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These curves are less dependent on a
particular parameter and are obtained
using structural analysis.

also due to the lack of different errors in
estimating the vulnerability of different
levels, they can be used for a variety

of structural systems.

Rossetto and Elnashai (2005).

Analytical
Method

t; Z?S These curves are plotted based on the
Experimental of collection and recording of data from past
Method the earthquakes.
Rossetto and Elnashai (2003).
method
These curves are produced based on the
Method and .
judgment of experts.
based on sample hauak I
expert of Earthquake damage estimation
opinions case method (HAZUS),
P study |-ATC-L3 (1985)
In order to compensate for the lack of
information obtained from observations
and constraints in this method, a fragility
Hybrid curve is produced by simultaneously
Method combining methods, such as using expert

opinions and using laboratory results by
modifying analytical relationships.
Kappos et al (1996).

Table 1. Classification of methods for producing fragility
curves
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structure under linear time history analysis in the direction of
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. Vs30  Source PGA PGV

N
o Name Station Year Mag (ms) (Ruktype) (g (cmis)
1 Northridge Beverly Hills - Mulhol 1994 6.7 356 Thrust 052 63
2 Northridge Canyon Country-WLC 1994 6.7 309 Thrust 048 45
3 Duzce, Turky Bolu 1999 7.1 326  Strikeslip 0.82 62
4 Hector Mine Hector 1999 7.1 685 Strike-slip 0.34 42
5  Imperial Valley Delta 1979 65 275 Strikesip 035 33
6  Imperial Valley El Centro Array #11 1979 6.5 196 Strike-slip 0.38 42
7 Kobe, Japan Nishi-Akashi 1995 6.9 609  Strikesip 051 37
8 Kobe, Japan Shin-Osaka 1995 6.9 256 Strike-slip  0.24 38
9  Kocaeli, Turky Duzce 1999 7.5 276 Strikeslip 036 59
10  Kocaeli, Turky Avrcelik 1999 7.5 523 Strikeslip 022 40
11 Landers Yermo Fire Station 1992 7.3 354  Strikeslp 024 52
12 Landers Coolwater 1992 7.3 271  Strikeslip 042 42
13 Loma Prieta Capitola 1989 6.9 289 Strikeslip 053 35
14 Loma Prieta Gilroy Array #3 1989 6.9 350 Strikeslip 056 45
15 Manjil, Iran Abbar 1990 7.4 724  Strikeslip  0.51 65
16 Superstition Hills _El Centro Imp. Co. 1987 6.5 192  Strike-slip  0.36 46
17 Superstition Hills  Poe Road (temp) 1987 6.5 208 Strikesslp 045 36
18 Bam, Iran Mohammad Abad 2003 6.6 575  strikeslp 012 127
19 Cape Mendocino  Rio Dell Overpass 1992 7 312 Thrust 055 44
20 Chi-Chi Taiwan CHY101 1999 7.6 259 Thrust 0.44 115
21 _ Chi-Chi Taiwan TCU045 1999 7.6 705 Thrust 051 39
22 San Fernando LA -Hollywood Stor 1971 6.6 316 Thrust 021 19
23 Friuli, Italy Tolmezzo 1976 6.5 425 Thrust 0.35 31
24 Tabas, Iran Boshrooyeh 1978 74 325 Reverse 011 133

Table 2. earthquakes considered in
analysis
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Fig. 7. behavioral curves obtained from increamental nonlinear
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Table 3. Ideal values of error statistics
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6. Mean Absolue Percentage Error
7. Standard Error
8. Kolmogorov - Smirnov
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1. Goodness Of Fit Test

2. Mean Square Error

3. Root Mean Square Error
4. Correlation Coefficient
5. Mean Absolute Deviation
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fG) x—a
Beta I T C O GOk F) =L(a @) z= -
“Blee) 6ot ¢
B e
Pareto fx) = Grp ﬁ)”” Fx)=1- (Tﬁ)
Power _ ax-a)® a
Function fix)= (b-a)@ Fe) = (b )
1+kz)* k#0
Generali f(x)= F(x)={exP( ( )’ )
zed Loxp(~(1+1 S Ya+ D ke exp(— exp(—2)) k=0
Extreme ¢
Value Lexp(—z — exp(~2)) k= -
= Xgu
= E— k#0
Geznezzrali Gk VR & k=0 F(x)= 1+(l+1k2) 3 =0 7=
Logistic star i) b 1+exp(-2) N
L exp (=2) k=0 xou
g (1+exp(~z ))2 g
Rayleigh f@) =% exp (=3 <§)2> Fix)=1-exp (- (5?)
Cauchy flx) = - F(x):larctan(x_—u) + 0.5
Gama FiX) =g exp (= x/[)’) Fix)=—L
| 1 x-u
Gt’:l/lrgge flx) = S &P (—z —exp(—2)) F(x)=exp(-exp(- Z)) ==
Gumbel 1
Min f@)exp (z — exp(2) F(x)=1-exp(-exp(z))
N Lexp(—2lu - x]) x<u
Laplas F(x)=>exp (—Alx — ul) Fx)={>
2 1 —-exp(—Alx —ul)) x>u
f@)
Log- pg 0ne Fid=(1 ( ) |
Logistic =—(1 (14 (_) -2 (x)=(1+ )
7 ( lﬁ’) ( 7 )
Log exp (_i(Inx=w)? Inx-u.
Normal f(’<)=% Fixj=0 (=)
EXp(;?emi f(x)= 2 exp (—1x) F(x)=1 — exp (—1x)
Hyperbol ) n(x )
|cyspecam f(x)=h(—g F(x)— arctan (exp (——))
ﬁ(( )ak 1 K
D - = x)™
agum f(x)= B(H( ) o F(x) (1 + (/f) )
a a-1 \% _ x a
Weibull f(x)= A (E) exp ( (ﬁ) ) F(x)=1-exp (— (ﬂ) )
1x-u)\2 X
Normal )= 225 Fix)= P (Y
o \Zn il
__ exp(=2) _ 1
Logistic F (><)-—'7(l+ew(_z))2 F(x) = TTonD) xp(=2)

Table 4. An example of the most widely used statistical
probability functions studied in the present paper
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1. Anderson - Darling
2. Seismic Fragility Curve
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Fig. 9. Validation of drawing fragility curves in both EasyFit Professional
software and program written in Excel
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For Limit State 10 ( @ 30 Story)

Goodness of Fit
Distribution s N Rank Kolmogorov Smimov Anderson Darling
quare

Distrioution __Stafisic__Distribufion __stafistic

Normal 7.360034 (004707 0055 0.0029788 1005986 0.981272 09629 1 Gen. Extreme Value “0.088 Gen. Extreme Value. 0.2
207673 1004224 10051 | 00025585 004481 10988009 109762] 2 Gumbel M 0094 Dagum 0269

00403174 35859 08758 3 Gen. Logistic 0,098 Gumbel Min ___0.287

15 09288 4 112 Gen. Logistic_0.306

Weibul 9744418 1004504 [0.056  0.0031082 10.05528 ~ 097934 109591 5 Dagum 0.12 Normal 0.531
Cauchy 218398858 007668 0083 00069224 004152 0989166 09784| & Power Function 0.124 Logistic 0.648
Dogum 735326229 (002799 0034 00011895 (003349 0993517 (09871 7 Normal 0153 Weibull 0659
e, [10.6680459 003286 |0.038 | 0.0014606 003378 0993602 09872| 8 Weibull 0.156  Hypersecant | 0.777
Ol 130675969 |003s65 0042 00017993 004149 0991079 09822| 9 Cauchy 0.157 Cauchy 0.891
Gumbel Max__ 1280691242 (007771 009 | 00081541 (009279 10959034 (09157| 10 Logistic 0.162 Gomma 0997
Gumbel Min 125559255 003464 0.042 0001749 003831 0992663 09854 11 Hypersecant 0.17 Laplace 1.07
Loghlic 18383417 (005302 [0.061 | 00036671 |006459 (0979262 0959 | 12 Gomma 0189 Lognomal 11
Loglogsic__|17.8986628 | 00674 0083 |0.0068776 008035 0955854 (09137 13 Loplace 0193 loglogstic 118
Pareto 166509896 028304 0329 0.1081753 00336 0896152 08031 14 Lognormal 0.199 Gumbel Max 1.83
Roylegh 369170374 (009847 [0.105 | 001057 005452 (0963673 109287 15 Log-logisfic 10205 Rayleigh 201
Hyperbolic Secant [20.8948927 (006185 | 0.07 | 0.0048877 007128 | 0976343 09532 16 Rayleigh 0222 PowerFunction | 4.29
PowerFunciion_|130899968 003219 0039 | 0001529 003971 0991899 (09839 17 Gumbel Mox | 0.222 Beia 429
Loplace 226453531 007261 0083 00068336 00824 0969753 09404| 18 Pareto 0314 5.63
Log normal 193571343 005855 0.075 0.0056713 008031 (0961476 059244| 19 Exponential 0.363 Pareto 6.02

For Limit State LS ( @ 25 Story)

Goodness of Fit
Distribution Rsque| Rank Kolmogorov Smirnov ‘Anderson Darling
o MAD) | Em Distribution Statistic Distribution Statistic
Nomel 18098 004874 0,057 0003458 (00467 (587755 097575 WeTbul 0101 Gen. Exfreme Value 0334
5.1 o 95 0991376 1096283 Bela 0.107 Gamma 359
98573 (015431 10,161 0363 10992708 098547 form G11 Gen. logisTic | 0.409
13285 100352 10047 0002195 100395 0591361 109828 Gen_Exireme Value (011 Tognormal 4TS
16.472 1003556 10047 | 000177 [0.0415 050566 096122 Tog-Logisfic 012 Tog-Logisic .26
24,478 10.03622 10,045 | 0.002019 (00489 10986711 0736 Gomma 0.123 Weibull 45
66,383 1020676 10227 10051599 01167 0921694 084969 Gen. Logisfic__10.123 Normal 0.476
Generclzed
12,795 |0.03177 |0.043 | 0.001811 [0.0396 0991326 098273 8
Exfreme Volue Logistic 0127 GumbelMax 0485
Ceneroiiea
rerclied 4062 003491 (0047 0002207 00418 (0990311 (098072 | 9 Hyperecant L0135 Logistic 0.58
Gumbel Max 14.598 10.03924 0,053  0.002803 0.0434 0989559 097923 10 Lognormal .136 Cauchy 0.637.
Gurbelvin 25669 (008495 (0095 | 000908 100715 0971453 1094372 | 11 Gumbel Mox___0.145 0676
Logsic 18,676 | 00526 005 | 0004253 (00484 0987034 097424 | 12 Laplace 153 Laplace 0853
Lo Looilic 65207 02915 0348 0120991 (00362 0991557 098394 | 13 Cauch 158 Rayleigh 101
Poreto 19238 031702 0368 | 01356 00541 0983752 096777 | 14 Gumbel Min .178 Bela 136
Roveign 34525 |0.05855 |0068 | 0004611 00381 0891967 1098404 | 15 Rayleigh 191 Power Function | 1.49
Hyperbolc 1o 556 005649 | 007 | 0.004863 0.0502 0985997 097219 | 16 Power Function 0211 Gumbel Min 158
Fower Funcion (25,454 00602 007 | 0.005722 00459 10988341 1097682 | 17 Parefo 0249 Parefo 315
Loplace 21,659 0.06605 0.079 | 0.006259 00555 | 098289 096407 | 18 Exponenfial 0405 Exponentiol | 465
Cognomal 15,114 003434 (0047 0002191 00421 10990155 098045 | 19 Dogum 0.446 Dagum 883

Yo¥
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Performance Level
LS

Distribution Parameter 10 cP

208t 258t 30St 208t 258t 30St 20§t 258t 30t
Normal u continuous location parameter  0.279 0.19 0.137 0.899 0.6448 0512 24 189 134
o continuous scale parameter  0.061 0.055 0039 0.297 0.235 0.123 125 0.22 0.418
ol continuous shape parameter 0988  2.33 1 0562 0429 18 0447 0963 335
Beta a2 confinuous shape parameter 0.863 2.5 0472 1.12 0.92? 0127328 Hi OI;)]] 5347278

a " 0.168 0062 0058 0.554 0.3 ¥ . X E
>onfinuous boundory paramelery 37 0327 019 174 11 0769 614 33 374
Exponential A ontinuousinverse scale paramet 3.58 527 729 1.1 154 195 0416 0.528 0.745
Gama ol confinuousshape parameter 206 12 121 917 743 174 371 925 103
B continuous scale parameter 0014 0016 0011 0098 0.085 0029 0.648 0.205 0.13
Log Nomal u continuous parameter -13 -171 204 016 -05 07 0765 0583 0.248
o] continuous parameter 0222 0312 0336 0305 036 0259 046 034 031
Weibull o continvousshape parameter 491 359 3.17 342 302 426 241 332 345
B continuous scale parameter  0.299 0.206 0.152 0.965 0705 0.552 257 205 144
Cauthy v continuous location parameter  0.267 0.19 0.15 0777 0.1 0.536 188 187 1.3
o continuous scale parameter 0045 0.03 0022 0.157 0.148 0064 0.548 0.397 0.257
o confinvousshape parameter 7.7 93 597 743 403 146 26 691 599
Dagum B continuous scale parameter  0.279 0227 0.191 0.354 0.124 0.616 0.051 2.18 1.35
k continuous shape parameter 0916 039 0.004 923 111 0.282 240 0.509 0.844
Generalzed u continuous location parameter  0.256 0.17 0.129 0749 0.54 0478 175 1.64 1.16
Extreme o continuous scale parameter  0.062 0.056 0045 0.214 0.206 0.133 074 0.594 0.367
Value k continuous shape parameter 025 -028 -061 0.1 -006 045 0235 -0.17 -0.08
K u__confinuouslocation parameter 0278 0.19 0.143 0834 0418 0.522 206 185 13
Generalized 5 confinuous scale parameter 0,036 0.032 0022 0.151_0.132_0069_0.557 0.358 0232
Logitic k___continuous shape parameter 002 0002 -0.17 0243 0132 009 033 0066 0.118
Gumbel Max —~ continuous location parameter  0.252 0.165 0.119 0765 0.542 0457 184 1641 115
o] continuous scale parameter 0048 0043 0031 0.231 0.183 0096 0973 0.485 0.326
Gumbel Min u__ confinuous location parameter 0.307 0.215 0.155 1.03 0753 0.567 296 2.17 1.53
o continuous scale parameter  0.048 0.043 0.031 0.231 0.183 0.096 0973 0.485 0.326
Logistic y continuous location parameter 0279 0.19 0.137 0.899 0.648 0512 24 189 134
o continuous scale parameter  0.034 003 0.022 0.164 0.129 0068 0.688 0.343 0.231
Log-Logisfi o continvousshape parameter 689 493 428 529 0.592 58 353 443 5.14
090081 "5 continuousscale parameter_0.269 0178 0.128 0.834 431 0487 206 175 125
Pareto a  confinvousshape parameter 207 126 124 23 149 0159 158 137 133
B continuous scale parameter  0.168  0.82 0.058 0.554 0.337 0.265 1.14 0861 0.604
Rayleigh g continuous scale parameter  0.233 0.152 0.109 0.717 0.517 0408 192 1.15 1.07
Hyperbolic u___confinuous location parameter 0279 0.19 0.137 0899 0.648 0.512 2.4 189 1.34
Secant o continuous scale parameter  0.061 0.055 0.039 0.297 0.235 0.123 1.13 0.622 3.38
Power o continuous shape parameter  0.967 0.942 1.57 0.216 0.492 0894 037 0.786 0.793
Function a__ontinuous boundary parameter 0.168 0.082 0.048 0.554 0337 0.265 1.14 0861 0.604
b onfinuous boundary parameter 0.376 0304 0.19 167 112 075 56 321 227
Laplas v continuouslocation parameter 0.279 0.19 0.137 0.899 0.648 0.512 2.4 189 1.34
A ontinvousinverse scale paramete 23~ 258 358 476 603 115 113 227 338

Table 5. The values of the parameters of the
distribution functions

probability
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P (CP @ 20 Story)

For Limit State CP ( @ 20 Story)

Ploting the fragility curve using the probability distribution Generalized Extreme Value Goodness of fit
Ploting the fragility curve using the probability distribution selected by the researchers (log normal) Distribution PR Rsqund  Rank Kolmogorov Smimov Anderson Darling
o Point probability (from IDA analysis) Distribufion Stafistic  Distribution Stafistic
1 r ) Normal 33478709 | 0.0918 0.103 05308 10089 0955486 0913 1 Gen. Exfreme Value T0.081_ Gen. Exfreme Value 0.241
—~ Bet 15540396 | 00554 10.064. 41075 10046 10988332 10,9768 2 Gen. Logisfic 0.086 Gen. Logistic .292
= p ./‘.'_’d Eponental 86922817 10.12553 (0.153 100235322 (0057 10981649 109636 3 Lognormal 0095 logogisfic 348
IS Gamma__94.165449 005702 10,063 10.0039975 0056 (0982611 09659| 4 Log-Logisfic 011 Lognormal 428
= 08 Webil 2428303 10,0613 10,067 00044958 (0,063 (0978085 109567 5 Befa 0123 Gumbel Max 552
- Cauchy 36192776 1005865 10068 |0.0046645 0043 0989643 09794 6 Gumbel Max___ 0.129 Gamma 0572
© Dogum 27125518 047486 0528 (02790708 0096 | 094783 08984| 7 Weibull 0.132 Rayleigh 0827
(/f\)l 06 Generaliedeme | 1205869 |002782 |0033 00010619 0029 0995501 0991 | 8 Gamma 0.138 Weibul 107
Generaized Logic | 13937237 [0.03356 (0039 00015499 |0033 0994119 (09883| 9 Rayleigh 0.163 Cauchy 122
% 04 F GumbelMox | 23194078 005798 |0.064 | 0004061 0055 0983393 09671 10 Parefo 0.165 Logistic 1.27
= GumbelMn | 3781906 012836 (0144 00207845 [0.115 10924304 (08543] 11 Power Function _0.165 Normoal 1.28
o o Logistic 31.424868 |0.09435 0106 |0.0112037 0,086 | 095854 09188 12 Normal 0.174 Hypersecant 132
02 } o loglogific | 15795563 003102 (0036 0001326 0035 0993051 09862 13 Logistic 0.177 Laplace 1.53
Parefo 18269301 (029595 10346 [0.1199609 |0025 0996595 09932 14 0.186 Pareto 2.28
o Royeign 30177312 006883 [0078 00040957 0071 | 097223 09452] 15 Cauchy 0203 Exponentiol 34
0 ° N N N Hyperbolc Secant | 30369589 [0.10275 [0.116 |0.0135608 [0.085 10959632 (09209 16 Loplace 0211 Gumbel Min 343
Powerfunction | 25493322 006137 007100049902 | 005 0.986298 09728 7 Gumbel Min 0.245 Beta 4.29
0 2 IM=Sa (g) 4 6 Loploce 3190375 010268 0.119 00141687 0068 0955912 [09138] 18 Exponentiol 10378 Power Funclion | 4.66
Lognoma | 17522584 |0.05158 [0.056 00031646 0042 (0990119 [09803] 19 Dagum 0928 Dagum 624

Fig.10. Comparison of fragility curves for performance levels of
10, LS and CP, respectively for 30, 25 and 20 storey structures
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Fig. 11. Frequency diagram of the best probability distribution and
probability distribution used by researchers (log normal) For
performance levels of 10, LS and CP, respectively for 30, 25 and
20 storey structures

Table 6. Best Fitted Probability Distribution for the
performance levels of 10, LS and CP, respectively for 30, 25
and 20 storey structures
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Fig. 13. Probability Difference Graph of the best fitted probability
distribution and probability distribution used by researchers (log
normal) For performance levels of 10, LS and CP, respectively for 30,
25 and 20 storey structures
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Probability evaluation on generalized probability functions, such as Generalized Extreme

and selecting the best fitted probability distribution at all performance levels of 10.LS, CP
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Abstract

Fragility curves are powerful tools to assess and control of possible damages to the existing structures and
estimate the exceedance probability from the seismic behavior of the structures under the influence of different
earthquake levels. these curves present the probability of damage as a function of the ground motion
characteristics. The main goal of the current study is to examine the existing methods and the presentation of
a suitable method for the production of analytical seismic fragility curves and propose appropriate relationships
for the exceedance probability from different performance levels. For this purpose, three high-rise building
with 20, 25, and 30 stories with a slimming ratio greater than =, according to the standard 2800 and the sixth
issues and tenth issues of the national building regulations of Iran, were designed. Then after extracting the
perimeter frame, by using appropriate software, their analytical model was defined and validated. To evaluate
the seismic response demand of frames, incremental nonlinear dynamic analysis (IDA) was performed. For
IDA analysis, the 22 recommended records in the FEMAP695 guideline and two earthquakes in Iran were
used. Spectral acceleration of the first mode of the structure with damping of 5 Percentage (Sa (T1.5%)) was
used to introduce the intensity of the earthquake (IM) and the inter story drift ratio was used to introduce the
engineering demand parameter (EDP) Or damage measure (DM). To find the appropriate function of the
exceedance probability from limit states and use them in the production of fragility curves, the results of IDA
analysis and nineteen different probability functions using the suitable program were used. in order that the
used distribution describes the sample data in the best manner, the goodness of fit tests was used. the results
obtained from the goodness of fit tests show that The probability distribution rank used by researchers (log
normal) versus other probability distribution functions varies in ranking the best fitted probability distribution.
and selecting the appropriate probability distribution is effective in the conclusions and determining the
probability exceedance of the structure from the desired limit states. Therefore, in order to reduce the
uncertainty related to the mathematical model (epistemic uncertainty) in the template of a comprehensive view
and according to accuracy and the required seismic target, a suitable method for developing fragility curves
for types of structural systems with different heights here called “intelligent seismic fragility curve (ISFC)” is
introduced and presented. Such that if among the probability functions examined in this paper, the use of only
one distribution is desired to compare several options, including deciding how to reinforce or comparing the
seismic performance of several structures with duel system of special steel moment resisting frames with
eccentric lateral bracings to plot the fragility curve, it is recommended: to use the probability distribution
"Generalized Extreme Value", due to the ability to fit better than the distribution "log normal”, but for more
sensitive structures, such as nuclear power plants and hospitals that are of great importance and require high
precision or in order to achieve the most accurate fitted possible to decide on about the vulnerability estimation
for types of structural systems with different heights, It is then recommended: to estimate the exceedance
probability from performance levels at the structure, before fragility analysis, by probabilistic evaluation and
using the goodness of fit tests on suitable probability functions, at first, a best fitted probability distribution
should be selected at all performance levels and then the vulnerability of structures is estimated by fragility
curves.

Keywords: Incremental Dynamic Analysis (IDA), Probabilistic Evaluation, Intelligent Seismic Fragility
Curve (ISFC), High-Rise Structures, Goodness of Fit Tests.
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