D
S5 Hlojed 9 xSy Gygo 4 CP 5 LS <JO paw dw o Sodly
b il b e e i Sowodly Juolae ylyed (awyp gl o)l
@l oren b (o0 il il slacl )b gs Gl sl o) )L
G e g aS LK aS Cusl ol (Shb (gl 468 4 ojle dad o ol
s el 93 3 Slas s pl s (g )93 Al 03wy LS s
Slptine B 55 bawsgs (65501 it Sl o LS 53 39 (o0l

S8 65U 1y e i Wl il g by cpl il sl o

L ojlw 3o (555! Vb (w9 —F
sl 5L b ojle 4 (6399 (655 b con i oS jshailen
Gilises cls s 3 i ol 59 Sles Sl ojbo b 13l Jolo 53 g

By 4 boyye Jol cdls i o &1yl 0l Sloj azou )b (gl e

yoy



Time (s) Time (s)
0 20 40
0.8 —2.4g
0.6 —22g
—2
0.4 &
- 1.8¢
- 02
6 6 - 1.6g
g« % [ e—— — 1.4¢g
A [ 12
:%3; :e; -0.2 28
s = lg
— — -0.4
——0.8¢
-0.6 0.6g
08 0.4g
0.2g
-1
(< (al
Time (s)
0 10 20 30 40 50
0.5 3g
0.3 —238g
—2.6g
0.1
—24g
-0.1 —22g
E 03 2
& —1.8g
A8 -05 —16
E e
Q —
2 -0.7 l.4g
— —12g
-0.9
-1.1 —0.8g
—0.6
13 &
—0.4g
-1.5 —0.2g

(¢
b VY (2 Moo £ (W1 5 o5l yd i (g Llnd diumiig ;3 GAZLI 3 35 ol (81 ool Jleoj dou U Soxie O JS

Fig. 5. Time history curve of horizontal roof displacement in the GAZLI earthquake at different maximum accel-
erations in a) 4 b) 8 c) 12-story structure.
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Fig. 6. Rotation of plastic joints at the LS level in structures under the GAZLI earthquake record at maximum
acceleration a) 1.6 b) 1.8g.
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Fig. 7. Time history curves of the internal energies of the structure under the Imperial Valley earthquake record

with a maximum acceleration of 0.2g. A) Structure 4 B) Structure 8 C) Structure 12 stories.
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Fig. 8. Time history curves of the internal energies of the structure under the Imperial Valley earthquake record with

a maximum acceleration of 0.6g: a) Structure 4, b) Structure 8, and c) Structure 12 stories.
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Fig. 9. Time history curves of the internal energies of the structure under the Imperial Valley earthquake record
with a maximum acceleration of 1.4g: a) 4-story structure, b) 8-story structure, and c) 12-story structure.
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Fig. 10. IDA curves of a 4-story structure a) Conventional method b) Energy method.
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Fig. 11. IDA curves of an 8-story structure a) Conventional method b) Energy method.
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Table 3. Parameters required to calculate AC at two levels LS and CP using the energy method.
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Fig. 15. Fragility curves of a four-story structure using the a) conventional b) energy method.

SN gl ioeie VD S 5 sl 015 45, 1Y b VD S5 50
S polailen ol oad ) (G5l g Jslite b9y 93 L il ¥ ojls
s 3 S35 apulne gyt 5351 gy w033 e 5
P9y 45 Gl )l 2l 1y Joiapa 8 il g Sl el Sz
2iilo (53)Shos gshans b g copnl cilis (gl i (ol Wl oo Jhte
Sl 1) SASS Joja il 5 Sl el @iy o oo 0
5 LS dO gow dw gly (Sl Joluto o9 50 Bas (pl )d .amd
&S 4 o i Adb s ojle 4 basye gl Cuwl o duwlxe CP
T 4 s (6558 o Ol i > SV waw sl wislen
S il ol alisy Jlass] (6568 Olis asely )3 g umd 0 g, IO
33 Sa¥) s i1 7 i) dis o o5l )3 whusy o
i1 Jlain) 28 sl Jlo )3 ool sl o313 5 +/VD 8 ol Ataii
3813 Jleasl .l odls &y +/V0 g Gl i 1 1O waws 5 70
Vg olid a3 il ¥ ol sl 5551 b9y > LS o 51 70
Jin] cpiomed (unl 03 & /80 @ Glid didus > Jglite Sgy 40 5
dindiy 3 il ¥ ol sl (551 g 23 CP o 51 /00 cusiS13

Gl 033 F) ) @ Olid aniny > Jolite by 0 9 VY g lid

At

ooy lp P ylde a8 o ol s 58 dwslre PGA Galisee
039450 53 &S Cansl /Y (535l (Bg) sl g VA (1l yobo 4y i
Olgie 4 PGA Cuslio o) )55 g ansls )3 (/¥ ) j2e8) Jgd LB
Al bg) 93 2 IM

ol Gl st (Sily pis sline 4 IM ColiS ol 2 0gMle
hols w05 ) irnj (S)j ile) IM ag3 5l é (dloj e sla Shog
Ot (Siped (S () (Sl ol (KBS puilSlo 9 oS 5l
Ju 5l alols 5 (M) (550 L (8) (o) (a5 (sloosilely
Sl eSS dlse plad jd owpm (Siwmed Copd b Al (Rmp)
opl 4 osleadl jholiae  Sualy pae oy yLis a8 sel cows 4 +/Y
slp Jpd JB i JIM e & PGA (plpls csla el )l
o sl Goyen y dallas 3ys0 (sbrojle (SuiSs oo o 0,8
S5l g Jglite sla jigy 0 PGA 1 eoliisl a5 sas o s Ia S5,
AU Slostuns (665 g0 286 g 0 1S SwSlp b (ouls 4 e
)5 (0 05 )00} e (sl Cluogal |l

9 Jslsie 9y 55 b BaS yhai )90 (sl ol [ SaiSS glo i

04U Ml}u\” J9A> » 04U 4\3])‘ dl.m oald dalml).:d)).:l).:wwg)



V55 B VFY docio VF0 Jlo o o5l DA 093 €3S paol ) yos (it &yt

1
0.9 (

0.8
0.7
= 0.6
5p 0.5
0.4 —LS

ili

Elastic

Fra

0.3 —CP

0.2
0.1

PGA (g)

(&

0.9
0.8
0.7
> 0.6
0.5
04
0.3
0.2
0.1

—LS

Fragilit

—CP

0 0.5 1 1.5 2 2.5 3
PGA (g)

(<

2855 (9 Jghaio (A g, b alide Cuds 0l (S aisSd (s S NP JSUS

Fig. 16. Fragility curves of an eight-story structure using the a) conventional b) energy method.
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Fig. 17. Fragility curves of a twelve-story structure using the a) conventional b) energy method.
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