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NOTA PREVIA

Este trabalho apresenta a contribuicdo do Labaoakéacional de Engenharia Civil (LNEC)
para a tarefa 85 do subprojecto SP10, “Earthquadastgr scenario predictions and loss
modelling for urban areas”, do projecto integradodpeu LESSLOSS, “Risk Mitigation for
Earthquakes and Landslides”, patrocinado pelo 6§rBma-Quadro Comunitario. O objectivo
daquela tarefara o de avaliar as perdas em consequéncia deasesmicos pré-definidos,
numa situacdo de referéncia, ou seja, antes de semglementadas estratégias de mitigacao
do risco sismico envolvendo a diminuicdo da vulbiéidade do parque habitacional da
regido em estudo. Nesta fase do projecto a avalidegoerdas foi efectuada para trés casos
estudo, as areas Metropolitanas de Lisboa, Theskatolnstanbul, sendo que a contribuicéo
do LNEC reportou & Area Metropolitana de Lisboaecelhos limitrofes. A contribuicéo do
LNEC, conjuntamente com as dos restantes parceéaasibprojecto SP10, foi integrada no
relatorio desenvolvido para a referida tarefa 85oMna de divulgacéo deste relatério foi a
sua disponibilizacdo neite do projecto LESSLOSSttp://www.lessloss.org/pelo que se
justifica a publicacdo da contribuicdo do LNEC smlkforma de relatério interno deste
Laboratorio.
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1. INTRODUCTION

The project LESSLOSS — Risk Mitigation for Earthkes and Landslides is a European
integrated project developed within the framewofkthe Sixth Programme for Research,
Technological Development and Demonstration of Beam Commission.

The project started in September, 2004, has aidoraf 36 months, is coordinated by
University of Pavia (Italy) and involves the paip@ation of 46 European institutions.

Summarizing LESSLOSS objectives, it aims to promateoordinated approach to the
assessment of seismic risk, its environmental, rurbad infrastructural impact, and

prevention and protection strategies [Calvi & Pinb@04]. The LESSLOSS project addresses
natural disasters, risk and impact assessmentrahat@zard monitoring, mapping and

management strategies, improved disaster prepasdaed mitigation, development of

advanced methods for risk assessment, methods prhiaimg environmental quality and

relevant pre-normative research [Calvi & Pinho, 400

The LESSLOSS is a multidisciplinary project dividad eleven Research Components or
Subprojects.

This report addresses the National Laboratory fieil Engineering (LNEC) participation in
Subproject 1Earthquake disaster scenario predictions and losslelling for urban areas
More precisely this report was developed in ordeaccomplish the 24 months LESSLOSS
deliverable n° 85, which achieves loss estimateshi® Metropolitan Area of Lisbon (MAL),
for pre-defined scenarios earthquake. These ldsaaBns represent the reference situation
to be compared with revised loss estimates aft@leémenting mitigation actions with the
ultimate goal of being established, in the nexiveéedble, the “most effective” mitigation
strategy (deliverable 115).

The report is organized in 5 chapters. Besidediiisduction chapter 2 presents and justifies
the revision of the reference ground motion eardlkguscenarios.

Chapter 3 addresses loss estimations that willtitotes the reference situation, in terms of
physical damage, economic and human losses, béfgpeementing mitigation actions.
Curves of probabilistic seismic risk for the MALgien are also analyzed.

Chapter 4 analysis the major factors that conteibotioss estimations.

Final and general considerations are reported ap@hn 5.

LNEC — Proc. 0305/17/15525 1
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2. REVISION OF REFERENCE GROUND MOTION EARTHQUAKE
SCENARIOS

2.1. Justification

Since August 2005, when deliverable 83 concernimggselection of 50 year and 500 year
scenarios for Lisbon Metropolitan Area (MAlvas accomplished, the work on seismic action
scenarios selection and on the propagation of seismtion suffered several progresses.

More specifically:

1. Seismic action scenarios were revised based on Imadaes derived from 3D
disaggregation analyses W and X, Y) (magnitude and coordinates of bin source),
instead of modal values derived from 2D disaggiegaanalysis inX andY plus
expected value oM, supported by Campos Cost¢d al. [2002]. Revised seismic
hazard disaggregation analysis is presented imge2i2. Details of its fundamentals
and results were already published in Sousa [2@0®6] Sousa & Campos Costa
[2006].

2. The seismological modalsed to assess offshore scenarios for MAL (expihiime
deliverable 83, UCAM, 2005)as recently calibrated.

3. The seismological model was updated in what comsclaw frequencies range, with

the introduction of the dynamic corner frequencyfikedian & Atkinson, 2005].

Furthermore, in this report we would like to praggestudying seismic risk for MAL region,
before and after mitigation strategies, and consetly only two return periods (50 and 500
years) are not enough to perform this analysis.

Therefore this chapter presents the revised grouritbn earthquake scenarios to be used on
loss estimations. Upgrading and updating of modetsdata are detailed.

2.2. Seismic action scenarios based on hazard disaggregation
2.2.1.Seismic hazard disaggregation methodology

According to Montilla [2000], the first author teegorm a seismic disaggregation process
was Bernreuter [1992] intending to determine a madimg earthquake from a PSHA, that is,
the earthquake that most significantly contributegerms of magnitude and distance to the
hazard at a site, for a given level of ground nmtio

Although this analysis is recent, it has been esttaty discussed and applied, namely by
Bazzurro [1998], Bazzurro and Cornell [1999], Cas@pstaet al. [2002], Carvalhcet al.
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[2002], Chapman [1995], Cramer and Petersen [1996@Inkelet al. [1996], Frankelet al.
[2000], Harmsenet al. [1999], McGuire [1995], Montilla [2000], Montillaand Cansado
[2002], Sousa and Carvalho [2001] and Soetsal. [2001]. Also some technical books [e.g.
Kramer, 1996 and Pintet al, 2004] address the theme, even though briefly.

Seismic hazard disaggregation consists in the a#par of the hazard exceedance
contributions into different spaces of bins of thedom variables of the process. The most
used bin space is bi-dimensional (2D); that isréiative contribution to the hazard is studied
in terms of elementary bins of magnituble and earthquake to site distanéeor In R.
McGuire [1995] included a third dimension into thecedure, analyzing the contribution to
the hazard of 3D bins iN-R-€. The variable, representing the third dimension, is a measure
of the deviation of ground motion from the predic{enedian) motion. Bazzurro and Cornell
[1999] improved the disaggregation process evalgatiazard contributions in terms bf
ande and latitude and longitude, or Cartesian cooré® &, Y), instead oR.

Defining the procedure for seismic hazard disagafieg, Bazzurro and Cornell [1999],
explain that a disaggregation process must infti@laluate the annual frequency of
exceedance of a hazard levelA -y, in the region characterized Wy, seismic source

zones identified by the indéx

Nz
Mish = 2 vic O] [ [ #HTHM, Re) =l fy (M) fR(r)i fe () dedrdm (1)
k=l MRe

wherev is the mean annual rate of earthquake occurremtie ¥ > my,) in source zong;
H[H(M,R,s)k —h] is the Heaviside function that assumes the ndllevd H(M,R€), is
less therh and the unit value otherwisd{l),, is the probability density function, in source
zonek, of the considered random variables, admitted iaddpnt.

According to those authors the disaggregation aaithcan be achieved in two steps: (i) to
accumulate in each bin its contribution to the gldiazard and (ii) to divide the contribution
accumulated in each bin by the total annual frequeh exceedanc® s :

D v HIH(M, R g —hl fy (M) Fr(Nk fe(e)k

fmre(mr,gH >h)=X 2
AH>h

Therefore, hazard disaggregation represents a toomali probability that, given the
exceedance of a specified ground motion levelast leen caused by a certain combination of
M and R and € [McGuire, 1995]. In other words, when the conttibn to hazard is
accumulated in a 3D bin dfl, R ande the disaggregated hazard is represented by the joi
probability mass function oM, R and g, conditional onH >h at the site [Bazzurro and
Cornell, 1999].
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Bazzurro and Cornell [1999] also emphasize thatnathe aim of a disaggregation procedure
is to estimate the expected or the most likely ettestt cause the exceedance of the specified
ground-motion level at the site, the results ofdndaisaggregation are often summarized into
central statistics, like means or modes. Discussiowhatever an earthquake scenario should
be defined by a pair of mean valuéd (R ) or by modal valuesl\fl , Ii) resulting from hazard
disaggregation, has taken place. Harmseal. [1999] decided to compute both mean and
modal values pointing out that the use thf,(Ii) can be dependent on the dimension of the
bins, whereas the use dfi(, R) may correspond to earthquakes with negligibletriioution

to the hazard.

When probabilistic seismic hazard is disaggregatusidering a 2D space of the random
variablesM and R, the bivariate conditional hazard distributionsNRR result from the
integration of expression 2 regarding the devigteconducting to a marginal bivariate
distribution conditional on the exceedance of taeand level at the sitéd > h:

fuR(mIH > M= [ fy rg(mr,g[H >h)de 3)
€

In the next sections Portuguese probabilistic seisrazard analysis is reviewed in order to
perform its disaggregation.

Modal values of the above mentioned distributioxp(ession 3) substituting by the pair
(X,Y) are computed for each MAL parish, correspondiagthie seismic scenarios that
dominate each site hazard.

2.2.2.Revaluating seismic hazard for Mainland Portugal

Seismic hazard for Mainland Portugal is revaludt@bwing Frankel [1995] methodology,
considering that seismicity is not uniformly dibtited inside source zones, but it is
characterized by an empirical density function egping the spatial distribution of events in
the seismic catalogue (see figure 2.1). The remg@irparameters characterizing seismic
occurrence process in each source zone, like thesdtvan process and the exponential
distribution of magnitudes, follows Sousa [1996 HASfor the Portuguese region.

Macroseismic intensity was chosen as the dependent variable in the atienunodels due
to the scarcity of instrumental data in Portugadjnty for high magnitudes. Five attenuation
laws, developed by Sousa and Oliveira [1997] fat tlegion, using macroseismic intensity
(EMS) as dependent variable were applied.

LNEC — Proc. 0305/17/15525 5



o
5|
m
600000 + o
=)
=
400000
200000
0
! 4o oo & m
o %‘I‘D[] d
-200000 = — O
-200000 0 200000 M 400000 600000

Figure 2.1 — Number of earthquakes with magnitudatgr than 3.5 for each quadratic bin
with 10x10 km; instrumental catalogue (year > 190@)hout aftershocks [Sousa & Campos
Costa, 2006].

Figure 2.2 exhibits the results of PSHA for MairdaRortugal. In this figure one identifies
Lisbon site where disaggregation analysis will bapgically illustrated. Nevertheless,
disaggregation analysis was carried out for theg@atsh of MAL, also zoomed in this figure.

In practice, the integrations in the PSHA (expmrasdi) where performed numerically and the
elementary annual frequency of exceedance wergrassito the central point of each bin,
with constant dimensions in the domain of analydm:= 0.1 andAx = Ay = 10 km, wheré\x
andAy are elementary bins of Cartesian coordinatesathatvs the computation of distance
bin AR.
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Macroseismic RP=50 RP=95
intensity

RP=975 RP=5000

Figure 2.2 — Seismic hazard maps for Mainland Pgatior 50, 95, 475, 975 and 5000
return periods. 95 years RP: Lisbon site choserafarore detailed graphic analysis of
disagregation. 475 years RP: 278 Portuguese cosnfie00 years RP: zoom of MAL region

and its 277 parishes.

2.2.3.Disaggregation 3D in MX, Y)

Figure 2.3 illustrates the 3D seismic hazard disaggtion analysis for Lisbon site where
random variables considered are simultaneously mmatg and source coordinates. To
simplify the graphic representation the coording¥sY) where substituted by source to site
distanceR.

The same figure exhibits modal values of the joinbnditional distribution
v,y (m X, y| H >h), of random variableM andX, Y. In this figure total volume should
be 1000%., however, to lighten graphic represenationtributions less than 0.01%. were
disregarded.
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Figure 2.3 — Joint probability distribution or carttution of magnitude (Mag) and distance
(X, Y) for 50, 95, 475, 975 and 5000 return peritmd_isbon site.

From the analysis of figure 2.3 for Lisbon site anay conclude that:

1.

In what concerns 50 and 95 years return periodjoiné conditional distribution shows
a more accentuated multi-modal pattern then their@nyg return periods, revealing the
non uniqueness of dominant occurrence scenarios.

2. For the 50 years return period, disaggregation yaiglindicates an important

contribution of short distance modal scenario, altth the second more important
contribution corresponds to a long distance scenarnereas for the remaining return
periods disaggregation analysis specifies longd# modal scenarios.

3.  For Lisbon site, all long distance scenarios, ihatnodal scenarios for 95, 475, 975 and

5000 return periods are located in the same pailyt warying the scenario magnitude
that increases with return period.
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The disaggregation analysis for the great majaoityMAL counties conducted to similar
results. This conclusion leads to the adoptionisban modal scenarios for the whole MAL.
In fact, Lisbon County has the higher exposurehefregion and seismic hazard doesn’t vary
considerably inside MAL (see figure 2.2), so ona eapect that this County has the higher
seismic risk of the region. Actually, Sousa [20086hcluded that Lisbon County contributed
with 23% of the annualized earthquake economicddSMAL” region.

2.3. Finite fault propagation based on a seismological model
2.3.1.Calibrating seismological model

It was performed a new calibration of the seismiglaignodel, based on revised formulas for
the quality factorQ. The new relationQ=200"%was derived from a revision of the work of
Vales et al. [1998], considering the mean of &)l values obtained in several Portuguese
stations using 97 records from the Lugo earthq&ediza, Spain) in 1997.

The calibration was performed using the datasetadl presented in deliverable 83, which
includes horizontal components of ground accelematecords obtained by the Portuguese
digital accelerographic network, on hard sites. dlh@nged parameters are the following:

Stress dropFor interplates scenario, it was adapted the valti@80 bars for the stress drop.

Anelastic AttenuationThe anelastic attenuation will be represented leyrdgional quality
factor using the relatio@=200f"2

Upper crust attenuationA reasonable prediction of the strong motion reedrevas found
considering the upper crust attenuation Wil = 7Hz for interplategarthquakes.

Upper crust amplification factor: For interplates events the impedance function
FZl(a)): 2

1+&
w

w>w,; , With ;=0.25Hz represents a very good fit to data.

Duration: The relationshipr =fi + 002[R holds for interplates earthquakes.
0

All modeling parameters, including crustal and seysroperties, are presented in table 2.1

LNEC — Proc. 0305/17/15525 9



Table 2.1 — Seismological parameters.

Crustal thiknessD 25 km
Quality factor Q(f) 20012

1/R (R<1.5D)
Geometric attenuation| 1/R’ (1.5D < R<2.5D)
1/R®°(R>2.5D)

Distance-dependent

_ 0.02R
duration
fmaX 7 HZ

Shear-wave velocitys 3.5 km/s
Crustal densityp 2.8 g/cn
Stress dropdo 100 bar

Amplification function

FZ|(CU)

2.3.2.Upgrading seismological model

The modifications of the stochastic finite-faulttmed include the new concepts of “Dynamic
corner frequency” and “Pulsing Subfaults” of Motdize and Atkinson [2005].

In this approach, the corner frequency decreastistimie as the rupture progresses in order
to model the effects of finite-fault geometry oretlfrequency content radiated ground
motions. At each instant the corner frequency dépem the cumulative ruptured area. The
rupture begins with high corner frequencies andjfass to lower corner frequencies.

The updated version also implements the concefRulsing subfaults”, meaning that only a
part of the rupture actively participate in thgshkt any time. This option does acknowledge
the fact that the slip that occurs when a largeungpbegins, may have stopped by the time
that the rupture-propagation finally reaches the @frthe fault.

Being so, the modified model has several significaivantages over the previous model,
including conservation of radiated energy at higigfiencies, regardless of subfault size and
the ability to consider a percentage of the fasilaetively pulsing at any time.

2.3.3.Attenuation laws derived from the seismological etod

This calibrated and updated model was used as dles lfor characterization of strong
earthquakes for Portugal Mainland.

10 LNEC — Proc. 0305/17/15525



Response Spectra, for rock sites computed for mamguths in Portugal mainland, for a set
of offshore earthquakes covering a wide range ajnitades (6.0 to 8.5 with increments of
0.5 units) and distances. The length and widthhef fault plane are based on the moment
magnitude relations of Wells & Coppersmith [1994)r freverse faults. In a first
approximation the distance between site and hygeceefers to the centre of the fault.

The simulated ground-motion amplitudes were fiti@é simple functional form, convenient
to be used in seismic hazard analyses:

log PSA=cl+c2M+c3logR +c4R 4)

whereM is moment magnitude amlhipocentral distance.
Table 2.2 presents coefficients of ground motidati@nships, for several periods.

Table 2.2 — Coefficients of the ground motion retat for rock sites

Period [s] cl c2 c3 c4
0.02 -0.5543 0.6099 -0.6439 -0.0021
0.05 -0.5013 0.6089 -0.6489 -0.0021

0.1 -0.2205 0.6036 -0.6321 -0.0022
0.2 -0.1324 0.6032 -0.5999 -0.0021
0.4 -0.3544 0.6120 -0.6214 -0.0020
1.0 -1.4621 0.6705 -0.4878 -0.0020
1.5 -1.8987 0.7192 -0.5568 -0.0018
2.0 -2.4512 0.7754 -0.5956 -0.0017
2.5 -2.7590 0.8111 -0.6472 -0.0017
3.0 -3.0264 0.8440 -0.7137 -0.0016
5.0 -3.3982 0.9148 -0.9927 -0.0013
PGA -0.7726 0.6216 -0.6028 -0.0021
PGV -2.4469 0.6947 -0.6440 -0.0018

It is worth mentioning that, even though regresswas made considering hypocentral
distance, the amplitude of the ground motion ré$ldbe finite fault behavior and it is, of
course, controlled by the rupture length of theltfailne closest distance to the fault and
directivity effects. Equations are justified by thdl theory behind the stochastic model,
presented in deliverable 83.

LNEC — Proc. 0305/17/15525 11



2.4. Ground motion maps

Ground motion maps (PGA) for 50 years and 475 yesttgn periods are shown in figures
2.4 and 2.5. The magnitude and distance of thasgasios are specified in figure 2.3.
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Figure 2.4 — Peak ground acceleration for bedrdet) and considering soil columns (right)
for MAL, for the 50 years return period.
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Figure 2.5 — Peak ground acceleration for bedrdeit) and considering soil columns (right)
for MAL, for the 475 years return period.

Ground motion maps for the 475 years return pepoesent higher values for PGA in
comparison with ground maps presented in deliver&8l due to the new calibration of the
seismological model and to the change of the saemaagnitude as a result of a 3D PSHA
disaggregation (M=7.9 instead of M=7.6).

Analyzing figure 2.5 it is clear that PGA soil anfightion is particularly pronounced in the
South margin of Tagus River.
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3. REFERENCE LOSS ESTIMATIONS

3.1. Exposure analysis
3.1.1.Typological classification

The typological classification for MAL building stk was already presented in deliverable
81. Following the criteria used to classify the narability of MAL housing stock, it was
possible to identify 7 typological classes accogdio the building construction epoch and to
their structural type (table 3.1 left).

Each typological class includes 7 typologies adogrdo the classes of number of floors
(table 3.1 right).

The aggregation of 325 original typologies (9 emoohconstruction 5 structural types 7
classes for the number of floors) is justified mler to emphasise the correlation of losses
estimates and building typological classes.

Table 3.1 — Typological and floor classes.

Typological classes No of floors
Adobe + rubble stone + otherp 1
Masonry before 1960 2
Masonry 1961-85 3
Masonry 1986-01 4
RC before 1960 5a7
RC 1961-85 8al5
RC 1986-01 +de 15

In deliverable 81 the exposure was presented mgesf number of buildings, because one
intended to carry out the characterization of saswlnerability of MAL. As the present
report focuses on seismic risk analysis the exmossirnow characterized in terms of
dwellings and people at risk.

The analysis of Portuguese Censos 2001 [INE, 2002¢lucted to the classification of MAL
dwellings (table 3.2) and inhabitants (table 3.8) @poch of construction, structural type and
number of floors.

LNEC — Proc. 0305/17/15525 13



Table 3.2 — Number of familiar dwellings in MALr ppoch of construction, structural
type and number of floors (Censos 2001).

Masonry with | Masonry without | Adoberubble] Others (wood,
Epoch No. of floors RC RC floors RC floors stone steel, etc.)
1 0 0 8724 7 548 158
2 0 0 7188 4277 97
3 0 0 6 544 2 035 52
4 0 127 8 948 0 95
Before 1919 5a7 0 42 6 303 0 95
8alb 0 0 (0] 0 0
+de 15 0 0 0 [0] 0
Total [0] 169 37707 13860 497
1 3547 6434 11590 5406 132
2 2273 4417 6382 1463 33
3 3221 3575 6222 526 47
4 3177 4446 6902 (0] 57
191910 1945 5a7 3945 10839 5185 (0] 24
8alb 1998 0 0 0 8
+ de 15 0 0 0 0 0
Total 18161 29711 36281 7395 301
1 8548 11354 10678 3020 138
2 8488 8887 3740 679 33
3 11290 6755 2272 398 27
4 19877 9145 3090 0 16
194610 1960 5a7 21120 12098 1575 0 30
8al5 10739 (0] 0 (0] (0]
+de 15 0 0 0 0 0
Total 80062 48239 21355 4097 244
1 15363 16912 6616 1047 212
2 15514 10423 1433 292 19
3 17048 5920 923 120 10
4 41079 7975 1126 (0] 13
1961 o 1970 5a7 49919 10394 579 (0] 21
8al5 35320 0 0 0 0
+de 15 2119 0 0 0 0
Total 176362 51624 10677 1459 275
1 20453 19695 3928 576 368
2 23362 14534 955 178 29
3 16340 6132 410 110 1
4 42114 7413 631 (0] 24
197121980 5a7 66037 8999 425 0 20
8al5 65822 0 0 0 0
+ de 15 4397 0 0 0 28
Total 238525 56773 6349 864 470
1 11039 9652 1745 285 268
2 15285 8195 362 105 37
3 7775 2641 166 34 18
4 13071 2548 183 0 52
1981 t0 1985 5a7 28148 3675 163 0 29
8alb 29648 0 0 (0] 148
+de 15 3789 0 0 0 0
Total 108755 26711 2619 424 552
1 8484 6483 932 187 131
2 11619 6387 245 108 24
3 7423 2249 128 18 7
4 12928 2151 113 (0] (0]
19860 1990 5a7 29734 3630 144 0 0
8al5 28408 0 0 0 15
+ de 15 2874 0 0 0 0
Total 101470 20900 1562 313 177
1 6769 5645 659 218 148
2 9563 5053 288 86 27
3 7247 2210 190 36 10
4 11854 1942 175 (0] 16
1991 t0 1995 5a7 31267 4747 142 0 24
8al5 34915 0 0 (0] (0]
+ de 15 2154 0 0 0 0
Total 103769 19597 1454 340 225
1 7027 5394 622 225 110
2 13295 7597 300 173 28
3 10712 2998 294 69 21
4 16218 3279 295 0 22
1996 t0 2001 5a7 43038 3900 248 0 31
8alb 39980 0 0 (0] 18
+de 15 3017 0 0 0 0
Total 133287 23168 1759 467 230
Total Tip. Struct. 235256 149764 66111 24072 1967
1 floor 2 floors 3floors 4 floors 5a7floors 8a15floors + de 15 floors
228470 193473 134224 221102 346570 247019 18378
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Table 3.3 — Number of inhabitants in MA,L, per épotconstruction, structural type
and number of floors (data from Censos 2001).

Masonry with [Masonry without] Adobe rubble] Others (wood,
Epoch No. of floors RC RC floors RC floors stone stedl, etc.)
1 0 0 13 281 10 344 199
2 0 0 13 206 6 681 164
3 0 0 10 347 3414 99
4 0 184 14 331 0 257
Before 1919 5a7 0 75 10 183 0 156
8ails 0 0 0 0 0
+de 1t 0 0 0 0 0
Total 0 250 51348 20439 875
1 5831 11136 17392 7544 224
2 4041 8124 10275 2287 56
3 5356 6245 9838 924 87
4 5644 7649 11424 0 108
191921945 5a7 6641 19003 8940 0 42
8ails 3499 0 0 0 19
+de 1t 0 0 0 0 0
Total 31012 52157 57869 10755 536
1 16461 21555 17427 4730 197
2 17024 17619 6876 1177 57
3 21555 13653 3970 612 56
4 36956 16828 5308 0 38
194621960 5a7 38228 22267 2886 0 56
8ail5 18896 0 0 0 0
+ de 1t 0 0 0 0 0
Total 149120 91922 36467 6519 204
1 30262 33823 11265 1666 522
2 32936 22694 2620 561 51
3 35775 12041 1776 220 27
4 84939 16094 2196 0 35
196121970 5a7 101269 20043 1103 0 40
8ails 69278 0 0 0 0
+de 1t 4421 0 0 0 0
Total 358380 104695 18960 2447 675
1 45115 44635 7842 1116 967
2 56019 35515 2262 376 43
3 37177 14369 784 238 0
4 94638 16880 1352 0 65
197121980 5a7 147302 19124 1042 0 34
8ails 140714 0 0 0 0
+de 1t 8811 0 0 0 44
Total 529776 130523 13282 1730 1153
1 22890 19498 4227 551 605
2 36089 19012 769 202 60
3 18511 6399 278 77 28
4 30056 5944 350 0 107
198121985 5a7 62683 7681 505 0 49
8ails 66407 0 0 0 348
+de 1t 7681 0 0 0 0
Total 244317 58534 5129 830 1197
1 17514 13409 2008 378 78
2 25972 15278 419 225 18
3 17104 5226 217 44 1
4 28633 4880 200 0 0
1986 21990 5a7 66138 8907 293 0 0
8ail5 64247 0 0 0 34
+de 1t 619¢ 0 0 0 0
Total 225806 47700 3137 647 131
1 13326 11247 1166 356 135
2 22237 12621 522 196 5
3 17059 5099 363 74 23
4 26661 3944 350 0 27
199121995 5a7 69034 10283 231 0 57
8a1l5 79735 0 0 0 0
+ de 1t 5122 0 0 0 0
Total 233174 43194 2632 626 247
1 13244 10883 1002 373 82
2 28675 16003 523 322 33
3 20803 5733 410 102 30
4 27447 5543 446 0 37
1996 22001 5a7 74417 6693 331 0 52
8ails 72627 0 0 0 33
+de 1t 511¢ 0 0 0 0
Total 242332 44855 2712 797 267
Total Tip. Struct. 235256 149764 66111 24072 1967
1 floor 2 floors 3floors 4 floors 5a7floors 8al5floors | +del5floors
211660 142052 45451 31041 33852 11712 502
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Figure 3.1 shows the percentage of dwellings in M&k typological classes and table 3.4 the
distribution of each typological class per numbieilanrs. Similar information is presented in
figure 3.2 and table 3.5 referring to MAL inhabitanThe average number of inhabitants per
dwelling, in MAL, is 2.1.

600

548
Total of dwellings= 1389 x 10 3
500 -
o
o 400 352
(2]
=4
£ 300 -
(0]
3 39%
S 200 -
=] 136
z 131
3 98 25%
100 1 69 10% 9% 56
5% 4% 7
O T T T
Adobe Masonry Masonry Masonry RC RC RC
ruble stone <=1960 1961-85 1986-01 <=1960 1961-85 1986-01

+ Others

Vulnerability classes

Figure 3.1 — Distribution of dwellings per typoleogl classes in MAL (data from Censos 2001).

Table 3.4 — Number of dwellings per typologicaksland number of floor in MAL (data
from Censos 2001)

Type./ A}?J%ZT; Masonry | Masonry | Masonry RC RC RC
No.floors stone+Others = 1960 | 1961-85| 1986-01 | <1960 | 1961-85| 1986-01
1 28 901 40 056 58 548 19 735 12 095 46 855 22Pp80
2 14 876 23 426 35902 19 870 10 761 54161 34477
3 10 083 18 824 16 192 8 069 14 511 41 163  25B82
4 9116 23710 19876 7 955 23 054 96 264 41 127
5.7 6 452 29 739 0 0 2506% 168339 116 975
7-15 0 0 0 0 12 737| 130790 1034p2
+15 0 0 0 0 0 10 305 8073
Total 69 428 135 755 130518 55629 98223 547877 36180
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Figure 3.2 — Distribution of inhabitants per typgioal classes in MAL (data from Censos
2001).

Table 3.5 — Number of inhabitants per typologidaks and number of floors in MAL
(data from Censos 2001).

Adobe +
Type./ rubble | Masonry| Masonry| Masonry RC RC RC
No.floors | stone + | <1960 | 1961-85| 1986-01| =1960 | 1961-85 | 1986-01
Others
1 43 348 67510 121290 3971b 22 292 98 267 44 084
2 25720 42 894 82 872 45 366 21 065 125 044 76 84
3 16 403 33 706 35 647 17 048 26 911 91 463 54 966
4 14 734 41 393 42 816 15 3638 42 600 209 633 83 P12
5-7 10 437 53171 0 0 44 869 360 752 236 459
7-15 0 0 0 0 22 395 276 399 217 043
+15 0 0 0 0 0 20913 16 483
Total 110642 | 238674 282626 117492 180132 1182|4729 031

LNEC — Proc. 0305/17/15525
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3.1.2.Soil classification

The influence of soil condition on damage must dscanalysed in order to study the most
effective mitigation strategy, in what concernslding vulnerability reducing.

LNECIoss algorithms (see deliverable 81) take etoount site effects due to soil dynamic
amplification by means of an equivalent stochastanlinear one-dimensional ground
response analysis of stratified soil profile unigsigned for the region.

For MAL region there were identified 37 soil colushanits as shown in figure 3.3 [Carvalho
et al, 2002].

A . .
AA  Soil Columns Units
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AC
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N-<><§<C—|U}O'UOZ§|_7<‘—'_IO'l'IITIUOm);Z

=
o
o

10 Kilometers

Figure 3.3 —Soil columns units for MA[Carvalho et al., 2002].

Following a similar criterion used for building skification (section 3.1.1) and although
LNECIloss works with the 37 soil column units presenabove, a classification that
aggregates results (table 3.6, figure 3.4) was usemder to emphasise the correlation of
losses estimates and soil classification. For fhapose three broader soil classes were
created (Rock and Hard, Intermediate and Soft)raatg to classes of shear wave veloaiy
values adapted from Portuguese National Annex&siajcode 8 [IPQ, 2000].

The method applied to lump the 37 soils columnauwias the following:

18 LNEC - Proc. 0305/17/15525



1. Taking into account the transfer function deriveahf the 50 years return period (very
low seismic input) the lowest natural frequenfgyof each soil column unit was
obtained. Additionally for each soil unit the beckodepthH (identified when
Vs>600m/s) was also taken into account.

2. An equivalent apparent shear wave velowiiyvas subsequently obtained from those
two values f; andH) following the well known expression of tlobaracteristic site

period [Kramer, 1996]:

Vg = fi[4H  [m/s )
Table 3.6 — Classes of ground type.
Ground
Strati hi fil /
type ratigraphic profile Vs[m/s]

A Rock and hard soil > 350
B Intermediate soil 200-350
c Soft soil < 200

Soil classes

P Hard sail

[ Interm. soil

Soft soil
N

10 0 10 Kilometers

s =

Figure 3.4 — Geographic distribution of ground tyfjoe MAL, according to Portuguese
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version of ECS.

19



3.1.3.Exposure analysis by typological and soil clasatiien

Figures 3.5 to 3.7 put crosswise the number of lfamdwellings, inhabitants and total
building areas [rf] per typological class and ground type, respeltive

Total of dwellings: 1 389 236
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£ 200000

E RC 1961-85

S 150 000
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Figure 3.5 — Number of dwellings per typologicalss and ground type.
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Figure 3.6 — Number of inhabitants per typologickiss and ground type.

20 LNEC - Proc. 0305/17/15525



Total area: 237 676 665 m 2
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Figure 3.7 — Total area [fi) in MAL per typological class and ground type.

3.2. Physical damage

Figure 3.8 illustrates the maps of loss estimatidois the reference situation before
implementing mitigation actions, in terms of SeWesnd Completely Damagédwellings in
MAL. Damages were computed for 50 and 475 yeargngberiod scenarios. Severely and
Completely Damaged dwellings, for the 50 yearsrreperiod, were estimated as 0% for all
MAL parishes, therefore the correspondent maps migpéotted.

Figure 3.8 — Reference situation: maps of sevaetycompletely damaged dwellings. Losses
for 475 return periods scenarios.

1 See deliverable 81 for definition of damage states
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3.3. Human losses

Figure 3.9 presents the maps of human losses, Her reference situation, before
implementing mitigation actions. Human losses wesmputed for 50 and 475 years return
periods. As a consequence of 0% of Severely andp&tely damaged dwellings, there are
no casualties for the lower return period. Being map for 50 years return period is not
presented.

#Deaths (Hazus)

A WONRFRPPRPPFPOOO
OO WNRFRPFPPFPOO

10 0 10 Kilemeters
s —— |

Figure 3.9 — Reference situation: maps of humasdsdgor 475 return period scenario.

3.4. Economic losses

Figure 3.10 shows the maps of economic lossesrimstef equivalent lost area, for the
reference situation, before implementing mitigatawtions. Losses were computed for the
475 years return period scenario taking into actB&MA & NIBS [1999] economic model.

Lost area [%0]
[0-9

5-10

10- 15
15- 20
20- 25
I 25 - 30

[30 - 36]

Figure 3.10 — Reference situation maps of econdwsies for 475 return period scenario.
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4. ANALYSIS OF REFERENCE SCENARIOS

Figures 4.1 to 4.8 were designed in order to ingatt which are the combinations of
typological and soil classes responsible for hidbeses in MAL.
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Figure 4.1 — Number of Completely Damaged dwellmgsnalized by exposure in each
typological and soil classes; 475 years return pédri
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Figure 4.2 — Number of Completely Damaged dwellingsach typological and soil classes
normalized by Completely Damaged dwellings tolB 4@ars return period.
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Figure 4.3 — Number of deaths normalized by exposueach typological and soil classes;
475 years return period.
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Figure 4.4 - Number of deaths in each typologigad aoil classes normalized by death toll;
475 years return period.
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Figure 4.5 — Lost area normalized by exposure ichegpological and soil classes; 475 years
return period.
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Figure 4.6 - Lost area per typological and soilssas; 475 years return period.

LNEC - Proc. 0305/17/15525 25



35%

w
S
BN

RC 1986-01
RC 1961-85
RC <= 1960

Masonry 1986-01

Masonry 1961-85

Economic losses /exposure

Masonry<=1960

Adobe and rubble stone

Hard soil

Interm. Soil
Soft soil

Figure 4.7 — Economic losses normalized by exposueach typological and soil classes;
475 years return period.
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Figure 4.8 - Economic losses per typological anidl dasses; 475 years return period.
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The analysis of reference situation, for the 4Z&rreperiod, includes three different kinds of
loss indicators, related to physical damage, hulmsses and economic losses:

4.1. Physical damage

The analysis of physical damage, in relative teftimst is, normalized by the exposure in each
typological and soil classes) shows that the elésneith higher contribution to damage are
typological classe®\dobe and rubble stonand Masonry 1961-83ocated inintermediate
soils (figure 4.1). This reflects the higher vulneralyiland fragility of the above mentioned
typological classes.

The dwellings in typological clasMasonry 1961-85built in intermediate soilshow the
highest contribution to the toll of Completely Daged dwellings (figure 4.2)Masonry
before 1960n intermediate soibnd Adobe and rubble ston@ hard andintermediate soll
classes also contribute significantly to that (bfure 4.2). AmongRCtypological classes the
one belonging t01961-85 epoch, located inintermediate soils presents the highest
contribution to the toll of Completely Damaged diveys (figure 4.2).

The great majority of dwellings in masonry struetubelong to buildings with 1 or 2 floors
(table 3.3) which have a natural frequency simitathe average frequency of intermediate
soils. This causes a resonance effect, originatimg observed dominant damage in
intermediate soils.

4.2. Human losses

The pattern of human losses reveals that most k&suaccur in theAdobe and rubble stone
typological class. This is a consequence of thehdeste assigned to this class, which was
used in the human loss model. In fact, the defeallies rates proposed by FEMA & NIBS
[1999] were calibrated by Portuguese historicatreprakes (1755, 1909 and 1969) [Sousa,
2006]. The calibration process could induce soras,lbecause RC building stock could only
be assessed in the low intensity 1969 earthqualledths).

4.3. Economic losses

Figure 3.7 showed that total constructed are@d @iRC typological classes largely prevail in
MAL region at the date of 2001 Censos. In partiGuiteetween 1960 and 1985, a clear RC
construction boom took place in this region leadimg the highest incidence of this
typological class. After 1985 building constructidaclined being however the second most
important typological class in terms of dwellingar
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Nevertheless, for 475 years return period, lostaanermalized by exposure in each
typological and soil classes (figure 4.5) shows Masonrystructures located imtermediate
soil are the most vulnerable typological classes.

An interesting features is that although total aeposure shows an incidence increase from
soft to hard soils (figure 3.7), lost area normediZy exposure inverts this tendency in RC
buildings (figure 4.5). This is effect result froRC buildings having, in general, higher
number of stories then masonry buildings, suffesntn low frequency content of soft soils
profiles.

Another interesting feature comes out from the ymiglof figure 4.5: ductile RC buildings,
constructed after 1986, appear to be as vulnembleon-ductile RC buildings constructed
before 85. A possible explanation for that contsay observation is that although ductile
RC structures shows less collapses (higher displanecapacity in Complete Damage state),
the figures for Slight and Moderate Damages tenddohigher when compared to the
corresponding values of the older non-ductile R@mks, due to the predictable larger
displacements achieved in modern RC ductile strastu

When absolute figures of Lost Area are analyzedu(é 4.6), the old non-ductile RC
buildings (1960-85) are responsible for the highsses in construction area. However, those
figures are a consequence of the high exposutesfyipological class.

Figures 4.7 and 4.8 express, in monetary termsydbelts already discussed for the Lost
Area. Monetary losses are obtained multiplying lasta by a reconstruction cost pef, m
officially published in Portuguese law entitl@drtaria n°® 1062-C/200@f October, 31. This
cost takes into account the importance of the regiowhich reconstruction activities are
considered, showing a slight variation in MAL.
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5. SEISMIC RISK CURVES

Sousa [2006] showed that the substitution of madaharios (similar to those derived by
disaggregation analysis in section 2.2.1) into dhiginal attenuation laws used to compute
seismic hazard has the capability to reproducehtimard target level with great accuracy.
Furthermore, each target level is associated texaeedance probability or return period.
Consequently, the modal hazard scenarios derived disaggregation analysis, and
correspondent losses as well, are representativehade period return periods. Theses
assumptions fundaments the risk curves drawn urdig5.1 to 5.3:
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Figure 5.1 — Reference situation: seismic risk esrfor physical damages in buildings.
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Figure 5.2 — Reference situation: seismic risk esrfor human losses. FEMA & NIBS [1999]
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Figure 5.3 — Reference situation: seismic risk egrfor economic losses measured in terms
of percentual (left scale) and absolute (right s¢dduilding lost area.
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Figure 5.4 — Reference situation: seismic risk esrfor economic losses measured in terms
of absolute economic losses in millions of Eurgghfrscale) and as a percentage (left scale)
of Portuguese GDP of 2001.

The analysis of those curves allows to conclude ttiere exists a major increase in losses

with the return period growing, showing an inflexigoint at the 475 return period
(magnitude = 7.9).
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6. FINAL CONSIDERATIONS

This report revised seismic ground motion scenar@atively to the ones presented in
deliverable 83, as a result of a great progredstdlaé place in the last year in seismotectonic
studies carried out in Portuguese seismic offshegen (see section 2.1). As a consequence
higher values for seismic action levels for the saeturn periods were obtained, particularly
concerning long distance offshore scenarios. Tlwgber developments change the relative
importance of short distance versus long distamemarios on seismic input. In fact, from
disaggregation analysis it was possible to concthde seismic hazard in MAL is dominated
by long distance scenarios, at least in what corscesturn periods greater than 50 years.

The main purpose of chapter 3 is to present theltsefor reference scenarios. In order to
enhance the principal features influencing lossggnations, the results are presented in a
condensed form. In fact, LNECloss algorithms areyvedetailed in the description of
typologies (315) and soils conditions (37 soil peofinits). Thus results were aggregated in 3
classes of ground types and 7 typological clasgeshaturned out more comprehensive and
facilitating posterior design of mitigation polisie

Chapter 3 also presents the maps of loss estincateputed for 50 and 475 years return
period scenarios. As for the 50 years return pdtietde were no significant losses, a detailed
analysis of losses estimations was not considerethis return period. Nevertheless, it was
decided to compute seismic risk curves for MAL oegiextending the number of return

periods and corresponding scenarios, to 95, 975800 years, additionally to the other two

referred scenarios.

The main results for the reference scenarios pteden chapter 4 are repeated in this chapter
in a tabulated form (tables 6.1 and 6.2).

Table 6.1 — Number of deaths in each typological swil classes; 475 years return period.

Adobe +
Ground rubble Masonry| Masonry| Masonry| RC RC RC Total
type S <1960 | 1961-85| 1986-01| = 1960 | 1961-891986-01
Hard 54 10 10 2 1 2 1 80
Interm. 67 27 31 8 4 8 5 149
Soft 21 7 5 2 1 3 2 40
Total 142 43 46 12 5 13 8 264
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Table 6.2 — Lost area [£arf] per typological and soil classes; 475 years retperiod.

Adobe +
Ground rubble Masonry| Masonry| Masonry| RC RC RC Total
type S < 1960 | 1961-85| 1986-01| <1960 1961-85198¢-01
Hard 15 1.2 1.4 0.5 0.3 15 1.0 7.5
Interm. 14 2.1 24 1.1 0.7 2.1 1.5 11.4
Soft 0.5 0.5 0.3 0.2 0.2 0.6 0.5 2.
Total 3.4 3.8 4.1 1.8 1.2 4.2 3.] 21

In what concerns 475 years return period scenagsylts for human loss estimations, in
absolute terms, indicate that the mitigation analghould be more valuable if applied to
Adobe + rubble stonéuildings, toMasonry buildings constructedoefore 1985ocated on
intermediate soilsand in a less extent tdasonrybuildingsconstructedbefore 1983ocated
on hard soils The loss modeling results for these ground tygeegories and typological
classes are signed bold in these tables.

For the same return period, the results for ecoadnsis estimates, in absolute terms, indicate
that the mitigation analysis should be worthwhilapplied toMasonry buildings before 1985
located orhard and intermediate sojl$o Masonry buildings between 1985d2001located

on intermediate soilsto RC buildingsconstructed betweeh961 and 1985 located onhard
and intermediate soiland toRC buildingsconstructed betweef986 and 2001 located on
hard andintermediate soilsThose analyses will be performed to accomplisiveiable 115.
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