TH

INTERNATIONAL WORKSHOP ON RELIABLE ENGINEERING COMPUTING
Risk and Uncertainty in Engineering Computations
Virtual Conference: May 17.20, 2021 T 2021

ESTIMATION OF FRAGILITIES BY THE
MODIFIED INTENSITY MEASURES (IMsS)

M. CIANOI, M. GIOFFRE! AND M. GRIGORIU?

1Dept. of Civil and Environmental Engineering, University of Perugia, Italy
2Dept. of Civil and Environmental Engineering, Cornell University, USA

UNIVERSITA DEGLI STUDI
DI PERUGIA

VIRTUAL CONFERENCE: MAY 17-20™, 2021 m




Why the probabilistic framework:

MOTIVATION
. Ik Seismic events need a not
Fragility curves Y. deterministic treatment
Uncertainties consideration:
- epistemic uncertainties
(e.g. model parameters)

- aleatory uncertainties
(e.g. seismic randomness)

Rigorous and robust mathematical
treatment by:

U(.'IM :J,l(l(: 0.108 0.110 0.112 0.114 _ SelsmIC IntenSIty measure IM
Se 0] A (e.g. PGA, Sa(T))
]DDD[ - system structural demand
parameter D (e.g. maximum
displacement )
» Development of synthetic
?
Is the fragility curve accurate or not: M results as fragility curves
How is possible to quantify the accuracy level?
MAY
17-20°5 Can this curve be improved?
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PROBLEM DEFINITION
damage state defined by {D € I c R}

PO =P ENM=0) = BN eNM=5] = [ [y (£16) dx
I

 Dependence between D and IM is strong » D | IM has small variance
(limit, density became &-function)

«  Dependence between D and IM is weak » D | IM has large variance

* Independence between D and IM

(limit, D |IM and D are equal in distribution, » P(&) = f fp (x) dx
I

fragility does not depend on &)

Dependence between D and IM can be investigated: e.g. correlation coefficients; copula models;

MAY multivariate extreme value theory
17-20™
2021 Grigoriu, M., 2016. Do seismic intensity measures (IMs) measure up? Probabilistic Engineering Mechanics, 46, 80-93.
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FRAGILITIES BY SCALAR IMs

Fragility estimation:

1) selection of a finite set of intensity measures {&;} withk =1,...,N

2) Generation of s seismic acceleration samples and for each
value {&x} scale with reference IM; I =1,..,5 in order to have
intensity level IM; =&, & >0

3) Br(&) = ) 1(duy €D/ng, j= 1,001
j=1

MAy
17-20™
2021

FEMA P-58, 2012a. Seismic Performance Assessment of Buildings: Vol. 1-Methodology. FEMA P-58.
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FRAGILITIES BY SCALAR IMs

Scalar intensity measures (IMs)

Fragility estimation: IM; = PGA

1) selection of a finite set of intensity measures {}

M, = 5,(T1,¢1)

2) Generation of s seismic acceleration samples ¢
value {¢x} scale with reference IM; 1=1,...,5 in ord _

value v ! IM3 = S,(T3,3)
intensity level IM; =&, & >0

3) ﬁf(‘fk) = Z 1(d’k,j € I)/nsr j: 1:'"rns IM4 = Ih'
j=1

[MS = S*(Tb (11- C, {'I)

MAy
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2021

FEMA P-58, 2012a. Seismic Performance Assessment of Buildings: Vol. 1-Methodology. FEMA P-58.
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OVERVIEW ON ISSUE

Stochastic equation of motion (Linear SDOF)

lesdof(t) + CXlsdof(t) + kXjsq0r(t) = —mA(t)

Xisaor(t) + 20woXisq0r (t) + 0§ Xysa0r () = —A(D) l
D = maxXycperlXicaor(t) Stochastic
Isdof O_t_tl Isdof I process A(t)
te[0,7], T, = 2m/w, input
Idealization

output
‘ Xlsdof( t)
—

m

K,
“—>

| * a

17-20TH 0w P s
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OVERVIEW ON ISSUE

Dependence between DM and common IMs

a0

IM, = PGA

High
dispersion

Digior [em]
= >

[a—
]
T

101

p =-0.00

.OOO
[F3 ]

0.4 0.5 0.6
PGA g

0.7

20

18

16 1

14+

12 ¢

10 1

IM, = 5,(T1,¢1)

s Perfect

correlation

p =1.00

0 12 1 om0
Sa(To)/ (27 (T5)? [em]

Scatter plots of ng = 500 samples for linear SDOF system with «), =277 and ¢= 5%:
(PGA, D,.r) (left panel); (Sa(T0)/(277/T1)?, D;s4or ) (right panel).
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OVERVIEW ON ISSUE

Fraqility analysis results

Critical assumption in Performance-Based
Earthquake Engineering !!!

20
. . e M, = PGA P The O- function, best
Tal o —— M, = S,(Th) information

I N T provileg
E r :..'.::.b A . ’._‘._'. ' ._:°
gl Lo ..ﬁi’}‘;‘ " 18 )
s & },.f*;j’:; Py ; »

12 YOy b »:ﬂ e e . H 1 16

A

10 - 14

S | Any information on 1.

o 14 seismic performance -

N H 10 ot
02r ::: 7 p=1.00
Ss 00 12 14 16 18 20
“ S“(T")/(?ﬂ/rn,)z [m”]
0 L s I I
0 0.5 1 1.5 2
MAYTH Fragilities against intensity level considering different definitions of IMs for linear
17-20 SDOF system with ¢, =277 and ¢= 5%, Timit state Dy, = 35 cm.
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THE MODIFIED INTENSITY MEASURE mIM

Improving dependence:
1) given the stochastic process A(t) compute the corresponding IM and D)

2) evaluate the standardized random variables

IM — E[IM . pW — E[pW)
Z(M) = M- EaM) z(pW) = #, j=1,..,m

oM 9510

3) foreach mng of the standardized variables compute the distance from perfect

correlation eV =2 (diU)) —z(imy)), i=1..,n, j=1..,m

. 1
4) the average distance of the j =1 demand parameters ¢ = Ez e, i=1,.,n
=1

and the results are collected in the vector E

5) define M5 samples of the new modified intensity measure version mIM by the
linear transformation

mim; = [z(im;) + &;]lopy + E[IM], i=1,..,ng

MAy
17-20™

2021
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IMPROVING DEPENDENCE BY mIM

Dependence between D,y and common PGA IMl = PGA
- p=-0.00 .’
o /s
20t oA— 1.00 //
. 7}
e
. |9
S RO 4
B 5 P
3 16| gose ™ 2 4
Qﬁq :é" . . :":‘: .;":.0.-
\b_Q/ Q—: . N :_.:..'_. N A *
(1] (S F oo F)
14 .:" —.
* ese_ o Ll .
!!'.l- : L]
12} e . .
- T & o2 e | ]
2 3 4 0.4 0.5 0.6 0.7
PGA | mPGA [g]

2 1 0 1 3
Z(PGA) | Z(PGA) + E

Scatter plots of ng = 500 samples for linear SDOF system with co, =27 and ¢= 5%:
(Z(PGA), Z(D,s,op) red dots, (Z(PGA) +E , Z(D,,¢)) green circles (left panel);
(PGA, Dy4r ) red dots, (mPGA, D,,.r) green circles (right panel).
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IMPROVING DEPENDENCE BY mIM

Fraqility analysis results

1 L e
EEEE NN EEEE Iﬂf] = PGA I|I ot
e M] = mPGA i
i
08| : 4
i
i
I
0.6 i i
— ¥
‘Q.‘ :-il
!
:
02+ i i
I
i
]
0 - ot .
0 0.5 1 1.5 2

Fragilities against intensity level considering the intensity measure PGA and
its modified version mPGA for linear SDOF system with ¢, =277 and ¢= 5%,

MAY
-20TH > l
17-20 limit state D,y,,;=35 cm.
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IMPROVING DEPENDENCE BY mIM

Probability density function estimates

10

Density of PGA

4 =0.46
52 = 0.00
A3 = 0.89
A1 =507
. Hmmﬁﬁﬁ
0.4 0.5 0.6 0.7
PGA |g]

Density of mPGA

o

2]

~]

o2}

Lh
T

.

L)
T

]

[a—
T

0.

35 04 045 05

mPGA [g]

e

0.55 .65

Estimated PDF for ng = 500 samples of PGA (left panel) and mPGA (right panel).
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COMPLEX LINEAR/NONLINEAR MDQF SYSTEM:
NORCIA SCHOOL MODEL

/ alibrated model

3D numerical FE Model
RN RTTI WY
SN ROCN N NN N N
. SN NN Y
1st modal shape U 4 0 0 0 A A T,=0,34s,f,=2,86 Hz
"RV RRAAY
== AN AR AN NN RN Y
WAL ot aaatataanaaa
2nd modal shape “‘ - P 0 T 0 0 0 1 A T2 =0,28 s, fz = 3,46 Hz
ettt rr e
aaasitfeaase: _ _
3rd modal Shape 500 1 0 O 0 0 A T3 - 0’26 S, f3 - 3’74 Hz
4th modal shape TEETI L >2ieyain T,=01s,f, =843 Hz
8th modal shape L f 2 et T¢=0,09s, f; = 11,09 Hz
MAY 8l AR RR
17-20™H bedskechielialedn :Jn uln ::LJ:J:J:J:J
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NON-STATIONARY SIMULATION.
MODEL FOR STOCHASTIC PROCESS

0.5F
14 ACOS
=, 13%ci
= 9 ACO8
0.5 - ' ' :
0 20 40 60 80 100
AC06 16
0.5F Accelerometers:
AC09 12 e Triaxial
= g e Biaxial
% 0 " ® Uniaxial
3
ACO01
0.5 : : : : 1“I\'Z
0 20 40 60 80 100
t s Scheme of the monitoring system of Norcia school
Acceleration time history ACO01-1 recorder in building (Italian National Seismic Observatory)
Norcia on October 30", 2016 (m=6.5 and r=5 km)
(top); simulated sample of the non-stationary Non-stationary uniformly modulated stochastic process
process Z(t) (bottom)
Z(t) = c®Y () o7 = c*(t)oy

Gz (t, w) = c*(t) Gy (w)

MAY
17-20™H Grigoriu, M., Ruiz, S. E., Rosenblueth, E., 1988. The Mexico earthquake of September 19, 1985—Nonstationary models of seismic
2021 ground acceleration.Earthquake Spectra, 4(3), 551-568.
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FRAGILITIES

WITH IMS

Analysis scheme

node 1

/28%33: ™ node 12

node 8

/{/\/ = ?/? ? node 4
=

/
node 10 e
hode 2 adi?
ol R 049}1? \“*7
‘W %
Y

*Fragility curves

*n,=500 independent
samples of
stochastic processes

*Displacement response
in x and y-direction by
linear analysis

Py()

0.8

0.6

0.4}

02F

Node 9 - D,

Node 9 -D,,

( 0.8
0.6
©
oy
IM,, = PGA, 04r
IM?:E — Sﬂm(Tl) -_IMIS‘ = PGAL’
IﬂJgJr = S,,m(Tg) '—Isz = Say(Tl)
IM41’ = Ihr 0.2 '_IMBy = Say(T3) |
IM5$:S;(T1,C,C¥) IM4y :Ih.y
/ IM5y = S;(TJ_,C, 0!)
L 1 D L 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
3 limit state 2 cm £
IM; = PGA| |IM, = S,(Ty, )| |[IM3 = S,(T5,(3)
*
IM4 :Ih [M5 =5 (Tl,(l,c,a)

ng
Pr(6) = ) 1(dyy €D)/ng, j=1,..m,
j=1
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p =0.95

0
0 0.2 0.4 0.6
S;(le C; Q) [g]

4
3
2
1
p =0.52
4 Ao.?} 1 R &5) . LI ; i ! Fragilities is steeper
vl syl 1) 1d o when changing from
g zero to one
047 IM,, = PGA,
IM2:= (z:r(rrl)
U IMB.:: = Sﬂx(T:i)
. 27 IM:r =1 T
Small variance 1My, = S4(T11,C,)
D|IM i | \
MAY 0 0.5 1 15 2
17-20™ £
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DEPENDENCE WITH IMS

4
3
2
|
p =0.53
0.4 0.8 1 0
PGA, [g]

4

p =0.95

2 =0

Fragilities is steeper
when changing from
zero to one

0
0 0.2 0.4 0.6
S;(le C; Q) [g]

 p=0.25 p=0.52

Suy(TE) [Q]

IM,, = PGA,
My, = S,y (T3)

0.5

1 1.5
£

(5]

IMy, = S‘y(TS)
IMy, = I,
M, = 5,1, C,0) ﬁ Small variance

15 0 0.2 0.4 0.6
S; (Tlr C) Of) [f]]

D|IM

Best IM changes
with earthquake
direction!

M. CIANO




DEPENDENCE WITH mIMS Node 9 - D,
IM; = PGA IM, = S,(Ty,{y)

Analysis scheme

p=0.30 p=0.72

0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8
PGA, [g] Suy(Th) [g]

 considering the most widespread IMs in PBEE,
i.,e. PGAand S (T,)

*Improving dependence with the definition of the
mPGA and mS(T,)

*m=12 demand parameters of interest
in fragility analysis in both x e y-
directions

MAY
17-20™ * linear behaviour for FEM analysis
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DEPENDENCE WITH mIMS

Analysis scheme

 considering the most widespread IMs in PBEE,

i.,e. PGAand S (T,)

*Improving dependence with the definition of the

mPGA and mS(T,)

*m=12 demand parameters of interest
in fragility analysis in both x e y-

directions

* linear behaviour for FEM analysis

Density of PG A,
—_ (=] [¥%]
- in ] in [ in

f=]
in

IM, = PGA

- 0 1 2
«(PGA,) | 2(PGA,) + E,

(=]

A o=0.64
a2 =002

Js =041 -

Gy =204

08
PGA, [g]

Ill‘llllll.
04 X 1

Node 9 -D,,

Density of mPGA,

o
in

[=]

0.6 08 1
PGA, | mPGA, [g]

o =064
¥ =0.02

¥y =067 7

T-i =325

" P, I
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DEPENDENCE WITH mIMS Node 9 - D,

IM, =5, (Tp (1)

Analysis scheme

-2 -1 ] 1 2 3 4 0.2 0.4 0.6 08

o . . 2(Say(T1)) [ 2(Say(T)) + B, Say(T1) / mSay(Th) [9]
 considering the most widespread IMs in PBEE,
. 35 4
i.,e. PGAand S (T,) 4 =038 i =038
a’ = 0.02 &’ = 0.01
3 d =051 1 35 A =0.67
. . . ey ':u =3.20 '}‘4 =3.25
*Improving dependence with the definition of the z2s - g°
mPGA and mS,(T,) = 525 ]
- 2 1 E
S s 2 '
*m=12 demand parameters of interest 57 s _
. algln . . [ =
in fragility analysis in both x e y- Qo 8 | .
directions o5 I
0.5 1
MAY ) ) ) 0 .___ | 0 III__ J
17-20™ * linear behaviour for FEM analysis 04 04 05 06 07 08
2021 Say(T1) [9] mSay(T1) [9]
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DISTANCE FROM BEST CORRELATION VERSUS

AVERAGE DISTANCE

IM, = PGA

Node 9 -D,,

Average distances match

the distances from the

best correlation
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DISTANCE FROM BEST CORRELATION VERSUS

AVERAGE DISTANCE
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FRAGILITIES WITH mIMS

Analysis scheme Node Sl
1 e
0.8
0.6 - IM,, = PGA,
< ——IM5, = S,y (Th)
o mlIM,, = mPGA,
04F = = =mIMy, = mS,,(1T1)
* considering the most widespread IMs
in PBEE, i.e. PGA and S,(T,)
021
sImproving dependence with the
definition of the mPGA and mS,(T,)
*m=12 demand parameters of interest 00 1:5
in fragility analysis in both x e y-
directions
limit state 2 cm
1'7‘"_2";“ « linear behaviour for FEM analysis
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CONCLUSION

IN PERFORMANCE-BASED EARTHQUAKE ENGINEERING THE SEISMIC FRAGILITIES ARE COMMONLY ESTIMATED BY
USING WIDESPREAD IMsS, 1.E. PGA AND S,(T;), AND SCALING THE SEISMIC ACCELEROGRAMS.

STRONG DEPENDENCE IS REQUIRED BETWEEN THE SYSTEM DEMAND PARAMETER D AND IM USED IN FRAGILITY
ANALYSIS.

THE SUBSTANTIAL AND UNSTATED ASSUMPTION IS THAT IT IS POSSIBLE TO ACCURATELY PREDICT THE
RESPONSE OF COMPLEX NONLINEAR STRUCTURAL SYSTEMS USING THE RESULTS OF LINEAR SDOF SYSTEMS,
E.G. Sa(T), OR THE SPECIFIC CHARACTERISTIC OF THE INPUT GROUND MOTION ACCELERATION, E.G. PGA.

PROPOSED APPROACH IS BASED ON A LINEAR TRANSFORMATION OF SAMPLES OF A CHOSEN STANDARD IM,
WHICH IMPROVES THE CORRELATION WITH A SET OF DEMAND PARAMETERS. THIS TRANSFORMATION PROVIDES
THE DEFINITION OF THE MODIFIED VERSION MIM OF THE CURRENT INTENSITY MEASURE APPROACH.

APPLICABILITY TO ALL IMs USED IN PBEE IN ORDER TO CONSTRUCT FRAGILITIES THAT PROMISE MORE
ACCURATE INFORMATION THAN THOSE OBTAINED FROM STANDARD IMS.

MAY

17-20™
20201 WORK IS IN PROGRESS TO INVESTIGATE THE NOVEL APPROACH IN THE NONLINEAR FIELD.
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THANK YOU!

matteo.ciano@unipg.it
matteo.c@w1s3.com
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