Simplified Approaches for the Risk Assessment
of Non-Ductile Infilled RC Structures
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Motivation

Can we reduce the computational burden associated with time-consuming non-linear
time— history procedures?
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How to eliminate bias in the structural response to the excessive scaling of ground-
motion records in incremental dynamic analysis?
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lllustration of the trend between the residual, €, and the ground motion scale factor, SF,
required to induce collapse for SDOF systems with low, moderate
and high periods of vibration obtained from IDA.
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Motivation

Do current risk classification schemes communicate uniform risk estimates? \What is the
metric to be adopted for risk classification schemes of existing structures?

Life-Safety Index (SI-LS), PGA/PGA,
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Non-uniformity of risk for SDOFs for both medium (solid lines) and high (dashed lines)
ductility classes versus periods of oscillation, T, and strength modification factor,
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Motivation

Do current risk classification schemes communicate uniform risk estimates? \What is the
metric to be adopted for risk classification schemes of existing structures?
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Comparison of the median intensity and MAFE value estimated from SPOZ2IDA versus
detailed analysis for both medium (green) and high (red) ductility classes
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Development of a database for infilled RC
archetype building numerical models

A.M.B, Nafeh, O'Reilly, G.J.,Unbiased simplified seismic fragility estimation of non-ductile
infilled RC structures, Soil Dynamics and Earthquake Engineering, Volume 157, 2022,
107253, ISSN 0267-7261, httos.//doi.org/10.1016/].s0ildyn.2022.107258.
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Identification of Design Space

Archetype Design Construction Design Methodology Design Considerations
Consideration Era

Gravity-Load Design  Pre-1970s Gravity Loads + Allowable * Frames spanning in one direction
(GLD) Stress Method (Royal + Smooth rebars with low yield strength (Ag42, (04 s = 140
Decree 2229/39) MPa)

+ Concrete with low compressive strength (0 . = 5 MPa)

» Poor transverse detailing and low shear reinforcement
ratios

* Inadequate detailing of beam-column joints

Sub-Standard 1970s-1980s Equivalent Lateral Force * Frames spanning in one (or both) directions
Design (SSD) Method + Allowable Stress  + Deformed rebars with moderate yield strengths (FeB44Kk,
Method (L. 1086/71, DM Oals = 260 MPa)
40/1975, DM 108/1986) + Concrete with moderate compressive strength (Og . = 7.5
MPa)

* No consideration for ductile detailing

High Seismic Design 1990s (Before ~ Response Spectrum * Frames spanning in both directions

(HSD) EC8 & Analysis » Deformed rebars with high yield strength (o = 430 MPa)
Capacity-Based » Concrete with high compressive strength (o = 25 MPa)
Design) * No mandatory capacity-based design or seismic detailing
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Identification of Key Building Characteristics
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(left) Evolution of the Italian built environment; Percentage of dwellings disaggregated
per surface area (right) and per total number of floors (center) [Extracted from ISTAT]
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Database of Archetype Buildings

Identification of Key Architectural Considerations

* Expert architectural judgement (i.e. consultation with
practitioners and review of past guidelines)

» Geometric configuration and architectural features
selected to reflect the function and form of the Italian
design space over different building periods, for
example:

» Narrow hallways and corridors in dwellings, e 4}:.,:4,.,#,7 4;#,L,W = 7,JH';},7,4 N
generally 150 cm wide | ‘ _" i — ‘ — i

* Adjacent kitchens and bathrooms i ‘ ‘ i ‘ i

» Plumbing fixtures (e.g. bathtubs, sinks and bidets) | | |
installed based on optimized space allocation | “ | | “ |

» Adequate separation of the day and night living { = 7 Tk H
spaces i | ¢« 0 1‘ il

- Windows with widths in multiples of 45 or 60 cm [E] N — ~ J H]

+ Staircase width not exceeding 3 m (i.e. wide | | O a ‘ |
enough to allow the passage of two people) and O Q] |
landings depth not exceeding 1.3 m A —t =1 f—l t@qﬂizmﬂ —

* Double-leaf masonry infills for thermal and acoustic G . 25

insulation and fire-retarding
* 24 cm infill panels for perimeter walls of the facade

« 30 cm infill panels for the separation of dwellings
and encasing of the staircase

* 80 mm single-leaf masonry infills for Internal

partitioning and compartmentalization of the living
space.
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Database of Archetype Buildings
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Identification of Key Architectural Considerations
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Numerical Modelling of Archetype Buildings (Beam-Column Elements)

« “forceBeamColumn” elements with a
vm(-’fjsm ) finite plastic hinge length.
Hinge g
Elastic _/!
R apdis T * “Pinching4”  hysteretic  material
S e model based on the force-
A deformation relationships for non-
B oot conforming structures

Proposed beam-column element modelling that consists
of a lumped hinge beam- column element to describe the
flexural behaviour of the member together in series with an

aggregated shear hinge that allows for the uncoupled shear
response of the member to be accounted for.

»  Verderame GM, Ricci P, De Risi MT, Del Gaudio C. Experimental Assessment and Numerical Modelling of Conforming and Non-Conforming RC Frames with and without Infills. J Earthq Eng 2019.

«  O'Reilly GJ, Sullivan TJ. Modeling Techniques for the Seismic Assessment of the Existing ltalian RC Frame Structures. J Earthq Eng 2017:1-35.
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Numerical Modelling of Archetype Buildings (Beam-Column Joints)

« zero-length  elements using a
“Hysteretic” model elements to
capture both flexural and axial
lbehaviour

4 _ | < Rigid-links offsets and lumped
o odo—o =l ) T N rotational spring for the shear
deformation of the joint region

ON
Rotatsonal Spring
= Rigid Lok
= Beam-Column Element
* Lumped Hinge

2 - .
 Limit states determined through
Proposed model layout for interior and exterior beam-column exper mental ObSGI’V&tIOﬂS,
Joints using rotational springs linking the vertical and exp ressed as a function of the

«  O'Reilly GJ, Sullivan TJ. Modeling Techniques for the Seismic Assessment of the Existing Italian RC Frame Structures. J Earthq Eng 2017:1-35.
» De Risi MT, Verderame GM. Experimental assessment and numerical modelling of exterior non- conforming beam-column joints with plain bars. Eng Struct 2017.
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Numerical Modelling of Archetype Buildings (Masonry Infills)

* In-plane behaviour modelled using
the equivalent strut approach

Storey Height

Bay Width

s A

« Compression-only single/double
strut models

3 r

Force

Compression-only
strut representing -’_Displa S
. g . CC!
infill behaviour

* Further improvements foresee the
inclusion of an IP-OOP interaction
modelling

Various equivalent diagonal strut modelling approaches

O’Reilly GJ, Sullivan TJ. Modeling Techniques for the Seismic Assessment of the Existing Italian RC Frame Structures. J Earthq Eng 2017:1-35.

Hak S, Morandi P, Magenes G, Sullivan TJ. Damage control for clay masonry infills in the design of RC frame structures. J Earthq Eng 2012;16:1

Crisafulli, F. J., Carr, A. J., Park, R. [2000] “Analytical Modelling of Infilled Frame Structures - A General Review,” Bulletin of the New Zealand Society for Earthquake Engineering, Vol. 33, No.1, pp.
30-47.

Milanesi, R. R., Morandi, P., Hak, S., & Magenes, G. (2021). Experiment-based out-of-plane resistance of strong masonry infills for codified applications. Engineering Structures, 242, 112525.

Morandi, P., Hak, S., Milanesi, R. R., & Magenes, G. (2022). In-plane/out-of-plane interaction of strong masonry infills: From cyclic tests to out-of-plane verifications. Earthquake Engineering &
Structural Dynamics, 51(3), 648-672.
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Numerical Modelling of Archetype Buildings
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Database of Archetype Buildings

Conclusions

» Database of 315 representative archetype three-dimensional building numerical
models in OpenSees (.tcl) was developed while OpenSeesPy is still under progress.
* Typologies: Bare, Infilled, Pilotis RC Buildings
» Stories: 2, 3, 4, 5 and 6 Storey Buildings

» Repository contains also: Master files for running static (SPO) and cyclic (CPO)
pushover analyses, incremental dynamic analysis (IDA) and multiple-stripe analysis
(MSA)

* The database is available for download:

ﬁ‘i TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Response estimation tool (RE

) for the seismic

assessment of infilled RC buildings

A.M.B, Nafeh, O'Reilly, G.dJ., Unbiased simplified seismic fragility estimation of non-ductile
infilled RC structures, Soil Dynamics and Earthquake Engineering, Volume 157, 2022,

1072583, ISSN 0267-7261,
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Development
Step 1 ~N Step 2 ~N (—| Step 3 I ~N

Unscaled Record Selection Normalise Static & Dynamic
Response
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Step 1(a): Characterisation and generation of representative equivalent SDOF (eSDofF)

systems

Base Shear, Vb
Infill Contribution
Infilled Frame

===23== with Mechanism
N

IRE)
00

Infilled RC Frame Bare RC Frame

with Mechanism /

w/ Mechanism

2,

- ——'\6 Infilled RC Frame
LN,

Force F* [kN]

A population of case study frames were
considered for the characterization of
infilled RC frames behaviour

A suitable  backbone  definition,
expressed in terms of base shear (V) -
top deformation (A") was considered

Correlation-controlled Latin Hypercube
sampling for the generation of random
variables (i.e. backbone parameters) or
random variables

Generation of eSDoF oscillators for the
development of empirical strength-
capacity relationships

* Nafeh AMB, O’Reilly GJ, Monteiro R. Simplified seismic assessment of infilled RC frame

structures. Bull Earthq Eng 2020;18(4):15679-611. https.//doi.org/10.1007/ s10518-019-
00758-2.
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Simplified Response Estimation

Step 1(b): Characterisation and generation of representative equivalent SDOF (eSDoF)
systems

Ductility, » For each sampled eSDoF, normalize the
i Hills My Hhui base shear (V) and top deformation

fted e witn | 1| | (A) to obtain the static strength ratio
e | | » (R) and ductility demand (u)
k’\ Vb’}; —_ﬁ__ _JI-____TI _________ +____ ] g * *
5 :ResiduaZI I = _ Vb . . A
Q {Plateau | I uq = < U —
% je—> | > by Ay
0] *
§ Vi’ fofomdeorat e S S - bR, B
S A I -
AN = where V,, and V,, ,, are the base shear
S I S S and yield nominal force of the SDOF
Ay AhAs Arp Ault

system, respectively, and A* and 4}, are

T D 1 t A % ' '
op Lisplacement, the corresponding displacement values
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Step 2: Perform cloud analysis on the representative set of ESDOF for the
characterization of IM-EDP relationship

« Select a suitable set of unscaled ground
\ motions to develop demand-intensity
models

« Stratified selection of records was
adopted to cover the entire range of
structural response (EDP) where
magnitude-distance bins are defined
and n records were selected

« Cloud analysis was performed on each
SDOF system and the IM (Sa,,,) and
the structural response (A") was logged
for each case

/ Spectral Acceleration, Sa(T ) [g]
3 £ 3 5 3
2 |l

| \

» Jalayer F, Ebrahimian H, Miano A, Manfredi G, Sezen H. Analytical fragility assessment using unscaled ground motion records. Earthq Eng Struct Dynam 2017; 46(15):2639-63.
https://doi.org/10.1002/eqe.2922.

» Esteghamati MZ, Huang Q. An efficient stratified-based ground motion selection for cloud analysis. In: 13th International Conference on applications of statistics and probability in civil engineering.
Seoul, South Korea: ICASP 2019; 2019.

e TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Step 3(a): Normalise the obtained deformation and IM levels following cloud analyses

10!

« Normalise the deformation and
intensity measure values obtained
following cloud analyses, to determine
the dynamic strength ratio (o) and
ductility demand (u)

10°

Strength Ratio, p [-]

107! 10° 10’

Ductility, p [-] _ Saavg

p =

S a,

4Ly Vpy |
T*2g  m*g’

Strength Ratio, g |
ra

0 5 10 15
Ductility, g [+]
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Step 3(b): Two-step regression analyses on non-collapse cases

A Dbilinear demand-intensity model is
adopted which combines two linear
models (i.e. elastic region and inelastic
response)

u < 1,pnc = exp(In(p) + by)
u>1,pnc = exp(az In(p) + by)

 Two-step regression to relate the
parameters of the fitted demand-
intensity model (a», by) to the pushover
response (1™, base shear coefficient at
yield and residual strength, ductility at

Strength Ratio, p [-]

residual strength and softening)
. e e rer Ell.clili.ly.:;t [-]
_o;z:- Y _ a, = 0. 704(V )0.1595_0.239;
BER Ao by/
0BT ..."'. bzvs.(V;m/w*)*A; ) W*
031 " : b, trend "1 0.0473
R A S a— _ Vb rp
Vi IWEA b, = 1.813 (Urp Us) —1.98

« TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Step 3(b): Two-step regression analyses on non-collapse cases

 The dispersion associated to pyc ,
denoted fByc, refers to the standard
deviation of the cloud data of the
regressed demand-capacity model

* Bnc considers the record-to-record
variability in the cloud analysis only

* Bnc = 0.27 was considered referring to
the most frequently observed value of
all cases

0.2 022 024 0.26 0.28 03 032 0.34
Iy
Daspersion, el *]

ﬁ\ TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures

' Scuola Universitaria Superiore Pavia Al M Ouayed Bel | ah N afeh



ROSE Online Seminar

Simplified Response Estimation

12th October 2022

Step 3(c): Two-step regression analyses on collapse cases

« A mathematical expression for the
characterization of the median dynamic
strength ratio was determined

pc = —1.62c + 3.32

@)}

~

Median Strength Ratio at Collapse, p, -]

|9
&

N
|

Strength Ratio, g |

» A two-step regression was carried out to
relate the parameters of the fitted
demand-intensity model to the pushover
response (i.e. base shear coefficient at
yield and residual strength, ductilities at
residual strength, softening and ultimate)

vy —
c=11- ( b:‘p) (/irp #s)
Vb,y Kyt

Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Simplified Response Estimation

Step 3(c): Two-step regression analyses on collapse cases

 The dispersion associated to p. ,
5 _ denoted ., refers to the standard
il deviation of the cloud data of the
regressed demand-capacity model

—_

o
Ne)
T

®

o o
~ oo
L

]

®

o
o

* [ considers the record-to-record
variability in the cloud analysis only

N
~

B = 0.38 was considered referring to
the best fit value  observed
corresponding to the trend with respect
to the median collapse intensities

o
Y]

Dispersion at Collapse , 3 _ [-]
S
W

o
o

=]
—_

en]

2 2.5 3 35 4
Median Strength Ratio at Collapse, p_ [-]

_
n
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\Validation of results on SDOF oscillators

2 = 0.5
w18} 045 |
g °
0 16 Overestimates 04F Overestimates
SN .
“ 14} ° “ 035
> o g
= 12F = 2 03
g P 2
2 1 E e 5 0.25
g ‘ 3
3 08 F % 0.2
s E
= 06k Y 2 ‘2 0.15
g “ =
g 04 F Underestimates 0.1 Underestimates
= / o Non-Collapse o Non-Collapse
@ 02F o Collapse 0.05 o Collapse
0 1 1 L 0 3 1 1 1
0 0.5 1 1.5 2 0 0.1 02 03 04 0.5

Actual Median Intensity, Salm, [in g] Actual Dispersion, (3

Comparison of the estimated (using proposed simplified approach) vs actual
(using cloud analysis) median intensities corresponding to the non-collapsing
performance limit of 1.0% top drift and collapse given in terms of Sagq
and their respective dispersions.
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Application of the Response Estimation Tool
Mode 1 T=0.206s f=4.854sHz %M=38.9

a. Build a sufficiently detailed numerical model of K‘(]&

the structure under consideration that

accounts for all possible inelastic mechanisms 1500 g . . .
and potential failure modes expected in the \ ———— Static Pushover Curve - MDOF
structure; I e Al Lines

B N Sohening.

b. Perform an eigenvalue analysis to extract the g ooy Seength Degradation
first-mode shape ordinates @, and identify the ~ »* \ — B s e e SOL
seismic mass m, at each floor level /. 5 \

-=
w2
2wl N

c. Perform a non-linear static pushover analysis = G
in both principal directions of the MDOF n A e
structure to obtain the base shear versus roof e (8 N
displacement data, F and 4, respectively. o , A B it S

0 0.05 0.1 0.15 0.2
Roof Displacement, Ar/ [m]

d. Fit a multi-linear backbone model to the [T
MDOF’s non-linear static pushover curves in
both directions, which adequately captures the

onset and end-point of each response branch
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Application of the Response Estimation Tool

e. ldentify the LS criteria to be checked from
either code-based demand thresholds, or
other ad- hoc definitions, and mark them on
both pushover curves.

(]
e

16th Percentile |
Median
84th Percentile | |

p—
oo
T

eeslE

—
(=)}
T

f.  Using the response evaluation tool, the
seismic demand-intensity model is calculated
for the structure’s equivalent SDOF in both
directions. It is expressed in terms of a
dynamic strength ratio, o, and global ductility,
u. the corresponding median intensity of the
MDOF system is then determined as such:

o
(3]
T

—
—_ =N
T

Average Spectral Acceleration, Sa
=}
oo

— 0 1 1 L
Sagpg = pSayl’ 0 0.02 0.04 0.06 0.08 0.1
Roof Displacement, Ar [m]
e 2 m;®;
- 2
2 m;®;
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Example Application

po 00, S, 20, S 200, 50, « Design Method: Allowable Stress Method
| | | | | | (Pre-1970s)

| ] | | ] |
| | [ | |

* Column Section: 20x20 cm

| T@ %i | 1” E % | » Column Reinforcement Ratio: 0.89%

- | |
< | I E—_—— =t |
i ,i# [ ”‘, ,“ I *, » Beam Section: 50x30 cm
ooy b« Beam Longitudinal Reinforcement Ratio: 0.21-
N v N S === 7 ET
= (- g [ESEE| 0 | 0.31%
| - =0 — | ,
N S =« Beam Transverse Reinforcement: @6 @ 150-
200 mm
%
(ﬂ'}"%}'ﬁ\\\f‘in \ » Concrete Allowable Stress: 5 MPa
; \‘OA"\M‘\!@"«;‘» A
£ }\«h'ﬁ M%l%‘§'¢3‘é‘wz<l'ﬂl?‘$lﬁ% » Steel Rebars Allowable Stress: 140 MPa (Type
IR e
0 A S 16
10 o

A
) >/
/X

A\

A
‘ \‘l?
‘;\{v
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Example Application
1500 ’ 1500
Static Pushover Curve - MDOF Static Pushover Curve - MDOF
, — @— Multi-Linear Fit = @— Multi-Linear Fit

Elastic Elastic
Hardening Hardening
Softening Softening

z‘ Residual Plateau E‘ Residual Plateau

1000 Strength Degradation < 1000 Strength Degradation

o — [l Static Pushover Curve - SDOF - — [l Static Pushover Curve - SDOF

- -

— -

< <

O 5}

= =

7] 7]

Q Q

12 12

< 500 < 500

m [a]

0 i 1 L L i . . 1 0 ‘ L 1 1
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2

Roof Displacément, Ar [m] Roof Displacement, Ar [m]

Non-linear static pushover curves for the X-direction (left) and Y-direction (right)
showing base shear and the roof displacement and the

multi-linear fits to compute the equivalent SDOF properties
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Example Application

Mass, m; First-Mode Effective Mass, Transformation | Period, T* Yield
[Tonnes] Shape O, [-] m”* Factor, I [-] [s] Spectral
Acceleration,
Sa, [g]
0 (base) - -
1 215 (215) 0.58 (0.57) 340.64 (338.49) 1.18 (1.16) 0.33 (0.24) 0.37 (0.63)

2 (roof) 215 (215) 1.00 (1.00)

Eigenvalue analysis and the equivalent SDOF parameters in the two
principal directions X and Y, where the latter values are
denoted by the parentheses
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Example Application
2 T T 1
a | | l
L s s 16th Percentile | 4 L LS1
1.8 09
T | | Median LS2
Bg 16 F i i 84th Percentile | | . 08 Collapse | |
A
- " " o
o
.g ) | _§ 0.7
& . . )
< l | 3 06
3t | | %0 5
< . . S
é | | E 04 F
<
2 ! '§ 03
% S|
g -
Z 01}
1 : O | L 1 L
0 0.02 0.04 0.06 0.08 0.1 0 05 1 1.5 2
Roof Displacement, Ar [m] Average Spectral Acceleration, Saavg [g]

(left) Demand-capacity curves obtained using the response evaluation tool, illustrating
the median response and quantiles (161 , 84t ) corresponding to the estimated average
spectral acceleration intensity against the roof displacement of the MDOF system,
(right) fragility curves corresponding to the two LSs. Solid and dashed lines denote
the X and Y directions, respectively. Vertical lines correspond to the limit-state thresholds

ﬁ\ TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures

' Scuola Universitaria Superiore Pavia Al M Ouayed Bel | ah N afeh



ROSE Online Seminar
12th October 2022

Simplified Response Estimation

Example Application

S}
e

16th Percentile |
Median
84th Percentile | |

—
o
T

o
T

—
— [§) 3
T T T

et
o
- — ——— — — —

._
K

g
o

Average Spectral Acceleration, Sauvg [g]
e
'S

0 0.02 0.04 0.06 0.08 0.1
Roof Displacement, Ar [m]

[=]
[

o

* gaavglNC,X,LSl(D>0.01m) = Pnecxs1Say xIx = (0.71)(0.37g)(1.18) = 0.31g
* gaavglNC,X,LSZ(D>0.01m) = PncxLs2Say xIx = (1.05)(0.37g)(1.18) = 0.46g9
* Bnc = 0.27
* Saavgicx = Pexis1SayxTy = (1.72)(0.379)(1.18) = 0.75¢g
* Saavgicy = Peyis25ayxTy = (0.99)(0.37g)(1.16) = 0.72g
* B = 0.38
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Validation of results on case study building population

o
W
f—
n

Tool Overestimates Tool Overestimates

[—
T
—

T

o
in
o
in

Tool Underestimates Tool Underestimates

e L'Aquila
¢ Napoli

b L'Aquila
¢ Napoli

Median Collapse Intensity - Predicted, Sauvg [g]

Median Collapse Intensity - Predicted, Sauvg [g]

(=}
S

05 1 15 05 1 1.5
Median Collapse Intensity - Analysis, Sam‘,g [g] Median Collapse Intensity - Analysis, Sam_'g [g]

)
o

Comparison of the median collapse intensity obtained from traditional analysis (MSA)
considering the case study sites and the estimated intensities from the response
evaluation tool (left: GLD, right: SSD).
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Conclusions

» A simplified seismic assessment approach based on non-linear static analysis (i.e.
pushover) to estimate the capacity of non-ductile infilled RC frame buildings has been
presented and built into a simplified tool, providing ease of applicability for future users

* The cloud analysis performed in the development phase of the proposed approach
addresses the issue of potentially biased response predictions introduced through high
ground motion scaling factors and poor choice of intensity measure encountered when
following existing methods

» The capability of the tool in accurately quantifying the collapse capacity renders it a
potential improvement to be implemented in risk classification guidelines such as
Sismabonus in Italy, specifically for the infilled RC typology

* The tool is available for download in spreadsheet format:

ﬁ\ TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Simplified seismic risk estimation of infilled RC
frame buildings for code-based applications

A.M.B, Nafeh, O'Reilly, G.J., Simplified pushover-based seismic risk assessment
methodology for existing infilled RC frame structures, Bulletin of Earthquake Engineering,
2022 (Under Review)

A.M.B, Nafeh, O'Reilly, G.J., Simplified Seismic risk assessment of infilled RC frame
buildings, Proceedings of the 3@ European Conference on Earthquake Engineering and
Seismology, 2022, Bucharest, Romania.
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Hazard Vulnerability

, \lr — . * A relatively fast and simple method (PB-
SRS N Risk) for the seismic risk estimation of

J, (_H non-ductile infilled RC structures

( By & 3\
Select Hazard Model Perform Eigenvalue Perform Pushover
(e.g. ESHM2013, ESHM 2020) /Analysis (get first-mode| | Analysis (get force-
@ < shape) displacement curve) , . \ . .
| * Integration of high-fidelity mathematical

Select Site Characteristics

_ expression and statistical models for the
(e Motietal. 2L20) T characterisation of hazard and
J7 Code-Based Limit vu | nerab”ity

States

-
Perform Probabilistic Seismic Hazard
Assessment
(e.g. using OpenQuake)

Jz .  Intensity-based closed-form  solution
[ Get Mean Hazard Curve . Annual Ji (Vamvatsikos, 2013) to the risk integral

Measure Value)

Rates of Exceedance vs Intensity . . . .
for the derivation of risk expressed in

} Use the Response Evaluation terms of the mean annual frequency of
@ R Tool
Perform Second-Order Approximation (8)‘0 exceed an Ce
(Equation 1) Get Seismic Intensities for each
(get ko, ki, ky coefficients) Limit-State
4
W
Use Closed Form Expression
(Equation 2)
&
Get MAF corresponding to each Limit-State
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Hazard Vulnerability

) y , . Hazard
Create Numerical Model
Select Site or
L R Select from Existing Database )
— J’ — Pﬁmmh 1. Perform probabilistic seismic hazard
| (o ESHM2013,ESHM2020) | | Analysis ;g:;gst-mod% [gg;g;g (getprce. assessment at the location of interest
| ; ’ and get mean hazard curves

Select Site Characteristics

(o0, Morl et & 2020) 2. Fit second-order polynomial to mean
) I ’ Define the Relevant hazard and obtain fit coefficients (ko,

Code-Based Limit

States k1 , k2)

-
Perform Probabilistic Seismic Hazard
Assessment
(e.g. using OpenQuake)

| H(s) = kg exp[—k,In?(s) — k;In(s)]
B Ji (Eq. 1)

Measure Value)

J; Use the Response Evaluation . . s
[ Bariorm SecondOrder Approsimation. | Teo where H(s) is the hazard function and s is a
etk k. kpcooiints) | cetseimi nerstes orencn)  given intensity measure value. Ko, k1and Kz

p— ; are positive real numbers describing the

curvature and amplitude of the hazard
Use Closed Form Expression CU/’V e fl t
(Equation 2)
Get MAF correspondﬁ';g to each Limit-State
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Hazard Vulnerability

( ) Create Numerical Model ) \/U/nerablllty
Select Site or . .
) 1. Build numerical model
' ! N (T v 2. Perform eigenvalue analysis and get

Select from Existing Database
Select Hazard Model Perform Eigenvalue Perform Pushover

(e.g. ESHM2013, ESHM 2020) | | [Analysis (get first-mode | Analysis (get force- the first-mode shape ordinate (®;) and

@ < shape) displacement curve))

}

Select Site Characteristics
(e.g. Mori et al. 2020)

mass (m;) at floor i

3. Perform pushover analysis and get

J, g Define the Relevant the nominal base shear force and roof
Code-Based Limit .
( Perform Probabilistic Seismic Hazard Slies dlsplacement Curve (F-A)
Assessment . .
| (eg.usingOpenQuake) | 4. Multilinearise the F-A curve
- J7 . < 5. Define the code-based limit-states
Get Mean Hazard Curve (i.e. Annual
Retes of Excosdance ve sty Ji and annotate on the pushover curve
_ A
l Use the Resmonse Evaiiaion ] O+ USE the response estimation tool to
porom Second rderAproimatn | by estimate the median seismic
(getKs, Ty s comRctaits) I S e~ e intensities and the associated
w_/ dispersions
Use Closed Form Expression
(Equation 2)
Get MAF correspondﬁ';g to each Limit-State
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Hazard Vulnerability . . .
) N , . Seismic Risk
Create Numerical Model
Select Site or
L AR Select from Existing Database )
} N — ALs = [H(S.)]Pex 1-—
( Select Hazard Model Perform Eigenvalue Perform Pushover ) LS \/—ko ( C) p [ ( p)] (
(e.g. ESHM2013, ESHM 2020) /Analysis (get first-mode| | Analysis (get force- 2)
@ L shape) displacement curve))
, . |
Select Site Ch teristi
o | P = 1 (EG-9)
Define the Relevant
J7 Code-Based Limit
( Perform Probabilistic Seismic Hazard i
Assessment where 3 corresponds to the record-to-record
. 1""’"Q”a"e) J variability. B = 0.27 for non-collapse limit-states
and 0.38 for the collapse limit-state and H(S,)
I N .
GelMeanhizzant carveille A represents the annual rate of the median
ates of Exceedance vs Intensity ) ) ) ) .
L Measure Value) ) intensity measure required to attain a particular
J; Use the Response Evaluation dem an d_b ased / eve/
( Perform Second-Order Approximation il TZOI
(Equation 1) Get Seismic Intensities for each
(get kg, kq, ko coefficients) ’ Limit-State
Use Closed Form Expression
(Equation 2)
&
Get MAF corresponding to each Limit-State
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Example Application (Cont’d)

10-1E —

102 3

Hazard, H
S S S
[} N )
1 1 1

—_
<
(=2
L]

e \can Hazard Curve
Fitted Approximation

10.7 M M M |
102 107!

10°

Average Spectral Acceleration, Saavg

10"

Mean hazard curve and fitted second-order polynomial for a site in Napoli, ltaly.
The coefficients were found through a least-squares regression to be kO=1.42e-04, k1=3.50 and k2=0.49
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Example Application

H(Saapg151) = koexp[—kyn?(Sagyg 1s1) — k1 In(Sagpgrs1) = (1.04E — 04)exp[—0.49In?(0.31) — 3.50In(0.31)

= 0.044
1 1

"1+ 2kf2, 1+ 2(0.49)(0.27)2

e k? 3.502

Ars1 = vPko P[H(SAavgis1)] 2exp [ﬁ (1- p)T= v0.93(1.42E — 04) 17993[0.0044]°%3exp 100.49) (1-0.93)
2 .

= 0.0051

p = 0.93

Direction As

LST 0.31 0.0044 0.27 0.934 0.0051 195

X LS2 0.46 0.0016 0.27 0.934 0.0020 499
Collapse 0.73 3.74e-04 0.38 0.876 6.75e-04 1481

LS1 0.32 0.0044 0.27 0.934 0.0051 195

Y LS2 0.49 0.0013 0.27 0.934 0.0017 498
Collapse 0.75 3.91e-04 0.38 0.876 7.01e-04 1427

Summary of the simplified risk assessment results

ﬁ\ TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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Code-Based Application (Comparison with extensive NLTHA)

|dentification of code-based (i.e. NTC2018) limit states thresholds
Simplified risk assessment using PB-Risk

Extensive risk assessment using hazard-consistent records

Comparison of results in terms of median seismic intensities and dispersion
Comparison of results in terms of mean annual frequency of exceedance

- ® 0 0 T W

Comprehensive comparison with code-based non-linear static procedures (using a
set of 40 archetype buildings)
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a. Identification of limit-states thresholds

Limit-State Description lllustration

Structural and non-structural elements maintain

Stato Limite di Operativita | functionality without suffering damage and significant
‘Operational’ (SLO) interruption of usage. Moderate damage to infill panels

is foreseen at low levels of drift

Structural and non-structural elements suffer moderate
damage. Structure remains under immediate
occupancy without jeopardizing human life. The overall
capacity and stiffness of the structure is not
compromised Life Safety
Structure sustains heavy damage to its structural
elements resulting in a significant loss of lateral stiffness.
The structure retains its gravity load carrying capacity
with a margin of safety against collapse. Failure of non-
structural elements is a direct consequence of attaining A1
SLv St
Structural and non-structural elements suffer heavy
Stato Limite di damage. The structure maintains gravity-load carrying
prevenzione del Collasso | capacity with a slender margin of safety against
‘Collapse Prevention’ collapse due to the full exploitation of the strength and
(SLC) deformation capacity

Stato Limite di Danno
‘Damage Control’ (SLD)

Stato Limite di
salvaguardia della Vita
‘Life Safety’ (SLV)

Collapse
Prevention

ﬁ\ TUSS Simplified Risk Assessment Approaches for Non-Ductile Infilled RC Structures
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b. Simplified risk assessment using PB-Risk

1500 2 : T : v -
pu— \ Static Pushover Curve - MDOF T 18 F . . === == 16th Percentile | J
— @— Multi-Linear Fit — | | == == Median
ElaslicA %‘ 16 F A - we= w==  R4th Percentile
L S O ! ! !
= Residual Plat E 14
Z w00l oy Strength Degradation 2 I | I |
— — B Static Pushover Curve - SDOF S 12 H 1 : - .
S \ 5 [ [ | =
Vul bility < £ S i [Eee P
ulnerability < & \ $ Lo i i
% T osf - -t
2 soof LA 3 : BET - + : -
[=4] \ & 06r | /I///’ I’__-—-—'—'
s T BN .
-L \\ g‘) 04 F /i/ // L Y i I |
s Z 11 I I
Sl < o2r 4, - ; .
— —
0‘ ] B S | 0 | A | L | A |
0.05 0.1 0.15 02 0 0.02 0.04 0.06 0.08 0.1
Roof Displacement, A’ [m] Roof Displacement, Ar [m]
10"
[~ e Second-Order Approximation
102 e ik Coefficients
k
10° 2
=
Hazard = <. , Milano  2.20e-05  3.95 0.50
2
107 n
\ ] Napoli 2.09e-05 3.20 0.43
10 3
N :
— 5 L’Aquila 2.04e-05 2.92 0.29
10”7 . .
107 10" 10° 10!

Average Spectral Acceleration, Sa [g]
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c. Extensive risk assessment using hazard-consistent records

5000 -“n“.a o L : 5000 mc—oﬂ—o—o—o‘- . 0 —0 NI BBB——W—000——0—0—
4500 e v oe — = SLO| 4500 o v — == SLO| 4500_!! ” — - —-si0]
0l —.C.up 0l —.Z.p — =" SLD
4000 |2+ —oZISvVl 4 4000 f s Zooosvbd 000 i1 —-=—-SLV
- Il — T SIC - il —T— o sie _ TR ——-SLC
Z 3s00 bor Z 3s00 frr | = o .
S Il S Il ST
o e U [
£ 3000 [l 1] & 3000y E 3000
o Ll | = [ o = v
g 2500 (P |©© @ g 2500 [ YYBOO @O S O ® © ©90 ©° 2 2500 ]| PESSOS ® © @B ¢ o
5 g i 5 doi *ile | 5 T
§2m0'llll g2OOO‘IIII 2000 FI1 11
35 1500 FII- 1l 3 1500 (I 11 ] g -
& LR & S 100l 1
1000 i | | 1 100 inddesese © o 1 1000 esinlemee @ o
s00 g |1 1 500 . 500 °
- -4
0 | - : ) : 0&.. ) : : o 11 . | ] |
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Peak Interstory Drift [in %] Peak Interstory Drift [in %] Peak Interstory Drift [in %)
Milano Napoli L' Aquila

Multiple stripe analysis corresponding to nine return periods (22, 42, 72, 140, 224, 475,
975, 2475, 4975) and illustrating the structural response associated
with increasing levels of ground motion intensity
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d. Comparison of results in terms of median seismic intensities and dispersions

1 T T T T 0.4

09k I RET ——
' ] Milano 035F —
/1 Napoli ]
08 | C—vrAquil 1 ]

e
[¥)

o
)
Gh

Dispersion, 6LS
o
— =
(9} \e}

(=)
—_

0.05F

Average Spectral Acceleration, Saav o LS [g]

SLO SLD SLV SLC SLO SLD SLV SLC

Median Seismic Intensities (Sag,q 1s) Record-to-Record Variability (Bgtr)

Median seismic intensities and the associated record-to-record variability recorded at the
three selected locations corresponding to the code-based limit-states and evaluated
following NLTHA and the response evaluation tool (RET).
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d. Comparison of results in terms of median seismic intensities and dispersions
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L’ Aquila

Fragility functions recorded at the three selected locations corresponding
to the code-based limit-states and evaluated following NLTHA (solid lines)
and the response evaluation tool (dashed lines).
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e. Comparison of results in terms of mean annual frequency of exceedance
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Milano Napoli L’Aquila

Seismic risk estimates expressed in terms of the mean annual frequency of exceeding
the demand- based thresholds corresponding to each limit state evaluated using
detailed analysis and the proposed simplified method of assessment
for Milano, Napoli and L’Aquila.
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.  Comprehensive comparison (definition of case study buildings)
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.  Comprehensive comparison (median  « Consistent underestimation of the
intensities — capacity spectrum seismic intensity with respect to NLTHA

method)  Drawbacks of CSM:

» Relates the hysteretic energy
dissipation of an inelastic system with
an equivalent viscous damping model
in an equivalent linear system, for
highly inelastic systems

» Traditional equivalent viscous

o ¢ damping model was developed for
Q‘ ¢ bare RC frame structures
4 »|ncompatibility with infilled RC frame
@ ‘f'SM’“ S structures due to the inherent higher
, , damping in said typology

’ Spectral A?:feleration Sa(T 1) [g; - Analysis - > Non_Convergence and
underestimation of the actual seismic
demand (i.e. a higher intensity is

required to achieve a particular
demand threshold)

._.
n

CSM Opverestimates

p—
T

o
n

Spectral Acceleration Sa(T 1) [g] - CSM
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f.  Comprehensive Comparison (median + Consistent underestimation of the median
intensities — SPO2IDA) intensities with respect to NLTHA

* Drawbacks of SPO2IDA:

y »Fundamental difference in the behaviour

' | ' of framed structures of different
typologies

»For systems modelled without masonry
infills, first mode dominates the
response and a simple bilinear
hysteretic model is sufficient to capture
the structural behaviour until collapse

‘ “ »For systems modelled with masonry
51) At e infills, a period shift and a modification
| of the first mode behaviour is expected
: | due to the premature exhaustion of the
’ Spectral A?:feleration Sa(T 1) [g; - Analysis - masonry Infl” CapaClty

»Additional energy dissipation capacity
of the infill renders this simplified
method unable to accurately predict the
capacity

SPO2IDA Overestimates

05|

Spectral Acceleration Sa(T 1) [g] - SPO2IDA
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f.  Comprehensive Comparison (median < Significant scatter and inconsistency

intensities — displacement coefficient around the median intensities with respect
method) to NLTHA

* Drawbacks of DCM:

._.
n

¢ »Relies on several coefficient to account
* 51 for the general characteristics of the
DCM Overestimates @ ¢ ’ .
* ®eo structural typology (not necessarily the

p—
T

specific structural behaviour)

» Coefficients are determined for the
° expected displacement (elastic and
inelastic) ratio for a bilinear SDOF
systems, effects of the pinching in-load
deformation relationships due to
stiffness and strength degradation,
, , second-order geometric non-linearities
0 — " — G )[g; g 15 >Cpeﬁicients are calibrated for _SDOFs
! with non-evolutionary hysteretic
relationships
»FEMA guidelines highlight potential
errors for systems with T<0.4s

o
n

DCM Underestimates

Spectral Acceleration Sa(T 1) [g] - DCM
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. Comprehensive Comparison (median < A relatively good match and low scatter
intensities — N2 Method) at all lower LSs and underestimation at
higher LSs

» Drawbacks of N2 Method:
_ »Limitations in the R-u-T relationships
N2 Overestimates >Choice Of ||\/| (Sa(-|_1))

»Range of parameters defining the
ISR X *% o0 0‘ idealized pushover curve
° LA »In the medium and long period
® '~ ,?0‘ @ ranges, the assumptions made are
¢ o valid such as: the equal displacement
, rule, the reduction factor R, is
: N2 Underestimates - . .
e relatively constant for different sets of
. . accelerograms
0.5 1 1.5

Spectral Acceleration Sa(T ) [g] - Analysis >In the short periOd range, the
sensitivity of inelastic displacements
to changes of structural parameters
is greater, therefore estimates are
inaccurate

—
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f.  Comprehensive Comparison (median
intensities — PB-Risk)
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* A relatively good match and low scatter
across all LSs

* Benefits of PB-Risk:

»Adequate characterization of the
structural response using

representative infilled RC SDOF
oscillators

» The use of the average spectral
acceleration as opposed to the
spectral acceleration at the
fundamental period, accounting for
the period elongation effects and
reducing the record-to-record
variability

» The reduction of bias influencing the
structural response due to the scaling

of ground-motions with the adoption
of cloud analyses
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.  Comprehensive comparison (risk estimates) * Risk estimates of existing NSPs
exhibited similar
____slo SLD conservativeness with an
e overestimation of seismic risk
L= compared to the benchmark
é 10 _‘“"’ . ® Response Evaluation Tool :_% 10' ‘*‘: . -.. - 3 riSk ValueS from NTI—HA-
S Y < i, ';5:..‘ o PB-Risk demonstrated
'_f#. zl@' % ¢ "t‘:":' AT SR »” ‘k%.ﬁ consistent results and a higher
T A AR Ty 1"; BBt TS, e ee Tel e correlation to the same
0% %40 A Qﬂ# i
W, “m benchmark values.
. M o—_— Conservativeness is more
| i | e appgaﬂngforcawwng-out |
T T ' ' design and assessment studies
o A where safety margins are
1 ¢ ¢ o ¢
[odgte ¢4 ¢ K@ AV IVT R e
g 10 ".A A 1. ’;.'H" M:’ I" 10! :::‘AAAA A . #:. - W“:"n necessary .
5 _AA‘AA:A NCE g = R . ‘“AA Aus . " » Accuracy and consistency are
I e B Zﬁ.ﬁfﬁu% P % ~..,;(ﬂ‘u L arguably more desirable within
EEow, | :J',:ﬂd: P o -@«4-4;---- ;-::‘3'" M a broader financial 1oss
< oBEIR D> DR assessment setting, which the
A PB-Risk has been shown to
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Conclusions

« A methodology was presented for the simplified pushover-based seismic risk
assessment of non-ductile infilled RC frame buildings.

* The method relies on a second-order power-law fit for the characterisation of seismic
hazard

 The method a pushover-based response estimation tool for the fast evaluation of
empirical strength-ductility relationships to quantify their seismic vulnerability

 The method considers the SAC/FEMA closed-form expressions to estimate mean
annual frequency of limit-state exceedance for risk-based applications.

» The results of PB-Risk highlighted the reliability, consistency and reproducility rendering
it a potential improvement to be implemented in risk classification guidelines such as
Sismabonus in Italy, specifically for the infilled RC typology
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Current Research

Simplified approach for the l0ss assessment of existing
structures using generic storey-1oss functions
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Proposed Approach

Ground-Floor Infilled Ground-Floor Pilotis

(S

ot

——— » Generic set of storey-loss function for the
08 B 08 estimation of economic losses tailored

for infilled RC frame buildings

« Demand-based (i.e. storey drifts, peak
floor acceleration) calibration of the
expected loss ratios

123 4 5 e (Gonsideration of typical damageable
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Calibration of Simplified Approach

. Typical-Floor Infilled Roof-Floor Infilled Ground-Floor Pilotis
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Generic set of storey-loss functions for the simplified loss assessment of
infilled, pilotis and roof floor typologies considering typical damageable inventory
corresponding to the construction/architectural practice of the southern
Mediterranean infilled RC building stock

» Shahnazaryan D, O'Reilly GJ, Monteiro R. Story loss functions for seismic design and assessment: Development of tools and application. Earthquake Spectra.
2021;37(4):2813-2839. doi:
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Proposed Approach
* For each storey:
Typical-Floor Infilled 1. Determine the demands corresponding
1 T T T T to the limit-state of interest using the
RET

2. Depending on the floor typology,
interpolate the corresponding loss ratio
associated with drift and acceleration
sensitive components

3. Sum the losses associated to
damageable components at that
particular limit state

it
o0

>
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Lrisi = Lre-sci T Lro-nNsci T LrRPFA-NsC;i

S
S}

* The total loss is then determined as such:

0 1 2 3 4 5 TLRLSZZLRLS'
Engineering Demand Parameter : ,LS,i

Performance Group Loss Ratio [-]

-

« Calvi PM, Sullivan TJ. Estimating floor spectra in multiple degree of freedom systems. Earthq Struct. 2014,7(1):17-38.
»  Vukobratovic V, Fajfar P. A method for the direct estimation of floor acceleration spectra for elastic and inelastic MDOF structures. Earthq Eng Struct Dynam. 2016;45:2495-2511.
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Application to one-storey buildings
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Vulnerability curve (loss ratio versus intensity measure) corresponding to
single-storey pilotis floor typology (left); typical infilled floor (center); roof typology (right)
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Simplified Loss Assessment

Application to GLD case study structures

]
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2 9 ® DEAL
g : SISMABONUS
7 L Generalised SLF
8 @  Generalised SLF with fit
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Extensive Expected Annual Losses, EAL [%]

Simplified Expected Annual Losses, EAL .

extensive

Expected annual loss values corresponding to various simplified methods
(.e. DEAL, SISMABONUS, Generalised SLFs) in comparison with the extensive
component-based approach through PACT
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