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A realistic assessment of building economic lossas collapse induced by

earthquakes requires monitoring several responsesunes both story-specific

9 and global. The prediction of such response measbenefits from using
10 multiple ground motion intensity measures (IMs)tthee, in general, correlated.
11 To allow the inclusion of multiple IMs in the riskssessment process it is
12 necessary to have a practical tool that computes/élctor-valued hazard of all
13 such IMs at the building site. In this paper, Vesatalued Probabilistic Seismic
14 Hazard Analysis (VPSHA) is implemented here as st pwocessor to scalar
15 PSHA results. A group of candidate scalar and vebis based on spectral
16 acceleration values, ratios of spectral accelaratvalues, and spectral
17 accelerations averaged over a period range aneedkefind their hazard evaluated.
18 These IMs are used as structural response preslicfdD models of reinforced
19 concrete buildings described in a companion pagehiangi et al., 2015b).

20 INTRODUCTION
21 Performance-based earthquake engineering (PBEEnéC@nd Krawinkler, 2000) has

22 become commonplace in the industry for assesssmprese of buildings and other structures
23 subjected to seismic loading. Studies based on P@Emow routinely used by a variety of

24  stakeholders such as building owners, developessarers, lending institution and earthquake
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engineers. For instance, owners of important buggliuse it to make critical decisions about
buying an appropriate level of earthquake insuramrcédentifying a retrofitting solution.
Engineers use it for designing structural compohetat withstand forces and control
displacements induced by target design ground metmith a margin of safety consistent
with well performing, code-compliant structures. gaalless of the specific PBEE
application, it is critical that estimates of thileelihood that a structure’s response exceeds a
given level of severity, ranging from onset of dam&o incipient collapse, be as accurate as

reasonably possible.

To increase the accuracy of estimating the straiguresponse, engineers have taken
advantage of the computational capabilities of moedeomputers by developing more
realistic two-dimensional (2D) and three-dimenslofdD) numerical models. These
computer models are subjected to many differentirgtomotions of different intensities to
assess the structure’s performance. Statistickintques are typically used to provide
functional relationships between the IMs of theugrd motion and response measures that

are associated with required levels of performdeag, operational, life safety or collapse).

The response of such complex models, however, iterbestimated by monitoring
multiple response measures, which are often refdoeas Engineering Demand Parameters
(EDPs). In turn, estimates of the maximum valuethe$e measures are better predicted by a
pool of IMs of the ground motion in both horizonfand sometimes vertical) directions
rather than by a single IM. For example, a gocelljgtor of Maximum Inter Story Drift
Ratio in the X- direction of a building (MIDRX) mé&ye the spectral acceleration at the first
period of vibration;T1, of the structure in its X-directio®a(T1); and similarly,Sa(Ty) is a
good predictor for MIDRY, whereJ is the first period of vibration of the structureits Y-
direction. The collapse of a building, howeverpisre likely to happen when both MIDRX
and MIDRY and, therefore$a(Tw) and Sg(Ty), are large rather than when either one is
large. In addition, damage to structural, non-stmat components and equipment of a
building are better estimated by different EDP $ye.g. peak floor spectral ordinate and
maximum inter story drifts), whose estimation isttée served by utilizing different

appropriate IMs.
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If EDPs are estimated via multiple IMs, the loegrt risk computations require the
convolution of IMs versus EDPs relationships (FEM/A8 2012) and, therefore, the
knowledge of the joint hazard probability distrilus of the (generally correlated) IMs at
the building site. The methodology for computing flbint hazard was first introduced in
1998 and was called vector-PSHA (Bazzurro, 199&zBao and Cornell, 2001 and 2002) or
VPSHA for short. A few software programs were depeld since for such a purpose
(Bazzurro, 1998; Thio, 2003; 2010; 2010) but wemdtéd to a vector of twdMs and were
not capable of providing the disaggregation of jthiet hazard. To avoid the complexity of
the joint hazard computation for a vector of IMesearchers over the years introduced
several complex scalar IMs that are combinatiomnatftiple IMs (e.g., Fajfar et al., 1990,
Cordova et al., 2002, followed by Vamvatsikos arar@ll, 2005, Luco et al., 2005a; Luco
and Cornell, 2007, Mehanny, 2009, Bianchini et 2010, Bojérqueand lervolino, 2011).
These complex IMs are often more effective in thedfetion of EDPs than each single IM
that compose them but arguably less effective ttwarsidering a vector of those IMs in the

response prediction.

To help promoting the use of VPSHA, a methodologsweveloped and implemented
(Bazzurro et al., 2009 and 2010) that allows thematation of the joint hazard using results
from any standard scalar PSHA software. This “iaclit approach to VPSHA is more
computationally efficient than the original VPSHAifect” integration method. It also has a
major advantage over the direct integration metltockn accommodate a higher number of

Random Variables (RVs) without significant losgaht hazard accuracy.

In this paper, we review the direct and indirectSHA methodologies and elaborate on
the pros and cons of each. The “indirect” methothén used to compute the VPSHA for a
set of IMs in terms of spectral acceleration anerage spectral acceleration for a site close
to Istanbul based on the scalar PSHA results coedpuging the software OpenQuake. In the
companion paper (Kohrangi et al., 2015), these PS4 VPSHA results are used to
perform a risk-based assessment of three 3D madeisinforced concrete infilled frame

buildings of 3-, 5- and 8-stories typical of ther&pean Mediterranean countries.
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VECTOR-VALUED PROBABILISTIC SEISMIC HAZARD ANALYSIS (VPSHA)

As mentioned earlier, the original methodology fmymputing the joint hazard of
multiple ground motion IMs (e.g., Peak Ground Aecation, PGAandS,(1.0s)), which are
dependent RVs (Bazzurro, 1998; Bazzurro and CqrgéD1 and 2002), is based on direct
integration of the joint probability density funati (pdf) of the same IMs at a site caused by
each earthquake considered in the analysis. The dastribution of correlated IMs at a site,
which can be modeled as a multivariate Gaussianiigon if the IMs are represented by
their natural logarithms (Jayaram and Baker, 2008)computed separately for each
earthquake scenario. The total hazard is obtainedunming the contributions from all
scenarios weighted by their occurrence rates. Mieihod contains no approximation besides
the implicit numerical accuracy of the integratisolver. This so-called “direct method” is
considered in this study only to obtain a set oftjdhvazard results for the many ground
motion IMs considered. These results are usedanehmark to validate the results from the
indirect method.

The joint Gaussian pdf conditional on the paransetérthe earthquake (i.e., magnitude
M, source-to-site distané& number of standard deviations from the mean GMfHiction,
g, the rupture mechanism, and the soil conditiorss) lbe computed when ground motion
prediction EquationsGMPEs) are available for the IMs involved and with km®wledge of
their variance-covariance matrix. Inoue (1990) andhre recently, Baker and Jayaram
(2008), Goda and Hong (2008) and Akkar et al. (20héve empirically derived the
correlation structure for spectral accelerationghwdifferent periods and different record
component orientations. Figure 1(a) shows one elamp such empirical correlation
structure. In addition, Bradley (2011a, 2011b, 2012012b) obtained empirical correlations
between a few alternative IMs, such as Peak Gragidcity (PGV), cumulative intensity
measures, and ground motion duration. For exanideire 1(b) shows the contours of the
joint pdf for $3(1.0s) andS,(0.3s) for a site with/s,=760 m/s located 7km from M,=7.3
event with a strike-slip mechanism as predictetheyGMPE by Boore and Atkinson (2008).
According to Baker and Jayaram (2008), the collatoefficient forS,(1.0s) andS,(0.3s)
is 0.5735 for this particular case. Although cortaafly straightforward, direct integration is

numerically challenging, especially when (a) higkgision in the tails of the distribution is
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sought; (b) the number of earthquake scenaricargge) which is usually the case in realistic
applications; and (c) the number of IMs exceedsetlar four. In fact, to our best knowledge
of direct-VPSHA codes in existence, the only sofevacapable of carrying out the
computations for more than two RVs is documente®azzurro et al. (2010) and all the
previous studies are limited to only two RVs (Bazay 1998; Thio, 2003; Gilerce and
Abrahamson, 2010). As a consequence, the so-ddilect approachdue to its complexity
and heavy numerical computations, has not been osezh so far in the scientific and
engineering communities. In the computational ¢fon the direct method, one approach
would be application of the Monte Carlo simulatiéior instance, Bazzurro et al. 2010 used
an integration algorithm based on a quasi-MontddCsimulation developed by Genz and
Bertz, 1999, 2002. Although, these integration mémphes seem appealing, still it might not,
in any way, alleviate the computational burden fué tlirect method. To overcome this
hurdle, Bazzurro et al. (2009) proposed an altereapproach for the calculation of VPSHA
based on processing only the results of availaddéas PSHA codes. This is what we called

here thandirect methodwhich isdiscussed in the next section.

Figure 1. (a) The variance-covariance structure of log spectatkerations at different periods in a
random horizontal component of a ground motion rg¢dayaram and Baker, 2008); (b) the joint pdf
for Sq1.0s) andsg0.3s) for a given scenario earthquake (adopted Bazzurro et al., 2010).

INDIRECT APPROACH TO VPSHA

Under the rational of joint normality of log IMsayaram and Baker, 2008), the joint
Mean Rate Density, MRD (for definition and detadge Bazzurro and Cornell, 2002) or,
similarly, the Mean Annual Rate (MAR) of occurrengkeany combination of values of a
pool of ground motion IMs could be computed onlythnihe knowledge of the following

items (Bazzurro et al., 2009):

1. Site-specific seismic hazard curves of the groundtion IMs consideredin the
vector— The vector of ground motion IMs is denoted heragS. This vector could
include, for example, three parameters: the speat@eleration at two different periods
in one of the horizontal directions, and at oneiqaerin the orthogonal horizontal

direction. These periods could correspond, for ganto the first and second mode of
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vibrations of a building in the longitudinal direarts and the first mode in the transverse
direction. The three hazard curves correspondinipése periods can be obtained with
any standard PSHA code.

2. The variance-covariance matrix of all the ground rtion IMs—Empirical estimates of
this variance-covariance matrix are available ia literature as discussed in previous
section (see the reference list for some suchesjdi

3. The disaggregation results from scalar PSHA-The joint distributions of all the basic
variables,X, including M, R,g, the style of faulting, the distance to the toptlué co-
seismic rupture, and all other variables requingthie GMPE of choice that contribute to
the joint occurrence of specific values of IMs he tsite. This is a straightforward
extension of the disaggregation results routinelgilable from standard scalar PSHA
codes.

For brevity, following Bazzurro et al. (2009) thetdils of the methodology are presented
below only for the case of three IMs that, in thgecific case, are spectral accelerations.
However, this approach, which requires some sttiiglhard matrix algebra, is scalable to a
larger number of (RVs) and can include any othewugd motion parameters (e.g., ground
motion duration, near-source forward-directivityggiperiod, Arias intensity and cumulative
absolute velocity) if the proper correlation sturet and prediction equations are available.
For simplicity, in the derivations below the RV& dreated as discrete rather than continuous

guantities.

Let S=[Sa;Sa;Sa)] denote the vector of RVs for which we seek taaobthe joint hazard
expressed by the mean annual rate of occurrentteedhree spectral acceleration quantities
Sa, Sa andSain the neighborhood of any combination of threecta¢ acceleration values
ay, & andag, respectively. Mathematically, this is MAB4; Sa; Sa] = MARsa: s@: sslau;
ay; ag]. Note thatSa, Sa and Sa represent here the natural logarithm of the splectra
accelerations but the logarithm operator has beeppgd to avoid lengthy notations. The
quantity MAR[Sa; Sa; Sa] could, for example, denote the Mean Annual RMAR) of
observing at a building site values in the neighbod of (the natural logarithm of) 1.0g,
1.5g, and 0.8g for the spectral acceleration qtiastat the periods of the first and second
modes of vibration in the building longitudinal elition and the spectral acceleration at the

period of the first mode in the building transvedieaction. These spectral acceleration
Kohrangi—6
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values may be related to the onset of an impoganttural limit-state determined from a
statistical analysis of the response of a structullgected to many ground motion records.

Then, using the theorem of total probability, oaa express the following:
MAR[Sg Sg S3=P[ Sk Sa $&[ Ha SEAR[ [ 1)
where:

P[Sa | Sa; S@l=;P[ Sd sa SXIPX| Sa 4§ (2)

Equation (2) represents the conditional distributdd Sa, Sa andSa. This term can be
numerically computed by conditioning it to the pablvariablesX in a standard PSHA that
appear in the selected GMPE and integrating ovgraaisible values oX, as shown on the
right hand side of Equation (2). Exploiting thenpblog normality ofS, for every possible
value ofX, the quantity Fpa; Sa; Sa] can be computed simply with the knowledge of the
variance-covariance matrix &a, Sa andSa and the GMPE of choice. Further details on
the mathematics are provided belowXR[Sa; Sa] can be obtained via disaggregation and
Bayes theorem as follows:

PIX.S3 | Sa] _PlSal saX]PK | S3

P[X |Sa;Sal= =
P [S:iSal D PSa | Sa:X]-PIX | Sal P[Sa | Sa] ®3)
X

Where PK | Sa] can be derived using conventional scalar PSHAglisegation. & | Sa;;
X], as for the Pda | Sa; Sa; X] term above, can be computed with the knowledgdef t
variance-covariance matrix &g andSa and the adopted GMPE P[Sa | Sa;X]-P[X | Sgl

X

can be evaluated as explained above. M2d][is the absolute value of the discretized
differential of the conventional seismic hazardveufor the scalar quantit$a at the site.

After some simplifications, Equation (1) can be rigen as follows:
MAR[S3; Sg S3=MAR[ Sp-YP[ ga $a $4.P[ Ba ;ShP[X| 1} @)
X

The two first conditional terms in Equation (4e(i.PBa | S&; Sa; X] and PEa | Sa;
X] can be evaluated using the multivariate normatriiution theorem. In general, 8§ =
[Sa , Sa, ..., Sa]" is the vector of the natural logarithm of the ramdvariables for which
the joint hazard is sought, théhis joint normally distributed with meai,, and variance-

covariance matrixg, i.e., in mathematical ternfS =~N(, ). If Sis partitioned into two
Kohrangi—7
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vectors,S; = [Sa ; Sa&; ..., Sa]’ andS; = [Saw1 ; Saw; ..., Sa)', whereS, comprises the
conditioning variables (in the example ab&e= [Sa]’ andS; = [Sa Sa]'), one can write

s{2)on([2 ]2 2] ©

For jointly normal distribution, the conditional ameand variance can be determined as:

the following:

SIS U Ny ), (6)

Wyp = my+E58 55 (Sp—n HTip=X1r X 1E5E @)
Equation (1) can be generalizechtwariables as follows:

MAR[Sa; Sg Sa.; Sa; Sh=
D PIsalSa; Sg.; Sas $XIPl Sk Sa; .82 .3 (8)
X

P[Sa | Sa:.: Say; SaX1 Pl Sal $X1MAR[ Ja

DIRECT VERSUSINDIRECT APPROACHES

Bazzurro et al. (2010) performed a series of compartests between the results obtained
by both “direct” and “indirect” VPSHA. That studyhews that, while both methods have
their respective strengths and weaknesses, thee@tdinethod has several qualities that,
arguably, make it superior to the direct integmatinethod. The advantages of the indirect

method are:

1) its implementation does not require much modifaatof already existing scalar
PSHA codes;

2) It can compute the joint hazard for a higher nundfdMs than the direct method,

3) it is computationally faster than the direct methtad two reasons. First,
integrating multivariate standard normal distribn8 with three or more
dimensions with very high accuracy is typicallyextiremely time consuming task.
It should be noted that the indirect method has alathematical challenges, such
as matrix inversions, which, however, require codesably lower computation

time. Second, in the direct method multi-dimensiotegration needs to be
Kohrangi—8
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repeated for every earthquake considered in theARP8Hthe indirect method, the
number of events affects only the total run timetled scalar hazard analyses,
which is negligible when compared to the total time of a comparable joint
hazard study.

4) ltis easily scalable to higher dimensions of Valga;

5) given its recursive nature, when adding ki dimension, the indirect method can
re-use results previously computed for the firdt dimensions. Conversely, adding
an additional dimension in the direct method respiirestarting the hazard

analysis.

In fairness, théindirect’ method has also some weaknesses such as:

1) it requires larger computer memory space than itleetdmethod,

2) It yields results that are approximate when theloer of bins used to discretize
the domains of the RVs is limited, a restrictioniebhbecomes a necessity in
applications with four or more IMs. However, a jtidus selection of bins guided
by disaggregation results can limit the error ie #@stimates of the joint and
marginal MARs to values typically lower than 3% tbe entire range of IMs of

engineering significance (Bazzurro et al., 2010).

In light of the considerations above, the “Indird@SHA” methodology is applied herein
to evaluate the joint hazard of vectors of IMs ttattain average spectral accelerations over
a period range and ratios of spectral acceleratdmtfferent periods. The definition of such
IMs and the technicalities needed for their inauasin the VPSHA framework are presented

in the sections below.

AVERAGE SPECTRAL ACCELERATION

The average spectral accelerati®a,g is a complex scalar IM that is defined as the
geometric mean of the log spectral acceleratiossat of periods of interest (Cordova et al.,
2000; Bianchini et al., 2010). These periods, fwample, could be equally spaced in the
range from 0.2F; to 2-T1, whereT; is the first-mode elastic period of the structdreis array
of periods might cover higher mode response aralthks structural period elongation caused

by the nonlinear behavior due to the accumulatibdammage. Alternatively, perhaps more
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effectively, Sawg could be defined as the geometric mean of logtsmeaccelerations at
relevant vibration periods of the structure, sushla, Tiy, Tox, Toy, 1.5T1x, and 1.5Tyy,
where x and y refer to the two main orthogonal afethe buildings and the indices 1 and 2
refer to the first and second vibration modes oé thtructure in those directions.

Mathematically Sa,g can be defined in the following two equivalent way

1/n (9)
Sa, = {H S& T)} ,
In(Sa,,) ( ) 2.In(S4 7)) (10)
Therefore, from Equation (10) it is clear that thean and variance of Bg,gare:
1 n
Hinsa,,) = (FJ ' Z_; Hin(s4 T * (11)
Var(lns%vg ( J Zzpm sqT)nsT) Finsen O 137 (12)
i=1j=1

where phsgmi) andonsgriy are the logarithmic mean and standard deviatfospectral
accelerations at theth period obtained from a standard GMPE @@y nsgTj) IS the
correlation coefficient between 3&(Ti) and Ir§4Tj). The correlation coefficient of two

n 1/n
average spectral acceleration at two orthogonatctions, Sadng:{H(s@(Ti))} and
i=1

1/m
Saygy :[H( Sa( Tj))] , could be computed as follows:

j=1

n m
Pinsg (T,)In Sg(T,) "% sa( 1) " in sy,
;zl gl hy y (13)

m- r]'O-InSa‘,\,gx “Oln Saygy

PinSagy.In Saygy —
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SPECTRAL ACCELERATION RATIO: GMPE AND CORRELATION
COEFFICIENTS

The vectors ofMs considered here include both spectral accelesaind also ratios of
spectral accelerations at different ordinates ef ghectrum. Ratios are considered to avoid
any negative collinearity effects (e.g., Kutnerakt 2004) due to the presence of high
correlation between spectral accelerations at reiffe but closely spaced periods. This
operation, however, requires the evaluation ofedation coefficients of ratios of spectral
accelerations and spectral accelerations at diffgveriods. Equations (14) and (15), which
show such correlation coefficients, were deriveseolaon the hypothesis of joint normality of
the distribution of the logarithm of spectral aecations.

Pl 0105 PrrOr0,

Sa(-ra)} = ’ (14)

032
Sa(T,)

P
|n[58(T1)]1|n[

_P13°01°03TPoa 020 ;=P 140 10 1P 230 20 .

02/1° 043

(15)

pm{saw} ,{ st 1;)}
sam)|"| S¢D

in which p,; is the correlation coefficient betwesa(T;) ndaaT,), oy iScrm[SdT)/Sﬂ)},

the dispersion of the spectral acceleration rdti@ mean and variance of this variable can be
computed using the following equations based onefeped GMPE and the corresponding

correlation coefficients:

ﬂln sat)] ~ HnsaT) T HinsaT) (16)
Sa(T))
o’ SaT) :UlﬁSa(Ti)JfUﬁsaT)—z'Pm sehin %37°%n a7 %n  (Sa)n (17)
In saT)
J

where phsgriy and phsgrj) are the mean logarithm (or, equivalently, the tagen of the
median) of values dgT;) andSgT;) obtained from the GMPE.

SITE SPECIFIC SEISMIC HAZARD ANALYSIS

The OpenQuake (Monelli et al., 2012) open-sourdevane for seismic hazard and risk

assessment, developed by the Global Earthquake IMGdeM) foundation, was used to
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perform the seismic hazard computations. These atatipns are based on the area source
model and the Fault Source and Background (FSBGleir(dlack and red lines in

Figure 2(a), respectively) developed during the SHARE Rio{&iardini et al., 2013).
The former model assumes a homogeneous distriboficarthquakes in time and space.
Area sources are polygons, each one comprising giorreof homogeneous seismic
activity. The latter model uses fault specific imf@tion, most importantly the fault slip rate,
to estimate earthquake activity rates. This isedéht from the area source model, which uses
solely the earthquake catalog to estimate the cdtescurrence of earthquakes occurring in a
zone. These SHARE models were constructed via aratite process of collecting,
reviewing and updating national and regional mo@@iardini et al., 2013). We adopted the
GMPE proposed by Boore and Atkinson (2008).

INTENSITY MEASURESTESTED IN THISSTUDY

The group of considered scalar and vector IMssidi in Table 1. The effectiveness of
these IMs in the estimation of building EDPs is paned in the companion paper (Kohrangi
et al., 2015) while herein we only address theildetd the hazard analysis methodology
carried out for each IM. The IMs selected heredifferent combinations of the predictors
most commonly available to engineers, namely tlastiel pseudo spectral accelerations at
different periods used singularly or jointly forsassing the response of 3D buildings (as
opposed to 2D models, as often done). Therefoheranore complicated nonlinear IMs,
such as inelastic spectral displacement (TothorlgGornell, 2007) are not considered here.
Still, it is important to note that IMs of practlggany complexity can be incorporated in the
assessment without needing to rerun the strucamalyses. As observed by Vamvatsikos
and Cornell (2005), changing the IM is simply arreise in post processing. On the other
hand, the estimation of hazard will need to be atgxk using appropriate GMPES, which are
available for all the IMs tested herein, but notessarily for other less common ones (e.g.,

the so-called Fajfar Index, tlefined in Fajfar et al., 1990).

The spectral acceleration at the first modal pedbthe structureS&T,), termedSa; in
Table 1is the most commonly adopted scalar IM for seisregponse assessment of 2D

structural models. However, the selection of theievaf T; might not be obvious for 3D
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structural models of buildings especially when thret modal periods in the two main

horizontal directions are significantly different.

Alternatively, the engineer may decide to carry the assessment for each direction
separately, hence disregarding the interaction é&twhe responses of the building in the
two main horizontal axes. This latter approachfisroadopted with the understanding that it
produces conservative results. In this context, FEHRMS58 (2012) suggests using the spectral

acceleration at the average of the period in the vain horizontal orthogonal axes of the

building, T:(Tlx+le)/2, termedSa, However, this approach might not be effective for

structures with well-separated periods in the twoZontal axes.

Table 1. IMs considered in theesponstestimatior

INTENSITY MEASURE (IM) ™

ABBREVIATION’

SCALAR IMs
Natural logarithm of arbitrary spectral accelenati the first modal period
S
In[Sa (T, )]orln [Say (le)]. &1
Natural logarithm of the geometric mean of spectaaiceleration at the average period,
e S
In[Sag_m_(Tz('[x+ '[y)lz)] E)

|n[3@<(0‘1‘1ix)' Sa( &) Sday 1) %éal' 1;’)‘ %aly)r' §ﬁu 1)]- Sass

i=1

InHﬁ(S@ (T ))Tn}ln {ﬁ(sﬂ T, ))rm oy T,<T <a, T, m= n=10° Say,

i=1

Natural logarithm of the geometric mean of PeakuBtbAccelerationin[PGAy , | PGA
VECTOR IMs
Sa (T . Sa(l.5
inlsa (T.). 3 (hy) Sa@5T1,) S35 1) Sa,,
Sg (k) S§(Ty)  SAlS i)
— S3,,(05T) Sa,(L5 "
. n(O05T) Sgn@5 D sa,,
Sgym(T Sgm(0.5 T

n|[sa(e 1) sa( B Sdew D[ S J ST fas JF sws
In Hﬁ(s@(ni ))Tn} {ﬁ(sﬂ pj))Tm Loy T <T <a, T, m= n=10 Say,

i1 j=1

*All the IMs are based on natural logarithm transformatioe. Adtation In is removed from the abbreviationsti@vity
** q, is equal to 0.8, 0.2 and 0.2 for the 3-, 5- arslidBy, respectivelyz,, is equal to 1.5 in all cases.
§ The periods are equally spaced.
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In addition, as the structure becomes nonlinearstructural response is more correlated
with spectral acceleration at vibration periodsglenthan the linear elastic responselat
Vamvatsikos and Cornell (2005) and Baker and Corf2€08) showed also that for tall
structures one needs to account for both longersadter periods rather than jukt to
appropriately describe both the inelastic resparst the spectral shape (related to higher
modes) expressed in terms of Maximum IDR. On themhand, a desirable IM should be an
efficient and sufficient predictor ahultiple response quantitigs.e. IDRs and peak floor
accelerations, PFAs, along the structure’s heigather than performing very well for
predicting one EDP type and very poorly for pradigtothers. An efficient IM provides low
dispersion of the predicted response given #vid a sufficient IM offers statistical
independence of the response given IM from groungtion characteristics, such as
magnitude, distance, etc. Efficiency helps reduee number of time history analysis for
reliable assessment of response, while sufficieiscya sine qua nonrequirement for
combining PSHA with structural analysis resultse 3@&ico and Cornell (2007) for more
detailed definitions of efficiency and sufficiendys discussed by Kazantzi and Vamvatsikos
(2015) and in the companion paper (Kohrangi et2@ll5), an IM that is effective for
predicting both IDR and PFA responses at all stmyels should combine spectral
accelerations at a wide range of periods bracketiegfirst mode. To this end, the hazard

calculations for several scalar and vector IMsaaldressed here.

Sa;; and Sa,, are vectors o54T;) and the ratio(s) of spectral accelerations degtht
spectral ordinates and orientations. $a,; the focus has been on addressing the IDR
response estimation and, therefore, we utilizedathérary spectral acceleration component
(Saun, referred toSa or Sg in Table 1) since it can capture the 3D respasfseoth
orthogonal directions separately. This IM, howeverexpected to be less effective in PFA
response estimation since it lacks information &bspectral accelerations at periods

consistent with higher modes of the structi8as, on the other hand, is a three-component

vector IM based on the geometric mean of spectetlaration aff, and two periods lower

and higher tharT,. This IM is expected to be appropriate for botfRIBnd PFA response

prediction; however, it might fail in capturing ti3® modeling effect, as explained earlier.

Two scalar IMs in the form of average spectral bredion Sas andSay in Table 1) were
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also defined using the geometric mean to combire ithensities in two orthogonal
directions. Sag is constructed with the spectral accelerations ha¢et building-specific
spectral ordinates in both directions for a totabkia components, where&a, is defined
over ten periods for a total of 20 components. étithf these two IMs is expected to be
promising for different applications. Again, sinSe; andSay, combine the two orthogonal
excitations with equal weights, they are expectedée less effective for 3D asymmetric
structural models whose vibrations may be veryed#ft in the two main orthogonal
directions. HenceSa;; and Say, are introduced as the corresponding vector IMs by
separating the contribution of each horizontal gcbmotion component into a two-element

vector.

In the range of periods longer th@p, the value ofT=1.5-T; has been selected as an
appropriate upper period limit for all IMs. This svdecided based on a preliminary nonlinear
response history analysis for the three buildingse( Kohrangi et al., 2015) where
SqT=1.5T1) consistently provides the lowest dispersion inpoese estimation for all
directions. As stressed earlier, in the range oiods lower thanT;, one needs to provide a
balance in the efficiency of the same IM in thareation of both PFA and IDR. It is well
known that values of PFA are considerably moreugriced by higher modes compared to
those of IDR. In other words, adding many shortqueordinates to a vector IMr averaged
spectral acceleration scalar IM, may help in PFAdpmtion only but it may not be as
effective for predicting IDR Opposite considerations hold when adding many sgect
ordinates with periods longer than the fundameoia in the predictive vector. Therefore,
care should be exercised when selecting the relatiight placed on the short versus the
long period ranges for each building. In this studinimum periods of 0.8, 0.2 and 0.27Taf
for the considered 3-, 5- and 8-story buildingspesztively, were observed to provide such
balance in the response prediction. The PGA is atswsidered as a candidate IM here
because it is expected to be a valuable prediotoedtimating PFA, especially for short and
relatively rigid structures or at lower floors afler buildings, as confirmed in the companion
paper (Kohrangi et al., 2015). Finally, as mentbmarlier, to avoid problems caused by
multi-collinearity of different predictors in theeetor IMs of Sa,; and Sa,,, all spectral
accelerations other than the first component ofveiwor (i.e.,Sa(Tix)) are normalized to the
previous component in the series.
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PSHA AND VPSHA ANALYSISRESULTS

A site in the south of the Sea of Marmara in Turle&s considered in this study and all

earthquake sources within 200 km from it whereuded in the hazard calculations.

Figure2(a) shows the site map along with the consideralisfaA reference “stiff or soft
rock” soil class with average shear wave velocitgrahe top 30m (\4g) equal to 620 m/s
was assumed to be present at the site. The minimagnitude of engineering significance
used in the hazard analysis wdg =4.5. The hazard calculations are based on the ESMP
proposed by Boore and Atkinson (2008) that provid®RotI50 of spectral acceleration
(i.e., a median value of the geometric mean oveltiphel incident angles) rather than the
geometric mean of the spectral accelerations ofreorded horizontal components or the
spectral acceleration of one arbitrarily chosen ponent. Baker and Cornell (2006) showed
that even though the GMRotI50, the geometric mezay () and the arbitrary component
(Sam) have statistically similar median values for agiyen earthquake at any given
location, their logarithmic standard deviations difgerent (the values fo®a,, being higher
due to the component-to-component variability). réfee, one should be careful in
consistently applying the same definition of spacéicceleration both in hazard calculations
and in the response assessment. In this studyistemisdefinitions of spectral acceleration
variables (arbitrary component or geometric mearjewused by modifying the standard
deviation of the applied GMPE, according to theirdgbn of spectral acceleration

considered.

Figure 2. Hazard Analysis results: (a) Site map showingltmation of fault sources (blue lines),
background source model (red lines), the area sauadel (black lines), and the assumed location of
the building (yellow pin), (b) Mean Annual Rate (M of exceedance of Sa at periods of relevance
to the 8-story building (Kohrangi et al., 2015)l{@dine: Sg,,, dashed linesg,, ) an®a,, made

of the same spectral accelerations.

Figure 2(b) shows the hazard curves related to the 8-dboilding described in the
companion paper for spectral acceleration at fafferént periods (solid lines for the
geometric mean and dashed lines for the arbitrargponent) corresponding ,=1.30s
andTy=0.44s and periods 1.5 times the first vibratiordmof each direction, along with the

curve for their averageSawg As mentioned earlier, the VPSHidirect approach was
Kohrangi—16
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implemented using the PSHA output of OpenQuake. disaggregation results for finely
discretized bins of 0.5 magnitude unit and 2.5 kstathce were considered. In the PSHA, the
hazard curves for the spectral accelerations wengated for values ranging from 0.0001g
to 3.5g with a logarithmic increment of In(0.2) atiek spectral acceleration ratios ranging
from 0.01 to 50 with a constant logarithmic increref In(1.17). Such fine discretization of
spectral acceleration hazard curves was employeegasred to achieve sufficiently accurate
estimates of the marginal MARs (see Bazzurro et 2010). Bazzurro et al., (2010),
performed a sensitivity analysis on the effect iof $ize on the precision of the method and

the interested reader is referred to that study.

The same GMPE (Boore and Atkinson, 2008) and smeditions were adopted for
VPSHA for consistency reasons. In a real, compkseqroblem in which several GMPEs
are considered in a logic tree format, the VPSHAIirgtt computations may also be
complicated by the handling of multiple GMPEs ahd torresponding proportions, which
was avoided here. An additional simplification aiap is the assumption that all the
earthquakes were generated by a strike-slip ruptiehanism. This eliminates the need for
rupture mechanism bookkeeping when disaggregativeg site hazardThe correlation
coefficients proposed by Baker and Jayaram (20@8Equations (13), (14) and (15) were
used for the computation of the hazard of complds.|Note that, for simplicity, these
correlation coefficients were applied to every scen event, although a recent study
(Azarbakht et al., 2014) has shown some dependefcthe correlation structure on

magnitude and distance.
As an example,
Figure3(c) shows VPSHA results for a selected vector gadetwo components.

Figure 3(d) displays the M and R disaggregation of the joint hazard at
SqT,=0.57s)=0.067g an®g1.5-T;)/SqT1)=1.021, which are IMs relevant for the 3-story
building analyzed in the companion paper (Kohraatgil., 2015). The code generated in this
study is capable of computing the joint hazarda&atector up to 4 components. One simple,
but not necessarily sufficient, validation for tector PSHA is the comparison between the
hazard curves obtained using scalar PSHA for ditlin the vector, with the marginal
distributions of the joint IM distribution obtaineidom VPSHA for the same IMs. Such
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validation was performed for the entire vector catagions tested here and good consistency

was observed in all cases.

Figure 3 (c) shows one such comparison for the VPSHA cdseqoaling pairs of
Sq1.5-T,)/SqT,) andSqT,) values (see

Figure3(a)). In

Figure3(b), the MAR of exceeding for this example is shown

Figure 3. Hazard Analysis results: (a) MAR of equaling joimalues of Sq(({x) and of
Sg (1.5 T,)/ Sa( &) at T, =057s, (b) MAR of exceeding joint values ofg(T,) and of

Sg (1.5 T,)/ Sg( §)at T, =0.57s c) comparison of the MAR of equaling derivednir the scalar
PSHA and from the marginal of VPSHA; d) disaggregatresults for a joint MAR of equaling at a
given ground motion intensity level wittSg (T,)=0.067g an83 (1.5 T,)/Sa( §)=1.02: at
T, =0.57s.

It should be noted, again, that to achieve a gamdiracy of the hazard estimates the
domain of all the random variables considered & YWPSHA calculations must be well
discretized especially around the region where ghabability density function is more
concentrated. For instance, the joint MAR of equalior Sg(T1x) andSa(1.5-Tx)/Sa(T1x)

ratio for T1x =0.57s shown in

Figure 3(a) needs a fine discretization especially in the @ 1.0 range for the
Sa(1.5-Ty)/Sa(T1x) ratio and of 0.001g to 1.0g f@3a(Tw). As explained earlier, in this
study a constant and rather fine discretization wassidered to cover all the ranges
appropriately. However, the user can adopt diffecBscretization schemes with respect to
the importance of each adopted range, perhapgdt@weethe analysis time and to reach the

accuracy of interest.

An improvement of this software for carrying out S#2BA compared to previous ones is
the ability to compute the contributions to thenjohazard in terms of th®l, R, and, if
needed, the rupture mechanism of the causativaewithough not implemented here, the
joint hazard disaggregation could also be extertdedentify the latitude and longitude of
the events, so that the specific faults that cérttie hazard can be uniquely recognized

(Bazzurro and Cornell, 1999). Several refinemeritéhe disaggregation exercise can be
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carried out to meet the requirements of the usensexample, in a 2D joint hazard case, the
disaggregation can be implemented to extract tiériboitions to the MAR of “equaling” a
certain joint IM cell (e.g.540.3s)=0.2g an&bg1.0s)=0.1g), or to the MAR of equaling or
exceeding it (e.g5$80.3s)> 0.2g andSg1.0s)> 0.1g). One example of such results is shown
in

Figure 3(d). The VPSHA software developed for this studyMatLab is available at
Kohrangi, 2015a.

CONCLUSIONS

Computing the seismic risk of realistic buildingg both loss estimation and collapse
assessment requires monitoring building responsesunes that may include story-specific
measures, such as peak inter story drifts and flegponse spectra at all stories, and global
measures, such as maximum peak inter story dftgalthe height of the building and
residual, post-earthquake lateral displacement.oAfident assessment of these response
measures requires sophisticated structural andstrantural modeling that is better served
by using 3D computer models of the building. Predgthe response of such models in both
the main horizontal axis and, in some cases, \&rtiicection (e.g., for assessing the damage
to suspended ceilings) is facilitated by the usenofe than one IM of the ground motion in

one or more directions and at one or more osciljag¢oiods.

Estimating response measures as a function ofreiftelMs involves statistical and
probabilistic techniques that have been alreadylaige part, developed and fine-tuned.
However, which IMs are superior for a practicaliraation of both losses and collapss
buildings modeled as 3D structures and how to caenfhe joint hazard of these IMs at the

building site is still a very fertile ground forsearch.

This article and its companion one (Kohrangi et 2015) describe the use of more than
one IM for assessing building response for botls lasd collapse estimation. The present
article focuses on defining the IMs that are jginted as predictors of building response in
the companion paper and outlines a method for pemg vector-valued PSHA for these
IMs. Performing vector-valued PSHA for complex Ikh&t are derived from common ones

(e.g., spectral accelerations at different periadshot trivial and requires modifying the
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existing ground motion prediction models and conmuuthe variance-covariance matrix of

such IMs.

All these aspects are covered here for the mosthmmmpractical IMs appearing in the
literature namely spectral accelerations, ratiosspéctral accelerations and averages of
spectral accelerations over different periods amehtations, which are used as predictors of
building response both in scalar form and in veétom. More precisely, the scalar IMs
considered here are spectral accelerations at riile period of the structure in each
orthogonal main directions of the building, or la¢ average of the first modal periods in the
two orthogonal directions. Another scalar IM usedhe averaged spectral acceleration at
multiple periods of oscillation that are importafdr the structures considered. It is
emphasized, however, that the methodology descifitmederforming vector-valued PSHA
goes beyond the boundaries of these specific ajlits that use only spectral accelerations.
Other less conventional IMs (e.§GV, PGD Arias Intensity, duration, and Cumulative
Absolute Velocity), can be used following the saaperoach provided that legitimate ground

motion prediction models and correlation coeffitsefor those IMs are available.

For the applications at hand, the conventionalasdaSHA for scalar IMs and the vector-
valued PSHA were performed using the software Op@hk®. The vector-valued PSHA were
carried out using a methodology that was called“tinelirect’ approach since it does not

implement the numerical integration of the joinstdbution of all the correlated IMs

considered, as the “dirécapproach does. THendirect’ approach uses the marginal hazard

curve for each IM, the disaggregation results ftbose IMs, and the correlation coefficients

for each pair of IMs to obtain the joint hazard.ne, this method could be considered as a
simple post processor of any available scalar P8bt#e. This‘indirect” method is arguably

superior to the “direct” integration approach innpaspects as explained in the body of the
paper. However, when applying tHmdirect’ approach to vector PSHA, care should be

exercised in the selection of the bin sizes thstrdtize the mutli-dimensional domain of the
IMs. The bin sizes should be rather small espsciallthe part of the domain where the

highest concentration of probability is concentilate
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The software that post-process scalar PSHA reamiisthat produced the joint hazard
estimates used in this study is available at KayiraR015. As will be discussed in the
companion paper (Kohrangi et al., 2015), using arscof IMs in seismic performance
assessment of structures is a very promising avelius hoped that the software for
performing vector PSHA made available here willrdase the hurdle that has hindered its
use in the past and will enable more complex arairate seismic response assessment
studies of realistic buildings.
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APPENDI X: INCORPORATING MULTIPLE GMPESIN VPSHA

In a complex PSHA, where multiple GMPEs are use, could proceed either by using a
single GMPE, but accepting some level of inaccuyracypy incorporating all the GMPEs in
computing the median and standard deviation ofctireesponding IM. In the latter option,
the values of the median and the standard deviatemded in equations (A.1) and (A.2)

could be approximately obtained using the followaygiations:

/uInIMilrup zZ:pk/'lln IM; y [rup (Al)
k

2
aInIMi|rup ~ \/Z pk (alilMik |rup+(/uInIMik |rup_/u M |rup) ) ) (AZ)
k

In which:

Hiomiwe | s the logarithmic mean obtained incorporatingted GMPESs of thé-th IM in the
vector of IMs given a scenario (Magnitude, distarate.).

Hinw e , is the logarithmic mean obtained frdath GMPE in the logic tree of theth IM

in the vector of IMs given a scenario (Magnitudetahce, etc.).

P is the PSHA weight assigned to tkéh GMPE in the logic tree.
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Tinm e s the logarithmic standard deviation obtainedifmorporating all the GMPEs of

thei-th IM in the vector of IMs given a scenario (Matgiie, distance, etc.).

G'”'Mivk'“‘p, is the logarithmic standard deviation obtainemhfk-th GMPE in the logic tree of

thei-th IM in the vector of IMs given a scenario (Matgiie, distance, etc.).
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