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Introduction

Probabilistic Basis for 2000 SAC Federal Emergency
Management Agency Steel Moment Frame Guidelines

C. Allin Cornell, M.ASCE'; Fatemeh Jalayerz; Ronald O. Hamburger, M.ASCE?®:

« Emergence of performance-based earthquake
1 i i is paper presents a formal probabilistic frame for seismic design and assessment of structures and its applica
engineering (PBEE) with the development of SAC i o S e g S ooy

. (FEMA) steel moment frame guidelines. The framework is based on realizing a performance objective expressed as the probability of
ro ect b F E M A t O ev al u ate erfo rm an Ce Of exceeding a specified performance level. Performance levels are quantified as expressions relating generic structural variables “demand”
p J y p and ““capacity” that are described by nonlinear, dynamic displacements of the structure. Common probabilistic analysis tools are used to
convolve both the randomness and uncertainty characteristics of ground motion intensity, structural “demand,” and structural system

acity” in urdtr to deri

't 't 1 1 | 1 t' o n expression for the probability of achieving the specified performance level. Stemming from this
Structures In a prooabllISstiC manner s Mg

checking format of the conventional
resistance terms being npl_md b\ the more generic terms
format based on quanti the likelihood of the performance nh|ul|w being met. This format has been
adopted in the SAC/FEMA guidelines.

* Introduction of a power law to characterize seismic s
hazard i a5 8 iy
H(s)=k,s

« Adequacy of power law questioned!

" kind is developed with load and

“demand” and . This framework also allows for a

EARTHQUAKE l\l ERING & STRUCTURAL DYNAMICS
Earthquas 1. Dyn, 2013; 42:1171-1188
Published nl\luu |\ October 2012 in Wiley Online Library (wileyonlinelibrary.com). DOL: 10.1002/eqe.2265

Derivation of new SAC/FEMA performance evaluation solutions

+ Accurate quantification of seismic hazard as one e
of the cornerstones of earthquake engineering with . o
a revised expression .

SUMMARY

H S f— k e x —k l I | S —_— k 1 I | S A novel set of SAC/FEMA-style closed-form expressions is presented to accurately assess structural safety

o) 2 1 under seismic action. Such solutions allow the practical evaluation of the risk integral convolving seismic

hazard and structural response by using a number of ides ftica

TI'he most heavily criticized approximation of the SAC/FE formats is the first-order powe

. . . hazard curve. It results to unacceptable errors whenever the curvature of the hazard function becomes signifi-

) S t t lt t f lth cant. Adopting a second-order fit, inste: ipturing the ard curvature at the cost of necessitating
ome ropbust ana opjective ways 10 quantity the o sy S, Tho mow, et of Cquaciomns o » omple eplaceancat of o xiginl, asblizg s sccmie

estimation of the mean annual frequency of limit-state exceedance and (b) safety ¢ ing for specified perfor-

zations o achicve a simple a

H H ' mance objectives in a code-compatible format. More importantly, the flexibility of higher-order fitt aran-
Coe I( :lel ] S are [ |ee e tees a wider-range validity of the local hazard spproximation, Thus, it cnables the inversion of the formulas for
. practically estimating the allowable demand or the required capacity to fulfll any design objective. Copyright @

2012 John Wiley & Sons, Ltd.
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Hazard Fitting Methods

» Constraining the curve at two IM

» Design basis earthquake — 10% probability
of exceedance in 50 years

 Maximum considered earthquake — 2%
probability of exceedance in 50 years

. ln(HDBE/HMCE)

k=
1n(SMCE /SDBE)

ko =H 5 (SDBE )k

» Accuracy achieved within the constrained IM
range — not ideal...

« Large overestimations of hazard at lower and
more frequent intensities, in other words where
large curvatures are present
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Jalayer, F. 2003. “Direct Probabilistic Seismic Analysis:
Implementing Non-Linear Dynamic Assessments.” Stanford
University.
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Hazard Fitting Methods

Intensity measure, s, [g]

o
* Improved hyperbolic model using non-linear f) e T rr—r————— T T
least-squares regression O ® Seismic hazard Has, :
@ — =~ Fitted function Reference: |
» g 100 origin :
S §<> ;“.41 |
H(s)=H, exp|a|In| — o <@ /d
Sasy (@] 10_2 i Sasy:
o Curve of the I
S _ o formy =a/x :
 Minimization of relative error between the o 104 % !
logarithms of hazard data and fitted curve = ‘.\ !
:
- 2 C 10-6 1
11717 4 — — m© 10 LLELLLALL BRI BN LLL LY BRI LL B
Minimize R Z[ln(Hi) ln(H(Sl.))] e 107 102 107 10° 10* 102 10°
= o)
=

» Different coefficients to kg, k1, ko 10 be
determined

* However, not SAC/FEMA compatible, hence
not widely utilized within the earthquake
i i i Bradley, B. A., R. P. Dhakal, M. Cubrinovski, J. B. Mander, and G. A.
engineering Commumty MacRaye. 2007. “Improved seismic hazard model with application to

I
robabilistic seismic demand analysis.” Earthg. Eng. Struct. Dyn., 36
FI4): 2211-2225. https://doi.org/10.1002/eqe.727.
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Proposed Hazard Fitting Methods

* Proposed closed-form expressions to optimize

fitting Inverse

* Retains the second-order law formulation and R
the SAC/FEMA compatibility for practical ) N
convenience 1 —In(s,) ~In(s,)’

 No regression or optimization functions are (551 )=[1 —In(s,) —In(s,)" | eln(H)
used I —In(s;) —In(s,)

» Through the selection of three return periods i i
(default: 5, 20, and 650 years) -> mean annual Matrix
frequency of exceedance Product

1
i ko =exp(7,)
TR’i ky =n 5
H=[H H,,H, ky =7, H(s)=k, exp(—k2 In® s —k, lns)
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Evaluation of Fitting Methods

* Three distinct locations

« ltaly — PSHA for LAquila using OpenQuake ‘@ } QE&

with the SHARE hazard model

* New Zealand - Wellington using the New gl'E\ng
Zealand seismic hazard model

« USA - site in California using USGS %
hazard tool s

itti ii ience for a changi Id
. F|tt|ng approaches utilized science for a changing wor
- Approach 1 - proposed approach

» Approach 2a - least-squares fitting of 24, . . . o _ i[ln(H,-)—1n(H(Si))]2
i=1

law and minimizing the following

« Approach 2b - least-squares fitting of 2"  Afinimize R = Z[ H. — H(S,-)]z
law and minimizing the following -1

* Approach 3 - log-linear fitting of power law

» Approach 4 - least-squares fitting of n 5
Bradley et al. (2007) approach Minimize R=7"| In(H,)~1n(H (s,))]
i=1
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Evaluation of Fitting Methods

» Approach 1 — proposed approach

* Approach 2a — minimization of logarithms of

error

» Approach 2b — minimization of error (USA

only)
« Approach 3 — power law

» Approach 4 - least-squares of Bradley et al.

(2007) 10°
[ ]
California, . .
. o, PGA
USA 5 10 CETPX0) IR
E 0' ’o
c’%‘ ° °
T % °
1074 e o
[ ]
[ ]
_6 rrrTTTTg T rrTTTTT T TrTTTTTg T
1073 102 1071 100
Intensity
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Evaluation of Fitting Methods '~ L' Aquila,
- Approach 1 - proposed approach ltaly
* Approach 2a — minimization of logarithms of 5
error jr:Nu
» Approach 2b — minimization of error (USA
only)
» Approach 3 — power law 0 S T et 10 1ol
- Approach 4 - least-squares of Bradley et al. Intensity
2007 0y 0
( ) w0 {‘!':’-.\,. 10 J Wellington,
e o
California, '\\ New Zealand
USA 5 107 5a(2.0) 107
—— Approach 1 107 4 1074
Approach 3 S R L 106N
1073 1072 107 10° 10° 1072 1072 107! 100 101
Intensity Intensity
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Evaluation of Fitting Methods

» Approach 1 — proposed approach
* Approach 2a — minimization of logarithms of £
error jr:Nu
» Approach 2b — minimization of error (USA
only)
« Approach 3 — power law
» Approach 4 - least-squares of Bradley et al.
(2007) 10°
California,
USA _— .
—— Approach 1 107 -
—— Approach 2
Approach 3 o
1073 1072 1071

Intensity

/X
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Evaluation of Fitting Methods ’Aquila,

- Approach 1 — proposed approach _ R PGA Italy
* Approach 2a — minimization of logarithms of

error \Q’e\\
1074 - N
&
)
o

Hazard
&

¥/

173
s

» Approach 2b — minimization of error (USA
only) b\

° 10 R R R R
Approach 3 — power law 103 10-2  10-%' 100 101

» Approach 4 - least-squares of Bradley et al. Intensity

(2007) 10° 100 :
ot ' Wellington,
alifornia,
B 2 New Zealand
USA - 1072 - o 10
©
—— Approach 1 107 - 1074
—— Approach 2
A
pproach 3 I 106 e
Approach 4 1073 1073 1072 107!
Intensity Intensity

é*&%;‘,; m TUSS Improved hazard models for SAC/FEMA-compatible analysis ICASP14, Dublin, Ireland
Davit Shahnazaryan, Gerard J. O’Reilly 9-13 July 2023

“ <7
vy’
AR

< 4



Impact of Error Minimization Function

10°
 Significant errors when using the least-squares
method on the hazard curve of California
* Instead of minimizing the logarithms of the 10-2 -
error, minimize the error itself O
(©
n N
Minimize R = Z[HZ —H(Sl.)]2 —
i=1 10—4 -
10_6 ! UL | ! UL | ! L | ! L
103 1072 107! 100 10t

Intensity
* Approach 2a — minimization of logarithms of

error n
Minimize R = Z[ln(Hl. )—In(H (s, ))]2
i=1
» Approach 2b — minimization of error
Minimize R = Z[[—Ii —H (s, )]2
i=1
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Impact of Error Minimization Function

10°

« Similarly for LAquila, Italy, it is preferred to use
Approach 2a

* One advantage of the proposed approach is
the elimination of the need for a minimization
function during fitting

Hazard

10_6 ! L | ! LR | T LB LI | T LA L L
1073 1072 1071 10° 10?

Intensity
* Approach 2a — minimization of logarithms of

error Minimize R — Zn:[ln(H,.)—ln(H(Si))]z
i=1

» Approach 2b — minimization of error
Minimize R=Y_| H,—H (s, )]2
i=1
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Implications on Risk Assessment

» Despite the errors in hazard model predictions, quality of
the fits can be further gauged via computation of MAF of
exceedance at given peak storey drifts (PSD)

« Demand-intensity models selected to characterize a ductile
structure that has a first mode-based beam-sway
mechanism

» Closed-form expression to calculate MAF of limit-state

exceedance
0 v
26
m
» Refinement for 219 order fitting approach

¢/
2=s kéﬁ’/H[(i;jb} exp[’glfi ﬂimj

A2
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Implications on Risk Assessment

10° -
_ L’Aquila, '
» Bradley et al. (2007) not SAC/FEMA compatible, hence the 9 s
predicted model was convolved with structural response ltaly ]
through direct integration via a trapezoidal rule T 1072 5
* No significant errors in terms of risk computation § , 3
I 107 3
» Discrepancies at high and low PSD noted for Approaches 2 §
 High errors for California at high PSD values § P
10—5 . . . =
» The proposed approach may be tuned to target rare events 0.5 1.0 1.5 2.0
when performing collapse risk assessment Peak storey drift, [%]
_ _ 10° 3 _ 10° 3
California, _ Wellington, j
1071 EL 1071 -
USA | New Zealand f
T 107 T
— Direct Integration @ S
—— Approach 1 T 1073 - T
—== Approach 2b ;
Approach 3 10-4-E
Approach 4 ] ]
10_5 T I I 10_5 I T T
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Peak storey drift, [%] Peak storey drift, [%]
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Hazard data H(s)=k exp(-kIn's—klns) Select 3 points on the hazard curve to target for fitting

Open-Source Tool =

dicted MAFE Tasget return peniods 5 20 630
0.2.94636 0.001 e U.2ZI622001 U.U/0boY UUUIooD
0271063 0.005 0.01 0.05 05

0221623 0.01
0.070689 0.05

0.032378 0.1 1 46052 -21.2076
0.017937 0.15 1 29957 -89744
0.010991 02 1 0.6931  -0.4805
0.004973 0.3

0.002639 04 Dot multiplication -8.118274915
0.001555 05 2551209397

In put MAFE 0.000554 0.75 0.242236676

. 0.000256 1

and Inten3|ty 8.33E-05 15 SAC/FEMA-compatible | k0 0.000298
3.72E-05 2 fitting coefficients kl 2551209
1.97E-05 25 | 0242237
1.17E-05 3 - -
7 44E-06 35

0.1 1 10

Input three
return periods

Mean annual frequency of exceedance,

Fitting
coefficients _
Visualization /
Sa (g)
Seismic hazard ——— Hazard model
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Conclusions

» Open-source tool at https://github.com/davitshahnazaryan3/HAZARD/tree/master/fitting tool

* New closed-form solution to capture seismic hazard independent on the region with minimal error
while maintaining SAC/FEAM compatibility

 Validated through an application on three sites around the globe representing different tectonic
regions

» Proposed formulations allows targeting three distinct points on the hazard curve to prioritize fitting at
different intensity levels

» Allows increased accuracy at different sections of seismic hazard
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https://github.com/davitshahnazaryan3/HAZARD/tree/master/fitting_tool

