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ABSTRACT: Probabilistic seismic demand assessment of steel moment-resisting frames is associated
with uncertainty. The most important factors of uncertainty include the inherent uncertainty caused by the
record-to-record variability, as well as the epistemic capacity uncertainty due to the model parameters.
The first uncertainty can be applied in the form of using an acceptable number of different ground motion
records. Capacity uncertainty arises due to the approximate nature of the parameters used to define the

structural model behavior which is based on the experimental relationships derived from laboratory

results. In the present study, a 20-story steel moment-resisting frame in two cases of uncertain and base  Keywords:

model has been .1nvest1gated w1t.h and without considering th.e capacity uncs:rtamty, respectively. The ¢ .| moment-resistin ¢ frames
method of applying such uncertainty has been done by generating random variables in the defined range . .
. . . . . Capacity uncertainty

by Monte Carlo simulation. Based on the results of the incremental dynamic analysis performed for both o

base and uncertain models, the seismic hazard demand curves for the entire range of demand parameters Seismic hazard demand curve

including limit states of immediate occupancy and collapse prevention has been extracted and compared. ~ Fragility curve

Also, in order to evaluate the influence of the fragility and seismic hazard curves parameters on the Probabilistic seismic demand
variation of the mean annual frequency of limit state of the uncertain model, sensitivity analysis based  4gsessment

on the above-mentioned quantities has been done. The results indicate the significant effect of capacity

uncertainty on increasing the mean annual frequency at the collapse prevention limit state.

1- Introduction

Probabilistic estimation of seismic demand for steel
flexural frames, which include various uncertainties, is one
of the most challenging performance-based design issues
in earthquake engineering. In a general classification of
sources of uncertainty in estimating the seismic demand of
such structures can be related to the inherent uncertainty
due to the use of different earthquake records and the
systemic capacity uncertainty. In 2014, Vamvatsikos
studied the seismic performance of a 9-story steel moment
frame through IDA' [1] with progressive accelerogram-
wise Latin hypercube sampling [2]. This method is an
effective algorithm in order to consider the uncertainties of
the behavioral model by random sampling with a smaller
number of samples compared to previous conventional
methods. The convergence rate of the model is high and with
a smaller number of sampling, the capacity uncertainty can
be investigated. In 2020 Barbagallo et al. [3] investigated the
impact of using variable or invariable set of accelerograms
on the fragility and mean annual frequency of exceeding of
limit states. They used a large set of one degree of freedom
models by two different methods of analysis and validated
the results by means of some multi-story models. In the
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first method, a multiple stripe analysis was done using a set
of earthquake records characterized by intensity measure
dependent ground motion duration and the shape of the
median response spectrum, whereas in the second method,
the accelerograms were considered invariable for the whole
range of intensity measures. They concluded that using
invariable spectral shapes for SDOF systems having low
periods of vibration (less than 0.4 s) led to a conservative
analysis. On the other hand, for moderate and large periods
of vibration SDOF systems, the results were underestimated
especially for systems having high ductility demand and
degradation and pinching models, but the maximum error
was limited to 25%.

In this study, a 20-story steel moment frame including
capacity uncertainty at two limit states and using different
seismic hazard curves have been investigated. Also, the
effect of capacity uncertainty on the estimation of the
fragility curves and the mean annual frequency at different
limit states are evaluated.

2- Methodology
In the present study, a 20-story steel moment-resisting
frame considering the effect of capacity uncertainty
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Fig. 3. Fragility curves (base and uncertain model)

based on the immediate occupancy (IO) and collapse
prevention (CP) limit states defined in the performance-
based design method is studied for two seismic hazard
curves of Century and Tehran cities [4, 5]. Modified
Ibarra-Medina-Krawinkler deterioration model has been
used to investigate the nonlinear behavior of the structure
[6]. Knowing that the equations provided to define the
model parameters are based on a limited number of
laboratory samples and statistical calculations, the use of
these quantities is associated with uncertainty. Capacity
uncertainty is applied through Latin hypercube sampling
(LHS) with progressive accelerometers [2]. Incremental
dynamic analysis (IDA) using a suite of 80 ground motion
records are performed in two cases of the base model which
only is influenced by the inherent uncertainty due to the
use of different earthquake records and the uncertain model
considering the combined effect of records uncertainty and
the systematic capacity uncertainty. Fragility curves have
been extracted and the mean annual frequency (MAF) is
evaluated at defined limit states for both models and for
the Century and the Tehran cities. In order to generalize
the results, seismic drift hazard curves for the base and the
uncertain models have been calculated and compared with
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Fig. 4. Century & Tehran seismic hazard curves [4, 5]

each other. This comparison makes it possible to study the
impact of capacity uncertainty over the entire range of the
demand parameter. Also, the usual method of using the
base model’ median for the uncertain model and its effect
on the estimation of MAF has been reviewed.

3- Results

IDA analysis was performed for 80 earthquake records
and the results for the base and the uncertain models are
given in Figures 1 and 2. Fragility curves are calculated for
the 10 and CP limit states (Figure 3). As can be seen, at the
10 limit state, the mean and standard deviation values of
the base and uncertain models are very close to each other.
In contrast, at the CP limit state, the mean of the uncertain
model decreases and its standard deviation increases. The
mean annual frequency of both models using the seismic
hazard curve of the Century and Tehran cities (Figure 4) is
calculated. Summary of the results for fragility curves and
MAF are given in Table 1. The results show that the effect
of capacity uncertainty for the 1O limit state is negligible.
But in the CP limit state, a significant increase of 55%
and 44% in the mean annual frequency of the uncertain
model for the Century and the Tehran cities has occurred.
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Table. 1.The base and the uncertain model parameters (Century & Tehran cities)

Base Model 1I\J/In<zierlt am
Limit ode
state 10 CP 10 CP
Median p 0.224 0732 0.225 0.671
Dispersion 3 0.463 0.403 0.455 0.469

1.92e-3 6.76e-5 1.86e-3 9.81 e-5

3.82e-4 2.02e-5 3.74e-4 2.76e-5
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Fig. 5. Century & Tehran seismic drift hazard curves

According to the seismic drift hazard curves (Figure 5),
it can be seen that in the range of drift ratio values less
than 3%, the effect of capacity uncertainty can be ignored.
In contrast, the MAF uncertain model (compared to the
base model) has increased at higher drift ratio values. Also,
according to the sensitivity analysis performed on the
median and the standard deviation of the fragility curve, it
was found that the impact of the median changes is more
than the standard deviation changes on increasing the mean
annual frequency of the uncertain model (Figure 6).

4- Conclusions

The seismic behavior of steel moment-resisting frames
is always faced with uncertainty. A significant part of
the mentioned uncertainty is due to the random nature
of earthquake records. Capacity uncertainty is another
important factor that should be considered. The present
study investigates the effect of capacity uncertainty due to
the model parameters of a 20-story steel moment-resisting
frame. To apply this uncertainty, model parameters are
considered as random variables within the defined range
of variation for each parameter. Incremental dynamic
analysis for both the base and the uncertain models (with
capacity uncertainty) under 80 earthquake records have
been performed and fragility curves are extracted for
the immediate occupancy (I0) and collapse prevention
(CP) limit states. Comparing the results of the two
models, it was found that at the IO limit state, the effect
of capacity uncertainty is negligible. On the other hand,
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Fig. 6. MAF Sensitivity analysis (Century city)

for the CP limit state, the median of the uncertain model
was decreased by 8.3% and its standard deviation was
increased by 16.4%. In order to investigate the effect of
the fragility curve parameters on the estimation of seismic
demand assessment of the 20-story frame, by using seismic
hazard curves of two different cities (Century and Tehran),
the mean annual frequency (MAF) of both models for the
10 and CP limit states has been calculated and compared.
In that comparison, it was found that for the 1O limit state,
the capacity uncertainty can be ignored, while at the CP
limit state, the MAF of the uncertain model has increased
(compared to the base model) significantly by 55% and
44% for the Century and Tehran cities respectively.
According to seismic drift hazard curves, it was found that
for the demand parameter (maximum inter-story drift ratio)
values less than 3%, the effect of capacity uncertainty is
not significant and can be ignored. On the other hand, for
demand values greater than 3% the capacity uncertainty
causes a significant increase in the MAF of the uncertain
model. Also, for demand values above 3%, the median
spectral acceleration decreases, and the standard deviation
increases, which both factors will increase the MAF
of the uncertain model. To investigate the impact of the
fragility curve parameters on the variation of the mean
annual frequency of the frame under study, a sensitivity
analysis was performed based on independent changes of
dimensionless median and dispersion ratio parameters (p,

/, and B, /B,).
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The results of the present study are summarized as
follows:

- Capacity uncertainty due to the model parameters has
influenced fragility curve parameters, especially at the
limit states leading to a structural failure (CP limit state).

- For large values of demand parameter (greater than
3%), capacity uncertainty reduces the median and increases
the dispersion of the fragility curve resulted in increasing
the mean annual frequency of the uncertain model.

- Reduction in the median spectral acceleration at a
higher rate (compared to increasing the dispersion) will
increase the mean annual frequency of the uncertain
model.

- For small values of the demand parameter (IO limit
state), the effect of capacity uncertainty can be ignored.

- Ignoring the effect of capacity uncertainty leads to the
underestimation of the mean annual frequency at the CP
limit state.

However, this research is limited to a relatively high-rise
20-story steel moment-resisting frame, and further studies
are needed to generalize the results to medium or low-rise
steel moment-resisting frames.
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Table 1. W-sections of N-S frame [13]
Exterior Interior
Columns Columns
R 20 W24X94 W36X231 W36X231
20 19 W24X103 W36X231 W36X231
19 18 W30X148 W36X231 W36X231
18 17 W30X148 W36X231 W36X231
17 16 W36X182 W36X231 W36X247
16 15 W36X182 W36X231 W36X247
15 14 W36X194 W36X262 W36X302
14 13 W36X194 W36X262 W36X302
13 12 W36X232 W36X302 W36X330
12 11 W36X232 W36X302 W36X330
11 10 W36X256 W36X361 W36X395

Floor Story Beams

10 9 W36X256 W36X361 W36X395
9 8 W36X256 W36X395 W36X395
8 7 W36X256 W36X395 W36X395
7 6 W36X262 W36X487 W36X441
6 5 W36X262 W36X487 W36X441
5 4 W36X282 W36X529 W36X487
4 3 W36X282 W36X529 W36X487
3 2 W36X282 W36X652 W36X487
M.
o
= =
M=xM, FF!‘L}_
1 |
= { | |
E / / [ ] }
g‘\ Uniod. ,/ [ ( |
3 \\sun.oot.[f / ! '|
N | !
== S 5
J :‘ |
Post -Capping\_/ |
Strength Det.
Basic Strength Det.)

Chord Rotation 8

Effective yield strength and rotation (M and 6,)

Effective stiffness K, =M,/0,

Capping strength and associated rotation for monotonic loading (M. and 6,)
Pre-capping rotation capacity for monotonic loading 8,

Post-capping rotation capacity Gp

Residual strength M, = xM,

Ultimate rotation capacity 8y

[19] JCuglyS = Lasto = Tylut ouwd Mol (5,03, Juw I JSUS
Fig. 3. Modified Ibarra-Medina-Krawinkler model [13]

0+



O<AY B 0+00 dxio ¥ o Jl.w MY Q)Lo.w QY 0)9d ‘)MS)M‘ LJ‘)""C L;\»._\.\.Q(a 4.:).».._»

oWl dy90 A3 5lad 505y guudid Y Joo

Table 2. Ground motion records grouping

CAUOlb 09, () Sy (yioghsS ) alold
LMSR £10-Y/- Y-y
LMLR #10-Y/- Yo $.
SMSR OIA-£10 -y
SMLR OIA-£10 Yeo$.

9 290 boyd By caley b eSOkl ol o) <S> 5)65,
e oy Nogyd i 03 SOb oy pize 0l (i yai gl o,
A ol 43,5 @,50 PEER Ground Motion Database
5 Pye JuS S35 0js )58 (Bl saayS) I pliSae
o] (2ES Lo Ll 3,05 gy bl 55 Sodj5 0595 il 5l g Aigid
D oMy NEHRP s dads 3 g lSS dad Sy ol plad s
IS5 5 At 5k b 055y 12,55, 5 1 P ¥+ ] 2,650 5
ol 55 S SIS 515 Sl i 55,5 o guine o
W)l sla o] S 881 dalge 90 4y W ysSy oyl 5l plaS T (s
wobaidl gla S5g .l 03y (B0lad adlio 93 oy jl 0,65, opl Gl
slcede 5l Jolis ool o cwl onds &l Al Cawgn > WdyeS ) oyl
1wl 0045 el ») p...hl.c.o 9 ua.ol.a.a.ol

My, code b g el 6)5liS (S50 58 51 48, )8 @ (S5 -
.Cﬁw‘oxﬁosb(JLﬁ

b g Adlue ioolS sy SelS" Alold cosltwl 3 )50 dlold -
ool o o3y jlis R coodle

o g wly PGA olas]l code b ey piSlis Olus -

ol okal )3 ioles

(IDA) byt o0y l3d (Sanobyd Judexi —F
(Base Model) 4L Jaw ) -¥

Seolys 3V o 015 i )58, Jao a4 Jos

0+

& Jol 390 ¥ sljl 4 il sladgsy [VA] ol 43,5 & y90 EES

il oo ab V0 g YIAY jly sy

35 g,e8 ) Sl Y
S o 435 5] Jaiea Jolsh 5 06852 ol 5 LnsS )
0599) ol 2 6% Oyle a4 ol 45 g0 1S e bl | ]
o Sy oS b A5 989 5 Jeie Jolgd g kS 5l (2l ol
2 e o bl b il pl Glasuie 4 dg b ad)eS ) g 20
o2 gloel olide > a2 > Ve B OIA by A3l (S)n 3o ()
0 s (F/0 B O/A) o (V/+ U £/0) 05l 85 4 5 Cuwl oas bl
U315 £8g 9 Coms e laiz s ol Sl S L A5 (S)j
iy o5 839300 ol (o oy g8y Jlanl (e o o] 5l 55
&S g dnlgs oglS £ U VY o 0 Baiod cpl g0 aold (gl end
b A5 205 (oo sl yaghs' (Ve BAY) g (P2 BY+) (s 0jl 90
o gmime S35 big> )l el B gl Yl a8 Lol
gro9e Jl b & cutly walgs 1) 395 (ol slacuslad pas g 390
Glae ojl Yl SHGes Clresgs b drgi b ail (o polbs (3ui0
29)5 3 (slp Wb (bl dg y JeoSS g sl 028 (B2 ¥ Jgi
215 cpl 50 0ed Ol Ol culs dlass & deajl ol
2 055y Ry JB ol @l Como a4y plinebl il jelaie 4
Cawl oads Qlasl Jod e Seolid Juloo ol eSOl sas sluin

] 4335 3,95 305 Gy Jalis 03 o yo5 sleg S Sl pbS 2 b



O<AY U5 0+00 dxbo NYe» JL.: MY o)LA..:B OY 0y9d ;)....S)fol ul)a& &“W :b).u-u

Sa (TI) (g)

0 0.02  0.04
aibo o SSlae e pui S

0.06 0.08 0.1

wl Jo IDA oo F S

Fig. 4. Incremental Dynamic analysis (IDA) for the base model
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Table 4. Base and uncertain model Fragility curves
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Table 5. Seismic hazard curve parameters (Century and Tehran cities)
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Table 6. Mean annual frequency of the base and the uncertain model (Century city)
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Fig. 10. Fragility-seismic hazard rate product curve at IO limit state (Century city)
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Fig. 11. Fragility-seismic hazard rate product curve at CP limit state (Century city)
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Fig. 12. Fragility-seismic hazard rate product curve at IO limit state (Tehran city)
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Fig. 13. Fragility-seismic hazard rate product curve at CP limit state (Tehran city)
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Table 7. Base and uncertain model parameters (Tehran city)
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Table 8. Summary information about the fragility curves and the mean annual fre-
quencies (Century and Tehran cities)
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Fig. 14. Seismic demand hazard curves (Century and Tehran cities)
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Fig. 15. Dispersion demand curves
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Fig. 16. Median demand curves
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Fig. 17. Mean annual frequency ratio-demand curve
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Fig. 18. Dimensionless median dispersion ratio-demand curves
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Fig. 19. MAF sensitivity analysis for the Century city (IO and CP limit states)
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Fig. 20. MAF sensitivity analysis for the Tehran city (IO and CP limit states)
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Table a-1. LMSR and LMLR ground motion records specifications

~03,) asdly ol R IRT I asdly o RN IRT I
Jle  Mw R PGA J  Mw R PGA
! 35955 slos 35955
Agnews
Loma Pricta 1989 6.9 State 282 0172 DTS jgeg g FlCenroAmay o, g 4sq
. Mountain #9
Hospital
LomaPricta 1989 6.9  Capitola 145 0443  °M3  jog9 g9 AP2E o 0am
Prieta Hayward Muir
LomaPricta 1989 6.9 OUOYAMaY 44 4357 Loma g0 44 Fremont- 3 4 0141
#3 Prieta Emerson Co.
Loma Prieta 1989 6.9 Gﬂmifrray 16.1 0212 115?12:2 1989 6.9  Halls Valley 31.6 0.134
LomaPricta 1989 69 OUOYAMAY o4 5 996  Loma g0 4o Salinasdohn& =5, o s
#7 Prieta Work
. Hollister Loma Palo Alto-
LomaPrieta 1989 69 (RN 282 0247 pEEL 1989 69 'O 363 0194
. Hollister . Covina-W.
Loma Prieta 1989 6.9 DIff. Array 25.8 0.279 Northridge 1994 6.7 Badillo 56.1 0.100
. Sunnyvale- . Com.-
Loma Prieta 1989 6.9 Colton Av. 28.8 0.207 Northridge 1994 6.7 Castlegate St. 49.6 0.136
Canoga .
Northridge 1994 6.7 Park- 158 0420 Northridge 1994 6.7 LA'Cg?t‘“ela 309 0.322
Topanga )
Northridge 1994 6.7 A€ 939 0273 Northridge 1994 6.7 Lakev/:‘;‘:d'Del 593 0.137
Northridge 1994 6.7 AR g5 0940 Northridge 1994 67  POWIY- 476 0158
Dr. Co.Maint.
Northridge 1994 6.7 G1endale-las s 16506 Northridge 1994 6.7 BellGardens- 40 ¢ 0 068
Palmas Jabo.
LA- Lake Hughes
Northridge 1994 6.7  Hollywood 25.5 0.231 Northridge 1994 6.7 4 & 36.3 0.087
StorFF
. LaCrescenta- . Lawndale-
Northridge 1994 6.7 NewYork 223 0.159 Northridge 1994 6.7 Osage Ave. 424 0.152
Northridge 1994 67  Northridge- 33 366 Northridge 1994 6.7 eomaValley 5554 063
Saticoy St. #2

San LA- Palmdale-Hw

a 1971 6.6 Hollywood 21.2 0.174 Northridge 1994 6.7 Y 436 0.067
Fernando Lot 14.

Superstition 1907 67 Brawley 182 0.156 Northridge 1994 6.7  CAPICO& 554186

Hill Sentous
Superstition El Centro . West Covina-

o 1987 67 [ G 139 0358 Northridge 1994 67 SOmange  S+1 0063
S“pgfltlm"n 1987 6.7 PlasterCity 21.0 0.186 Northridge 1994 6.7 Termmglmand' 60.0 0.194
Superstition o075 Westmorland 5 3 10) Northridge 1994 67 FATEveron g5 153

Hill Fire St. Ave.

o0+VYA
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Table a-2. SMSR and SMLR ground motion records specifications

axdly ol S ol axdlg ol ol |
Jw  Mw R PGA J Mw R PGA
&lej 3,95, &lej 885
Imperial Calipatria El Centro
Valley 1979 6.5 Fire Station 23.8 0.078  Borrego 1942 6.5 Array #9 49.0 0.068
Imperial 1979 65 Chihuahua 287 0270 Coalinga 1983 64  Larkfield- 05403
Valley Cholame 5
Imperial El Centro . Parkfield-
Valley 1979 6.5 Array #1 15.5 0.139  Coalinga 1983 64 Cholame 8 50.7  0.098
Imperial El Centro Imperial Coachella
Valley 1979 6.5 Array #12 18.2 0.116 Valley 1979 6.5 Canal #4 49.3  0.128
Imperial El Centro Imperial
Valley 1979 6.5 Array #13 21.9 0.139 Valley 1979 6.5 Compuertas 32.6 0.186
Imperial =079 65 Cucapah  23.6 0300 WPl g9 g Delta 43.6 0.238
Valley Valley
Imperial Westmor. Imperial Niland Fire
Valley 1979 6.5 Fire Station 15.1 0.110 Valley 1979 6.5 Station 359 0.109
. San Ram.- Imperial .
Livermore 1980 5.8 East. Kodak 17.6  0.076 Valley 1979 6.5 Plaster City 31.7 0.057
Livermore 1980 5.8  SanRam 5y 5 5000 Imperial g0 65 Victoria 541 0.167
Fire Station Valley
Agnews Tracy-
Morgan .
. 1984 6.2 State 294 0.032 Livermore 1980 5.8 Sewage 373  0.073
Hill .
Hospital Treat.
Morgan Gilroy Morgan .
Hill 1984 6.2 Array #2 15.1 0.162 Hill 1984 6.2 Capitola 38.1  0.099
Morgan Gilroy Morgan Hollister
Hill 1984 6.2 Array #3 14.6 0.194 Hill 1984 6.2 City Hall 325 0.071
Morgan Gilroy Morgan San Juan
il 1984 6.2 Array #7 140 0.113 Hill 1984 6.2 Bautista 30.3  0.036
Point Port N. Palm San Jacinto
Mugu 1973 5.8 Hueneme 25.0 0.112 Springs 1986 6.0 Valley C. 39.6  0.063
N. Pal Palm N. Palm
S. riir;l 1986 6.0 Springs 16.6 0.187 S. rinos 1986 6.0 Indio 39.6  0.064
pring Airport pring
Whitti Com.- Whittier Downey-
MeT 1987 6.0 Castlegate 169  0.332 1987 6.0 OWNCY" 568 0.299
Narrow St Narrow Birchdale
. Carson- .
Whittier 1987 60 Casskill  28.1 0042  VHittier ge;  go LACentury g5 05y
Narrow Ave Narrow City CC
Whittier Brea-S Whittier LB-Harbor
Narrow 1987 6.0 Flower Ave. 179 0.115 Narrow 1987 6.0 Admin FF 342 0.071
Whittier LA- Whittier Terminal
Narrow 1987 6.0 W70thSt. 16.3 0.151 Narrow 1987 6.0 Island-S. 35.7  0.042
Whittier Carson- Whittier Northridge-
Narrow 1987 6.0 Water St. 24.5 0.104 Narrow 1987 6.0 Saticoy St. 39.8  0.118
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