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MOTIVATION

Fragility curves

Why the probabilistic framework:

Is the fragility curve accurate or not?

How is possible to quantify the accuracy level?

Can this curve be improved?

Seismic events need a not 

deterministic treatment

Uncertainties consideration:

- epistemic uncertainties

(e.g. model parameters)

- aleatory uncertainties

(e.g. seismic randomness)

Rigorous and robust mathematical 

treatment by:

- seismic intensity measure IM

(e.g. PGA, Sa(T))

- system structural demand

parameter D (e.g. maximum

displacement )

Development of synthetic 

results as fragility curvesREC 2021



PROBLEM DEFINITION

• Dependence between D and IM is strong  D | IM has small variance

(limit, density became d-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,

fragility does not depend on x )

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

multivariate extreme value theory

Grigoriu, M., 2016. Do seismic intensity measures (IMs) measure up? Probabilistic Engineering Mechanics, 46, 80–93.

2/18 M. CIANOESTIMATION OF FRAGILITIES BY THE MODIFIED INTENSITY MEASURES (IMS)

MAY

17-20TH

2021 REC 2021



FRAGILITIES BY SCALAR IMS

Fragility estimation:

1) selection of a finite set of intensity measures  with

2) Generation of  seismic acceleration samples and for each 

value  scale with reference  in order to have 

intensity level 

3) 

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

Fragility estimation:

1) selection of a finite set of intensity measures  with

2) Generation of  seismic acceleration samples and for each 

value  scale with reference  in order to have 

intensity level 

3) 

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

Scalar intensity measures (IMs)
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OVERVIEW ON ISSUE

a(t)

k, 

c

m

xlsdof(t)
output

dlsdof

Idealization

Stochastic equation of motion (Linear SDOF)

dlsdof

dlsdof

dlsdof

Stochastic 

process A(t)

input
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OVERVIEW ON ISSUE

Scatter plots of ns = 500 samples for linear SDOF system with w0 = 2p and  z= 5%: 

(PGA, Dlsdof ) (left panel); (Sa(T0)/(2p/T1)2, Dlsdof ) (right panel).

High 

dispersion

Perfect 

correlation

Dependence between Dlsdof and common IMs
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OVERVIEW ON ISSUE
Fragility analysis results Critical assumption in Performance-Based

Earthquake Engineering !!!

Fragilities against intensity level  considering different definitions of IMs  for linear 
SDOF system with w0 = 2p and  z= 5%, limit state Dlsdof = 35 cm.

_

Any information on 

seismic performance

The d- function, best 

information 

provided

_
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THE MODIFIED INTENSITY MEASURE mIM
Improving dependence:  

1) given the stochastic process compute the corresponding and 

2) evaluate  the standardized random variables

3) for each         of  the standardized variables compute the distance from perfect 

correlation

4) the average distance of the              demand parameters

and  the results are collected in the vector

5) define  samples of the new  modified intensity measure version by the 

linear transformation 
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IMPROVING DEPENDENCE BY mIM
Dependence between Dlsdof and common PGA

Scatter plots of ns = 500 samples for linear SDOF system with w0 = 2p and z= 5%: 

(Z(PGA), Z(Dlsdof)) red dots, (Z(PGA) +E , Z(Dlsdof )) green circles (left panel); 

(PGA, Dlsdof ) red dots, (mPGA, Dlsdof ) green circles (right panel).

_
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IMPROVING DEPENDENCE BY mIM
Fragility analysis results

Fragilities against intensity level  considering the intensity measure PGA and 
its modified version mPGA for linear SDOF system with w0 = 2p and z= 5%,

limit state Dlsdof =35 cm.
_
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Estimated PDF for ns = 500 samples of PGA (left panel) and mPGA (right panel).

Probability density function estimates

IMPROVING DEPENDENCE BY mIM
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COMPLEX LINEAR/NONLINEAR MDOF SYSTEM:
NORCIA SCHOOL MODEL

Calibrated model

T1 = 0,34 s, f1 = 2,86 Hz 

T2 = 0,28 s, f2 = 3,46 Hz

T3 = 0,26 s, f3 = 3,74 Hz

T4 = 0,11 s, f4 = 8,43 Hz

T8 = 0,09 s, f8 = 11,09 Hz

1st modal shape

2nd modal shape

3rd modal shape

4th modal shape

8th modal shape

3D numerical FE Model 
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Scheme of the monitoring system of Norcia school

building (Italian National Seismic Observatory)Acceleration time history AC01-1 recorder in

Norcia on October 30th, 2016 (m=6.5 and r=5 km)

(top); simulated sample of the non-stationary

process Z(t) (bottom)
Non-stationary uniformly modulated stochastic process

Grigoriu, M., Ruiz, S. E., Rosenblueth, E., 1988. The Mexico earthquake of September 19, 1985—Nonstationary models of seismic 

ground acceleration.Earthquake Spectra, 4(3), 551–568.

NON-STATIONARY SIMULATION: 
MODEL FOR STOCHASTIC PROCESS
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FRAGILITIES WITH IMS

•Fragility curves

•ns=500 independent

samples of

stochastic processes

•Displacement response

in x and y-direction by

linear analysis

Analysis scheme
Node 9 - Ddx

limit state 2 cm

Node 9 - Ddy
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DEPENDENCE WITH IMS

Small variance 

D | IM 
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Fragilities is steeper

when changing from 

zero to one
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DEPENDENCE WITH IMS

Small variance 

D | IM 

Fragilities is steeper

when changing from 

zero to one
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direction!REC 2021



DEPENDENCE WITH mIMS
Analysis scheme

• considering  the most widespread IMs in PBEE,

i.e. PGA and Sa(T1)

•Improving dependence with the definition of the

mPGA and mSa(T1)

•m=12 demand parameters of interest

in fragility analysis in both x e y-

directions

• linear behaviour for FEM analysis

Node 9 - Ddy
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DISTANCE FROM BEST CORRELATION VERSUS
AVERAGE DISTANCE

Node 9 - Ddy

Average distances match 

the distances from the 

best correlation
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DISTANCE FROM BEST CORRELATION VERSUS
AVERAGE DISTANCE

Node 9 - Ddy
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FRAGILITIES WITH mIMS
Analysis scheme

• considering  the most widespread IMs

in PBEE, i.e. PGA and Sa(T1)

•Improving dependence with the

definition of the mPGA and mSa(T1)

•m=12 demand parameters of interest

in fragility analysis in both x e y-

directions

• linear behaviour for FEM analysis
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Node 9 - Ddy

limit state 2 cmREC 2021



CONCLUSION
IN PERFORMANCE-BASED EARTHQUAKE ENGINEERING THE SEISMIC FRAGILITIES ARE COMMONLY ESTIMATED BY

USING WIDESPREAD IMS, I.E. PGA AND Sa(T1), 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.

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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