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Foreword and organization of the report

This deliverable, which reportson the MATRIX researchdealing with time-dependent vulnerability
analysiscarried out as part of work package 4 (WP4) Time-dependent vulnerabilityA , is organized
in two parts (see table of contents focusing on different aspects of the topic. Such an organization
reflects the coordination of the research establisheavithin WP4 among the partners most involved in
task 4.1.1t was decided that BRGM and AMRW&ill address methodologies and tools for seismic time
dependent vulnerability analysis, statedependent fragility and damage accumulationwhile tackling
complementary issues in arinformed manner, yet independenty. In this way the effort is optimized
such that contributions delivered to the projectare maximized, as desired in the DOW.

The first part of the report, produced byBRGM, investigates damagstate (DS) dependent fragility
functions that are one of the components of existing timeependent seismic risk assessment
methodologies. The present work prposes an alternative methodology based on (i) the application of
a large number of ground motions (GM) to the undamaged structure in order to have a representative
sample of structures in every DS level, and (ii)the innovative statistical treatment of reaults for
deriving fragility functions. (i) Approximately 1600 different combinations of one to eleven GM are
applied to a single degree of freedom (SDoF) single story and single bay frame, wéhd without
including the effects of mechanical degradation deito hysteretic degradation. For every DS level, this
enabled us to haveat least 200 structures with different local damage configurations, in particular
different residual drifts (3 ), that will be hit by a final GM of Intensity Measure IM. (ii) Two stigstical
techniques are then applied to the results in order to deduce the Bfpendent fragility functions: the
maximum likelihood method and a newl" modified regressionA technique. The first option uses the
discrete outcomes in terms of DS, which may bealculated based on different engineering demand
parameters (e.g., the maximum transient drife- ). The second option is based on correlating the
maximum transient additional drift (3 3 to the IM of the ground motion. The influence of the
initial drift 3 is then eliminated by estimating the distribution of initial residual drifts for each initial

DS. This correlates- directly to IM, which enables the derivation of DSlependent fragiity
functions, as shown by the illustrative application.

The second partdeveloped by AMRA, investigatethe probabilistic modeling of damage accumulation.
The study necessarily starts from different statedependent fragility curves in the state-of-the art
approach. It is here applied to determinedly simple structure, that is, a nesoftening bilinear SDoF
system, which can be considered as the generalized behavior for a large variety of engineering
structures. It is shown how its nonrevolutionary properties allow to drastically reduced the number of
necessary analyses to derive D&8ependent fragility curves. Moreover, in this context integration of
state-dependent fragility with hazard allows to compute the probability the structure worsen its
conditions in Markovian process framework if some common hypotheses on the earthquake stationary
occurrence are retained. However, to be able to predict the seismic reliability of the structure in the
life-cycle damage accumulation has to be explicitly modeled asandom variable which starts from
the initial seismic capacity and reduces over time. To this aim, it is shown how, for the analyzed SDoF,
it is possible to model seismic effect in terms of reduction of the seismic structural capacity due to
earthquake ocarrence, that is, to determine the probabilistic distribution of damage increments
independently of the damage state. Such an approach allows to probabilistically describe cumulative
structural damage to be employed in stationarjincrements stochastic proesses for seismic time
dependent reliability analysis of structures.
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Abstract

The Damage State (DSJependent fragility functions are one of the components of existing time
dependent seismic risk assessment methodologies. Incremental dynamic analyses, aeprogressive
ET ACAAOGA 1T &£ OEA '"OIT OT A -TOETTO6 j'-q Al pl gaOAA
of-the-art methodology for deriving these functions. The present work proposes an alternative
methodology based on (i) the application of a large number of GMo an undamaged structure in
order to have a representativesample of structures in every DS leveland (ii) aninnovative statistical
treatment of these results for deriving fragility functions. (i) Approximately 1600 different
combinations of one to eleven GKlare applied to a one degree of freedom single story and single bay
frame, with and without in cluding the effects of mechanical properties degradation due to hysteretic
degradation. For every DS level, this enablass to haveat least 200 structures with different local
damage configurations, in particular different residual drifts(3 ), that will be hit by a final GM of

Intensity Measure IM. (ii) Two statistical techniques are then applied to the results in order to deduce

the DSdependent fragility functions: the maximum likelihood method AT A A T Ax  Oi

OACOAOOEI T 06 OAAEInRBEES A8 disdré&dl outéaimes nCrernis OS] which may be
calculated based on different engineering demand parameter®.g.,the Park and Ang (1985) overall
damage index or the maximum transient drife- ). The second option is based on correlating the
maximum transient additional drift (3 3 to the intensity measure (IM) of the ground motion.
The influence of the initial drift3 is then eliminated by estimating the distribution of the initial

residual drifts for each initial DS. This correlates-  directly to the IM, which enables the derivation
of DSdependent fragility functions. Using this technique, D8ependent fragility functions have been
successfully derived for the considered frame.

Keywords: time-dependent seismic risk, damage accumhation, aftershock fragility, dynamic analyses
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Time-dependent risk assessment framework

1.1 RISKINTEGRAL FOR DABED STRUCTURES

Most seismic risk assessment tools only consider an initially undamaged structure hit by one
mainshock event. However, struatres may be initially damaged from past earthquakes, and a seismic
sequence is commonly madeip of a mainshock followed by series of aftershock&Vithin this post-
mainshock context, the rate of earthquake occurrence is significantly increased (due to theepence of
aftershocks) and the physical vulnerability of possibly mainshocklamaged buildings may also
increase.

Previous works (Luco et al., 2004, Yeo & Cornell, 2005; Ryu et al.,, 2011; Luco et al.,, 2011) have
developed a methodology for timedependentrisk assessment. It relies on coupling the performance of
the building at the risk-assessment time ¢ and the probabilistic hazard assessment during the
considered time-span. The temporal position of the risk analysis iexplained in Figure 1.1, and the
present work is basedupon this framework .

‘14!#7’ <A ] ‘1AEV ‘ﬁﬁ?’ ] t
[a'a) N [ R P |
to ty + At
\ A ]
Y Y
Assessment of the performance of the Probabilistic future assessment of exceeding an IM
building at t,: during the considered time span |t,, t, + At]:
- Probable initial state of the building - Probabilistic Seismic Hazard Analysis at the
p(DS,y =1),i €[0,5] location of the structure

p(IM > a), a being the range of possible IM values
- Capacity function of the damaged
structures:

p(DS = leSm:i,[M:a,)l i,k S [015]

Figure 1.1: Scheme of the timdependent risk assessment methodologytahe t. It is based on the performance of
the structure atime t and on the probabilistic hazard during the time spain< + «

The performance of the building atfyis by itself a combination of the initial Damage State (DS) of the
building, which is not necessarily precisely known, and on the capacity of the damaged building to
withstand future shocks. The state of the building atotis characterized bythe probability of it being
intact (written OY 1) or in each of the n different Damage States (DS) of a damage scale:
n oY "Oh'd e . For each of these initial damage staté®'Y , a fragility function of the building
relates the probability of reaching or exceeding a Damage State for a hazard level characterizgcb
Intensity Measure (IM) of a given levetin O°Y G 00 GNEN T .

Once these parameters are known, the initial state of the system is described and d@pacity to
withstand future earthquakes can be quantified as follows (Luco et.a2011):

hO°Y s AOY MQJ{03 B i Ay ph
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Equation 1

The ground motion hazard at the location of interest is estimated from Probabilistic Seismic Hazard
Analysis (PSHA). Its IM at the location is assumed to be a random variable associated with a known
cumulative distribution function 1} "'O0 @ . p expressesthe probability for the IM to exceed a given
level &during the time span of interest d hd  w & The probability of reaching DS=k during that time
span is then deduced by coupling this probabilistic hazard and the performance of the (possibly
damaged)building (Equation 1). This is expressed inEquation 2:

QN00 ®

— Qb pH

fOY Q oY s O

NROY™TQ /RnO3 Q0 nod 0 p
Equation 2

Equation 2 is the final risk assessment result consideredh this study. Subsequent analyses, such as
evacuation policies (Yeo & Cornell, 2005) or relative economic losses or casualties (cf. Uhlemanalgt
2011) may then be deduced.

In common practice, the building is considered to be initially intact©QY 1) and Equation 1 is not
necessary sinery O°Y G noyY G 4 is computed and used inEquation 2. The

general formulation considering initial damage states which is proposed in this work enableass to
considertime-dependency and may be usedithin two main contexts:

- In the short term, during post-mainshock emergency operations. Typically, in the scientific
literature methodologies have been proposed for assessing the safety of mainshatkmaged
structures by coupling the aftershock hazard with the fragility of mainshociddamaged
structures. From this aftershock risk assessment, they deduce a buildiogcupancy policy
(Yeo & Cornell, 2005). Similarly, by applying the same methodology to a bridge, Franchin et al.
(2009) deduce a traffic allowance policy.

- In the long term, where the time-span considered corresponds to the life cycle time of the
building. Several authors have proposed methodologies for including the accumulation of
damage in the lifecycle of the strudure (e.g, Yeo & Cornell, 2005209).

The present report focuses on the vulnerability assessment of damaged structures, i.ethe

vulnerability of the building at the risk analysistime #,. It is composed of two suksections: the

probable initial state of the buildingn OY "Q and the capacity function of intact or damaged
structuresn 03 G N

1.2 DAMAGE DESCRIPTION

The various possible damage configurations of the building are grouped into a few discrete damage
states of a damage scale. In this chapteve choose the EMS8 damage scale (@mthal, 1998) which

is the mostcommonly used in Europe. It considers damage states ranging from 0 (intact structure) to

5 (destruction). In this work we chose to merge the last 2 categories, which leads to considering 5=
categories of damage(1 to 4, plus the undamaged state 0)Depending on the analyses, some authors
(e.g, Crowley et al., 2011) consider 2 Damage States. However, the choice of a particular damage scale
is subject to discussion, which is not the purpose ohis work.

A DS corresponds to various damage configurations, and the assessment of the DS may be performed
through several methods suited to different contexts (posearthquake field survey, building design
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etc.) and useful for different purposes (safety malysis, repair coss, etc.). A complete reviewof this
issue is provided e.g, in Hill & Rossetto (2008), who characterize a damage scale by the following
characteristics:

- adamage description (as presented ifigure 1.2 for reinforced concrete (RQ buildings),

- a physical parameter which may be obtained from analytical calculations or directly from
building instrumentation ,

- types of repairs

- damage cats.

In this work, we use a physical parameter based on the modeling of the structure to predict the
damage state, calledhe Engineering Demand Paramete(EDP). The damage state n is reached once
the EDP exceeds a DS thresholsgiven inTable1.1.

nos @

n'QQnO"Ygs Qv pH

Equation 3

In this chapter we use the Damage States defined by two physical parameters, or engineering dethan
parameters: the maximum transient interstory drift ratio (latter called ISDR.xor & ) and the Park
& Ang (1985) damage index.

EMS98 Damage State ISDRhax Park & Ang(1985)
threshold:
0"Yh 0.13% 0.1
O"Yj 0.27% 0.15
0"Yh 0.56% 0.2
O"Yj 1.63% 0.5
‘0"Y; (not considered) 4.78% 1.0

Table 1.1: Damage State thresholds for reinforced concrete frames for two engineering demand parameters:
maximum interstory drift ratio (ISDR,,) and the Park & Ang (1985) index. Thresholds for IgRRre from Rossetto

& Elnashai (2003) and for Park & Ar@985)they are adapted using the previous referencesarmghal & Kiremidjian
(1996).

The maximum inter-story drift ratio (ISDRmax) is the maximum, among all stories, of the ratio of peak
transient story displacement by height. It is the most commonly used physical parameter for
describing the overall damageo a structure (Rossetto & Elnashai, 2003).

An alternative damage index used in this study is the Park & Ang (1985) overall index. It accounts for
damage due to maximum inelastic displacement as well as for damage due to cyclic energy dissipation.
Since the inelastic behavior is concentrated in thelastic zoneat both ends OBl AOOE A
relationship between damage and the overall structure is not direct. A Park & An@985) local
damage indeXO Oy is first derived for every plastic element/ It is a linear combination of the
maximum inelastic excursion and of the energy dissipation during the successive deformation cycles:

Q00
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Equation4

where —j and —j, are, respectively, the yield and ultimate curvature of the plastic spring.—  and

O are, respectively, the maximum curvature reached and the energy dissipated during the load
history. We consider a constarit @5, following Singhal & Kiremidjian (1996), for reinforced
concrete frames, which reflects a higher weight of the energy dissipation term compared to the value
1 TP proposed in Park & Ang (1985). The ultimate rotation capacity is set a 0.07 rad, which
was estimated for the beams ath columns considered. Note that these two parameters are subject to
discussion and are a major source of uncertainty. In fact, large uncertainties entertaon the
determination of —, as presented in Rossetto (2002). Rossetto & Elnashai (2003) notit¢hat these
sources of uncertainty are reflected in the variationin the values usedto represent failure, O"Yj, ,
ranging from 0.77 to 1.0 in the literature.

The Park & Ang1985) overall index is then computed as follows:
O

(ON©) OOf BO

Equation5
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Grade 1: Negligible to slight damage

(no structural damage,
slight non-structural damage)
Fine cracks in plaster over frame members

or in walls at the base.

Fine cracks in partitions and infills.

Grade 2: Moderate damage
(slight structural damage,
moderate non-structural damage)
Cracks in colomns and beams of frames
and in structural walls.
Cracks in partiticn and infill walls; fall of
brittle cladding and plaster. Falling mortar

from the joints of wall panels.

Grade 3: Substantial to heavy damage
(moderate structural damage,
heavy non-structural damage)
Cracks in columns and beam column joints
of frames at the base and at joints of
coupled walls. Spalling of conrete cover,
buckling of reinforced rods.
Large cracks in partition and infill walls,
failure of individual infill panels.

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)
Large cracks in structural elements with

compression failore of concrete and

N b = fracture of rebars; bond failure of beam

reinforced bars; tilting of columns.
Collapse of a few columns or of a single

upper floor.

Grade 5: Destruction
(very heavy structural damage)
Collapse of ground floor or parts (e. g.

wings) of buildings.

Figurel.2: Classification of damage to buildings of reinforced concrete in the “B813%lamage scale. From Grinthal,
(1998.

1.3 STATE OF THE BUILDING THE RISKASSESSMENT TIMEB T

As presentedat the beginning of this work(paragraph 1), the state of the building atfs, which is not
necessarily known, is described by the probability oit being in the various damage stateg OY "Q
withB 1 OY "Q p. We present in the following the different ways of determining these
probabilities, based on the discussion by Luco et al., 2011.

17




INSPECTION BASED OREERT KNOWLEDGE

In this category, we first include the case of a building that has just beemildl or is known to be intact.
It therefore assumesthat:

noyYy m p
noY E mQéTOiph
This category also includes the cases where an engineer estimates, based on his observations, the
probability of the structure to be in every damage &te at the time b. This includes cases where he
observes that the building is fully included in damage state i, ,4.OY ¢ p, or cases where

different likehoods are assigned to every damage state (e.gncomplete inspection, different
assessmens by different experts, etc).

SHAKEMAPY UNCERTAIN HAZARD

Following a mainshock, the geolocalized ground motion hazafl) - & can be deduced from
shakemaps. Shakemaps can quickly produce information concerning the mainshock intensity
measure distribution, namely the intensity measure mediah and logagithmic standard deviation
d ateach location.

Knowing thesetwo parameters of the past mainshock for the location of interest, one can estimate the
probability of exceeding a given intensity measureThis assumes a lognormal complementary
cumulative probability distribution of the IM value generated by the mainshock.

Equation6 n oo & P q <
The probability of exceeding a given damage state i is theleduced:

Equation 7 noY Q . AOY Q@ O>——— Qa4 hQ m
The probability of being in a damage state i can also be deduced from the previous expression:

Equation8 noyY " /no0Y "Q nOY ™MQp

1 http://earthquake.usgs.gov/earthquakes/shakemap/
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USGS Peak Accel. Map (in %g) : MARTINIQUE REGION. WINDWARD ISLANDS USGS PGA/Sigma Map (in %g) : MARTINIQUE REGION. WINDWARD ISLANDS
Thu Nov 29, 2007 19:00:19 GMT M7.4 N14.95W61.24 Depth: 143.1km ID:2007kha5 Thu Nov 29, 2007 19:00:19 GMT M7.4 N14.95W61.24 Depth: 143.1km ID:2007kha5

F1.26

- 0.98
- 0.96

100 2 Y 10"

-88° -84° -82° -80° -58° -88° -84° -82° -80° -58°
Map Version & Pracessed Mon Dec 3, 2007 01:30:05 PM MST — NOT REVIEWED BY HUMAN Map Versian & Pracessed Mon Dec 3, 2007 01:30:05 PM MST — NOT REVIEWED BY HUMAN

Figurel.3

: Example of PGA (left) and uncertainty (right) data provided by the Shakemaps promptly after the Martinique M7,
Earthquake of 2007. We consider a issessment carried out at just after this quake and the publication of this data, 4
a time ¢. In themethodologyexposed in the deliverable, Parthat kind of data can be used for estimating the state of
the building at d and its capacity to withstand future shocks. From
http://earthquake.usgs.gov/earthquakes/shakemap/global/shake/2007kha5/

Note that we write the hazard probability distribution of the mainshockb)- & , andb) -
& the hazard probability distribution of earthquakes during the timespan o hd w & These two
hazards should not be confused since they respectively correspond to:

- The ground motion prior to to, during the mainshock. It is describedusing probability
distributions due to the epistemic uncertainty related to the lack of information on the
mainshock and the very rapid creation of shakemapd.uco et al., 2011).

- The ground motion hazard during the considered time spard ho & It is described using

probability distribution due to the inherent variability of the future ground motion (aleatory
uncertainty).

EARTHQUAKE INSTRUMEMITION

In case of earthquake instrumentation, the intensity measure can be calculated from the recorded
signal. The reasoning is similar to the prior case, except that there is one single value for the intensity
measure of the ground motion instead of a distribution of values: the epistemic uncertainty concerning

the value of the past ground motion has been resadd.

BUILDING INSTRUMENTAIDN BASED

Building instrumentation during the shocks (e.g.peak roof displacement), can be used for estimating
the engineering demand during the shock, and directly deducing the damage state.

For instance, assuming that the buildig instrumentation enablesoneto determine immediately the
maximum interstory drift ratio ISDRmax reached prior to Zy, this could immediately be usedto estimate
the buildingi sdamage statgsee

Table1.1).
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http://earthquake.usgs.gov/earthquakes/shakemap/global/shake/2007kha5/

A combination of these techniques is possible for determining the initial state. For instance, Yazgan &
Dazio (2011) propose a combination of instrumentation and inspection using Bayesianpdating
techniques.

1.4 MODIFIED REGRESSIOBCHNIQUE FOR ESTIMAG THE CAPACITY (FOSSIBLY DAMAGESTRUCTURE

PRESENTATION OF THEBTHODOLOGY

The remaining necessary element for estimating the timedependent risk presented in section 1 is the
fragility of damaged structuresry 03 G 3 . Bazzuro et al. (2004b) and Ryu et al. (2011)
propose to develop these curves using incremeat dynamic analysis, i.ea progressive increase of the
ground motionsi amplitude without modifying their spectral shape in order to have a sufficient
number of buildings in each damage state. In thisectionwe present a methodology for developing DS
dependent fragility functions using a set of predefined ground motions. Ground motions from this
data set are applied to the structure until each DS is populated with enough outcomes, which have
different local damage configurations. We then reuse the damagjestructures for the response to the
next ground shaking.

As it is usually done, we suppose that thprobability of a building reaching a damage stat® Y Q
from an initial damage stateéO'Y  "Qvhen hit by an earthquake of intensity measuredis a random
variable having a lognormal distribution:

e [ T
no3 @& B qd—nﬁQNnhvoosQQ

h
Equation9

where q is the cumlative distribution function of the standard normal distribution q ®

%00 'Q Ox E @dd —0 I This equation describesthe sé A1 | AA OAOACEI EOU [

In the following, we introduce the random variableA representing the residual inter-story drift at a
time f and & ¥ 0 s one of the possible realizatios of & . We use the maximum transient
inter-story drift ratio (ISDRmax) as the engineering demand parameter, writtenas A

i A@ K 0sK | arethe DS thresholds foX

The regression technique (FEMA, 2048 Ellingwood & Kinali, 2009; Zenter, 201) is a widely used
methodology for deriving the fragility functions of undamaged buildings. It relies on correlating the
maximum transient drift A to the ground motion intensity measure IM Since the damage state DS
is directly related to A , a correhtion between DS and IM is then deduced by a simple substitution
of variables and the fragility function is estimated.

This section presents an adaptation of this approach to initially damaged buildings$(3  p). This
Oi T AEEZEAA OACOAOOEIT OAAETENOGAG OAIEAO 11 Al
A A to the ground motion intensity measure IM. In order to then relate the damage states DS
to the IM, the influence of the initial driftA must beeliminated from this relation. This is achieved by

supposing a distribution of A for each initial damage state’Q A s ,
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LINEAR REGRESSION
As presented inEquation 3, the probability of reaching a damage state is determined by the following
condition on the engineering demand parameteX

Equation 10 nos G i n & K s i

We consider a structure with a residual driftX A due to its load history prior to #. We suppose
that the distribution of the maximum transient additional drift, A KA , depends on the ground
motion intensities ®as follows:

Equation 11 K K W'

where the residual termj is a random variable of null median and standard deviatiod . band ¢ are
two constants determined by performing a set of nofinear dynamic analyses of the building and
using a linear regression of donl 14 A . The standard deviationd of the residualf
between the data points and their interpolation is estimatedy:

Equation 12 [V A id Add 7

By substituting Equation 12 in Equation 10, we obtain the probability of exceeding a DS, for a given
initial drift A and intensity measurec

o v O

n & & n A K
Equation 13

Supposing that the residudl is normally distributed, the following algebraic expression can be
deduced:

N8 @& «n a

Equation 14

For an initially damaged building ¢ 3  "Q the residual drift cannot exceedX  , otherwise the
building would be in an initial state$ 3 "'Q p.A therefore within the range TX ; .We write
QK A s to be the probability density function of the residual drifts of a given initial

damage statéb 3  "QThe probability of exceeding DS=k, for a given initial damage state3  “Gand
ground motion intensity measure IM =is finally derived by integrating Equation 14 over the range
of possible initial drifts X

no o o8 Ox xn QA K A

Equation 15
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ESTIMATION OF THE RESUAL DRIFT DISTRIBTION

The next objective is to estimate the residual drift distribution™Q A s . In the case ofand
undamaged building$ 3 1, the residual drift is necessarilyX T i.e QA s is a Dirac
delta function.

Equation 15 is therefore simplified and corresponds exactly to the regression technique for
undamaged structures (cf. for instance Ellingwood & Kinali, 2009):

f

nos @ q T REOE A8l TSI Ald; -
Equation 16
In cases of initially damaged buildings 3  p, we propose to first asses Q& O s , the

distribution of & O , for then deducing the distribution ofX K O s The population of buildings
in initial damage state$ 3  "@orresponds to the buildings whose absolute ISDR« has reached

A KA A i priorto Z. Within this overall population, we distinguish two subpopulations
depending on the leaning sidevhere that maximal ISDR had been reache& | A@ K o
A Oor&k i EK 06 K j .Forsimplifying the notations in this report, we assume equal

weights, equal standard deviation, 5 rand opposite median ‘ 4 j of these two subpopulations. A
general formulation for a non-symmetrical structure would work identically. Finally, we suppose that
each of these suipopulations is normally distributed, which will later be illustrated in section1.7. The
probability density function of X O therefore readsas:

. KO KO ‘4 i
QK O s P o A %o 2l
CVIC HA F] c"A F] C"A F'

0¢

AOnN K ; MK

35¢

Equation 17

The distribution of A K O sis then deduced fromEquation 17:

A ‘ ; A ‘ “ . .
0K s ‘_pv%o AN %o Ah R N TR

The distribution of initial drifts are presented in Figure 1.4.
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Damage State: DS; =0 —_—
Initial drift :A(ty) = 6(0) )

Damage State: DS; =1 p(DS = 1|1M=a,Dst0=o)
Initial drift A(to): mixed Normal (fuac, 1, 0at,1) )

14 (DS = 2|1M=a,DSt0=O)
P (DS = 2|IM=a,DSt0=1)

Damage State: DS, =2
Initial drift A(ty): mixed Normal (a2, Oat,2) <

Figure 1.4: Descriptionof the different damage classes. In each of these classes, structures with the same DS ha|
different local damage configurations, and in particuifferent initial driftsa 0 . These drifts are supposed to be a
mixed normal distribution.

SUMMARY OF THE METBIDOLOGY

The overall methodology of the modified regression technique for damaged buildings consists

1. performing a linear regression ofi donli 1A KA on a set of norlinear dynamic
analyses. This regression may be based on simulatiotisat may or may not includeinitially
damaged structures,

2. characterizing the distribution of initial drifts for a given initial DS$ 3  "(by estimating

QA s )

combining both, i.e,inserting Equation 13 and Equation 17 into Equation 15,
4. fitting this result with a log-normal distribution law in order to numerically obtain the
parameters'  andd j (Equation 9) describing the transition probability from$ 3 Qo

$ 3 "Qwhen hit by a ground motion of intensity measuréO0

w
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Application of the methodology to a single story single bay frame

1.5 MODEL GEOMETRY ANIRECTURAL MODELING

The model geometryof the single-bay singlestory frame geometryis presentedin Figure 1.5. Due to
the fixed length of the beams and columns, the portal has a single degree of freedom, which is the
inter -story drift ratio X .

4m A >
3 m lf: ’ff
7777 7777

Figure 1.5: Descriptionof the singlebay singlestory frame geometrgmployed in this studyThe beams and columns
having a fixed length, the structure has a single degree of freedom: thetdmyedrift ratio.

This single bay and single story frame is modeled using the concentrated plasticity concept in the
OpensSees finite element software (Mazzoni et al., 2006). The beam and columns elements are elastic;
the only inelastic behavior is concentrated at the end hges (cf. Zareian & Medina, 2010). The elastic
elements properties are listed inTable 1.3. The Ibarra & Krawinkler (2005) model is usedto describe

the plastic hinges, for whichthe main parameters are presented ifable 1.2. Note that pinching effects

are not considered in this study sinceahey havelittle impact on the collapse behavior of the building
(Haselton and Deieirlein, 2007). Two cases are considered: onavolving a medium level of cyclic
strength and stiffness deterioration_ ¥ according to Haseltonand Deieirlein, 2007), and one
without degradation.

The main parameters (e.g.yield and capping moment) used for this study correspond to beams and
columns elements from a previous work (Seyedi et al., 201@gealing with a reinforced concrete frame
building. Values for parameters that were not determinedduring these tests areadopted from the
calibration presented in Haseltonand Deieirlein (2007) and based on 255 RC columns tests.

Parameter Unit Column spring Beam spring
Elastic stiffness kN.m 70000 150000

Yield moment KN.m 52.5 210

Plastic rotation capacity rad 0.015 0.02
Postcapping rotation capacity rad 0.161 0.133
Ultimate rotation capacity rad 0.4 0.4

Strain hardening ratio 0.0018 0.005
Residual strength ratio 0.2 0.2
Degradation parameterd 72 (moderate) or 1000 (no degradation)

Table 1.2: The mainparameters used in the Ibarra & Krawinkler (2005) for modeling the 4 column and the 2 beam
springs.
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Parameter Unit Column Beam
Length m 3 4
Section area m2 0.135 0.197
Moment of inertia m4 0.0023 0.0054
Young modulus KN.m2 3.e7 3.e7

Tablel.3: Parameters for the elastic elements.

The mass is concentrated at the beaimolumn connections. We consider a total mass of 16 tons, which
is equally divided between the two beamcolumn nodes. These masses are used both for inertial mass
and for applying a constant vertical gravity load.

The general equation of the free linear system may be written ag 4}0 1, where u is the
displacement, andm, ¢ and k the mass, damping and stiffness matricesespectively m and k are
deduced from the building geometry, mechanical properties and mass repatrtition previously exposed.
The viscous elastic damping is modeled using the Rayleigh model, which suppes that the damping
matrix is a linear combination of the mass matrix and initial stiffness matridk 00 @&

The elastic damping ratio is chosen as v bfor a reinforced concrete frame moment. The frame has
a vibration period T: = 0.195s. The coeftients for building the damping are deduced has follows:

where] A T1A are two frequencies of the structure.

1.6 STATIC RESPONSE ANBMAGESTATE DEFINITIONS

As presented above, we consider damage states based othe maximum inter-story drift ratio
(ISDRnax) thresholds proposed in Rossetto & Elnashai (2003). These thresholds are superimposed on
the pushover curve Figure 1.6) of the building, which is built using a nonlinear static analysis.
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Figure 1.6: Static pushover for the intact structure. The damage states are identified based on-gteryntkift, as
presented in
Tablel.1.

1.7 EXAMPLES OF SUCCEESBROUND MOTIONS

The dynamic behavior of the structure for the same successive ground motion is showigure 1.7 and
Figure 1.8, with or without considering hysteretic degradation respectively.
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Figure 1.7: Example of successive tinféstory analysis, including a medium cyclic degradation in the structure. Prior
to to, the structuréehad reached a damage state , 0S 3 and has a residual dri#ft . After t,, the ground motion of
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intensity measured (red part, bottom panel) brings the structteeDS = 4. The correlation is drawn between
3> i 3 and®
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Figure1.8: Example of successivarte-history analysis without including cyclic degradation in the structure. Prigy to
the structurehadreached a damage state>S2 and has a residual dri#t . After to, the ground motion of intensity
measured(red part, bottom panel) brings the structtr®S = 3. The correlation is drawn between 3 and

w

In order to explain the hypothesis of Gaussian distribution of the residual drift proposed isection 1.4,
we consider the evolution of the building as a successianf hysteretic cycles (one cycle starting and
ending when the Moment turns from negative to positive, i.ecuts the xaxis upwards in Error!
Reference source not found. ). We consider the cycleresidual drift & as the drift difference
between the end and the beginning of each cycle. The residual drift@t& 0 , is the sum of all these
A until to. During the nonlinear behavior of the structure hit by a ground motion, each
A ; may be seen adeing independent of others, which justifies the hypothesis that the final

drift is norm ally distributed (Central limit theorem).

This interpretation is illustrated in Error! Reference source not found. 10, which is a zoom ofigure
1.7, from =120 s to =140 s. The damage state afy =138 s is DS = 3 since the transient drift
exceededk j prior to #. The residual drift atfomay be seen as the sum of the successive cycle drifts

K  ,asrepresented by the dark blue line.
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Figure 1.9: Cyclic behavior of the one column spring component of the model used in this study during the groun
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motion presented iRigurel.7, wi t h (1l eft) or

time ty is represented by the color change frbluwe to red. These springs are modeled using the Ibarra & Krawinkler

(2005) model and parameter values froablel1.2.
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Figure 1.10: The sum of the succession of cyctesidual drift is presented in the dark blue line. It

0.005

illustrates the interpretation of the residual drift at toas a succession of independent cyecldrifts for
explaining the hypothesisof normally distributed drifts A 0 . The pale lines are a detail dfigure 1.7,

from =120 s to =140 s.
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1.1 SAMPLING METHODOLOGY

As presented in sectionl.4, the modified regression technique for estimating D8ependent fragility
curves relies on the statistical treatment ofa set of nonlinear dynamic analyses. In order to have a
sufficient number of damaged structures in each class for the statistical analysis, we perform these
simulations for at least 200 structures in each initial damage staté 3  "Qexcept for$ 3 1 which
corresponds to the sole intact structure.The methodology is represented in the following figure
(Figure 1.11).

GM db Latin hypercube sampling Structures db
Set of GM: Selection of 20 (GM, -
-153 natural input structure) tuples '"f";mtat"’"
- 22 synthetic among possibilities sorted by A( 0)
IM and A(t,) i D?meax
IM X - DIP&A, loc
-Sa S x - DSpga
-PGA - - - GM history
- " - cv/not cv
A(ty)
GM record l
. Structure saves
Dynamic analyses

| - Structure output save

Recorders

- Roof displacement

- Moment and rotation
for every hinge

Figure 1.11: Methodology for populating the different initial Damage States. For eadhitial damage
state D&=/, 20 couples of GM and structure saveare sampled and dynamic analyses are performed.
The outputs of the simulations are then postreated in order to estimate the new residual drift, and
Damage States, according to both ISDRmamd Park & Ang(1985) index thresholds. These results are
then added to the structure database, and included in the next sampling. These operations are
repeated 25 times in order to have enough outcomes in the structures database perform statistical
analyses on initially damaged structures.

For every initial damage states 3  "Qthe objective is to have a set of structures large enougih have
a coherent view on the distribution of initial drifts, which is then used in the modified regression
technique. hitially, the structure database is populated by applying 175 different GM to the
undamaged structure. Then, the following process is repeated 25 times for each initial DS, .j.e
$3 phdt@

- 20 couples of GM and initial structure are selected. The initial structure configuration is
characterized by the initial drift X O . A Latin hypercube sampling methodology is used in
order to optimize the number of simulations required for testing the range of pasble
combinations of initial drifts and ground motions without introducing bias.
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- Non-linear dynamic analyses are performed for each of these combinations, and the final
structure state is saved in order to be used as the initial state of a new simulation.

- The recordings are postireated in order to deduce peak transient drift and residual ong
Damage indexes and damage states are deduced from these outputs and from the outputs of
the previous simulations. These new elements are added into the structure dbase.

This results in a final population of around 1600 structures, which correspond to the undamaged
structures hit by many different combinations of 1 to 11 successive ground motions (4.3 in average).

Figure 1.12 illustrates the methodology for a structure with an initial degradation$ 3  ¢. The top
histogram shows the actual distribution of the initial drifts. The right histogram represents the seof
ground motions used for the simulation. The central panel shows the combinations of these
parameters that have been chosen for performing the simulations, and the color of the point indicates
the result: yellow if the structure has remained i 3 ¢, red and black if it has increased to
$ 3 o¢ it, respectively.
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Figure1.12: Central panel: Damage state obtained (color dots, yellow, red and black correspori2ithg 2, 3 and 4
respectively, dependingupon the intensity measure, 8f the aftershock and on the initial diaftO of the structures.

The histograms show the population of ground motions used (right) and the distribution of the initiat Grifts
corresponding to the initial damage st&@i§, = 2 (top). The latter is assumed to be a mixture of two Gaussian
distributions.

1.2 ESTIMATION THE DISTBRUTION OF RESIDUARBTS
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LINEAR REGRESSION

In the first step of the modified regression technique, a linear regression is performed on the set of
non-linear dynamic simulations. Results are presented iRigure 1.13 and Table 1.4. We also perform a
linear regression on the set of 175 different ground motions appliedto the undamaged structure
($ 3 ), which corresponds to the standard regression methodology.

Figure 1.13: First step of the modified regression technique: linear regressiorisof 3 vs.l & The set of non
linear dynamic simulatimmay only consider the initially undamaged structure (in red), or may be composed of both
damagedand undamaged initial states (in bluegft, includinga medium cyclic degradatipright, omitting the cyclic
degradation

Initial Structure withcyclic degradation Structure without cyclic degradation

damage Pop. Size | b c OGA | Pop.Size | b c O GA
$3 m | 175 0.036 1.15 0.61 175 0.030 1.39 0.88

All 1610 0.032 1.12 0.66 1643 0.040 1.35 0.99

Table 1.4: Results of the linear regressiont 14 A id Ad & T (Equation12). The

intensity measureis the first period spectral acceleration.

DRIFT REPARTITION

As explainedin section 1.4, we estimate the distribution of drifts for a given initial damage state in two
subpopulations, each being assumed to be normally distributed. The Expectation Maximization
algorithm is used b obtain the maximum likelihood parameters from the data. The distribution of
these populations and the deduced probability functions are presenteid Figure 1.14.
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