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ABSTRACT The Muwrcia Region is ong of the most active zones in Spain, where three carthguakes teok
place in 1994, 2002 and 2005, In spite of their low magnitudes (M. 4.8), these
earthquakes caused important dumage, the {ast one reaching an EMS-95 imensity of VII.
After that event, the RISMUR project started, aimed at providing 2 general picture of the
seigtic risk, which allows us to idemify zones requirityg a more detailed analysis of where
prevention plans showld be prioritized. A multidisciplinary study, starting with the seismic
hazard asscssment, which follows the Probabilistic Seismic Hazard Assessment
methodology has been carmied ow at a regional scale. The sxpectsd ground motion (rock
gites), for a retum period of 475 years, has been charactertoxd in lerms of PG4 and
spectral ordinates and the corresponding mags have been drawn, 1o addition, a regional
geatechnical study has been done and a classification of eight types of soils has been
proposed, with the corresponding amplification factors, The combination of previous
mmaps am factors, gives a new hazard map which already includes local effecis. In
parailel. a vulnerability assessment of the Mur¢ian building stock is carried out, based
fundamentally on the age of construction and following the EMS-9¥ criteria. Taking into
account the expected ground mctions and building vulnerabilities, the distribution ol
expected damage is estimated by the application of probability damape matrixes. A sujle
ol maps representing setsmie risk n terms of damage parameters for the enbive region and
from which we can identify the locations with higher expected damage hawe been
obtained. We use the Coulomb shress transler map of the region as additional ¢riteria for
defining priority areas where detailed studies should be performed. This gives
inthrooation abowt the cones with stress load due to the previous seismieity and whore new
events coubd be tngpered. The superposition of this map wit the actve faulls of the
region and the locations with higher expected damage allows us W establish s four-level
priority ranking whene fature local-scale anatyses should be made.

1. Introduction and cbjectives

The objuctive of the RISMUR project is to evaluate the potential damage for the expected ground
motion with 475 vears of return period. The resubts will allow us te establish a relative index of osk
i the dilferent locations and ro identify those areas whore the expected pirysical losses are higher,
due to (he motions with exceedance probability of [0 in 50 yedars, With this aim, we Ty to discover



the zones that require a more detailed anatysis where. in a second phase, specific damape scenarios
for particular earthquakes are delined with 4 deterministic approach or by deaggrepation analysis,
The study is made a4 4 vegiony) scale, covenng all dhe provinee 111,317 ko™ and dhe volheraknlin
and damage are evaluated at each location entity following the EMS-98 scaje (Grimthal, [99%)
crileria,

The study is part of the emergency plan of the Civil Protection, which was activated after the
occurrence of three earthquakes in the last & years: the (999 Muka, 2002 SW Bullas, and 2005 La
Paca earthquakes. Yet thise evenls had moderate magnitudes {4, ~4.5), they produced sipnificam
alarm in the population and damage to structures, reaching maximuem EMS-98 intensities of VII

2. General planning of the study

The general study is planned from a multidisciplinary perspective, with a modular structure which
integrates resulls of the following phases:

Seismic Hazard Agsessment. A probabilistic scismic hazard analysis (PS11A) has been carmied
aut in onler to obtain the probabilistic ground motion for a 475-year rettm petiod. [n a first step,
hazard maps lor PGA and spectral accelerations (S4s) for = 0.1, 0.2, 0.5, |, and 2 s have been drawn
at rock sites. Secondly, a reyional geotechnical classification has been proposed and amplification
factors have been assigned to ¢ach class. These factors have been applicd 1o the ground motion
parameters previonsty catimatad at reck sites and new bigeaed Taps including local etfects have boon
obtained. which give the input motion for incluston in the risk analvsis.

Vulnerability ¢ 15, Ah approach has been proposed for vilnerability assessment based on the
study of the wmperal evolution for the different building typologies. From this analysis, the
vidnerability ¢lass is assigned as function of the year of construction for ach building, which is the
oaly available and reliable data for the entire building stock.

Seismic risk assessment in terms of expected damage. A database and GIS with information of
the strong motion parameters and the vulnerability distribution previcusly oblained for each location
have been buill. From thar, the damage distribution for each class of vilnerability is estimagd,
throupgh the applicanon of damage probability matnaes (DPMs), considering the ground motion
levels and vulnetability distributions previously determined.

ldentification of zones with highest risk, Finally, the imerpretation of the rosults allows us to
identify those locations where the sk {in terms of expected damage) 13 igher. We inweduce a
complementary prionty criterion for defining locations where addressing luture, more detailed
snalyses. Thig i2 based m the Coulomb stress transfer map of the zone, which highlighis the arcas
with positive stress oad resulting from the past seismicity and where triggering mechanisms am:
more probable. Fig. 1 shows the general outling of the study. Each phase is deseribed 1n the fallowing
sections.

3. Development of the risk analysis
2.1, Seismic hazard assessment

Due 16 possible arthquakes in the Murcia Provinee and surrounding areas, we consider the
sxpected ground motion for a 475-year return penod as seismic inpul for the nsk estimation. The
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region under study has a very complex geology. integrated by soils with very different seismic
behaviouwr. Henes, the 301l effect has an importaim 1ol i ground metion characterization.,

In a first step a seismic hagard analysis at rock sites has been carried ouk. The analysis follows
the PSHA methedotopy, including a2 logic tree with two podes for capturing epistemie
uncertainties related 1o seismic zoning and ground-motion models. Details of this siudy are
deseribed it Benito er af. (2006).

Three ditferent scismic zonings have been considered in the first node of the logic tree: the
one used to produce the official seismic hazard map sdopted in the current Spanish Seismic
Building Code {(NCSE-02, 2002}, the model developed by Loper Casado ef @l {1995) and the one
of Garcig-Mayordomo (20035).

Only a few studics regarding attenuation that provide strotg ground-motion relattonships
using local data are available (e.g., Martin Bourgon of af., 1996, Cabafias er af, 1999, Cantaveila
et al., 2004). These data belong o earthquakes with magnimdes lower than 5.1 i all cases and
hence they are not suitable for probabilistic hazard calculations. Thus, a selection of maodels
derived from other regions has been necessary, Two main criteriz are considered for that selection:
models derived from data ot regions with similar tectonic context and models statistically reliable
for small-magnitude carthquakes (M <510} because these cwgnis are frequent and have an
important contribution to the hazard in the area Under study. Then, the strong motion models of
Ambraseys et ai. (1996). Sabetla and Pugliese (1996), and Berge-Thicrry ef af. {20:03) have been
chosen for our analysis.



Hazard caleelations were carried out using the CRISIS code (Orduz e al., 2001 yand the logic
tree implementation was facilitated by the EXPEL tool (Benite ef 2f., 2004). A total of twelve
hazard maps. corresponding o PGA and five Sdx (0.1, 8.2 0.5, 1.0, and 2.0 5) for rock
condilions, together with the corresponding COV coefficients, were developed for the entire
province. As an example, the PG4 map and the associaled COV map for the 475-year return
period are shown in Figs. 2a and 2¢, respectively. The associmed OOV values range from 0,15 to
0.30 and are higher north, towards Murcia city and east, towards Cartagena and lower in the
western part of the region. We interpret this asvmmetrical distribution of COV values as
indicative of the epistemic yneerlainty on the basic scismic zonification model adopted.

In a second siep, 4 gentechnical classification for the study region is proposed. The Murcia
Provifce presents a great lithological vaniability which leads to an assemblage of geotechnical
behaviours ranging from very hard, compact rocks that hardly amplify the seismic signal, 1o very
ol terrains that may sipnilicantly enhance the seismic motion {IGME, 1965; BORM. 2001). For
this reason and due to the regional character of this study, a derailed analysis of the local effcet
due to sotl amplification is neither viable nor appropriate. Conscquently, an approach based
mainty on data reflected in the surface geological map (Baena ot of | 1994}, complemented in
some locations by the avaitable borchole and subsurlace Eeotechnical data, is carried out, Details
of the gealogy and the geological studies dorue are included in Benita er af, {2007).

Eight different soil classes are identified depending on their response to seismic shaking, For
the most recent materials (Quaternary rocks), that present a very different consistency, it is
necesdaty to make a more derailed division than that recommended in the Spanish Building Code
MNCSE-02. which only considers four soil classes. The internationally accepted criteria and
classifeations of Boreherdt (1994) are used for this purpuse. Tip. 2b shows the peotechnical
classileation map for the Murcia Region, al a seale 1:200,000,

Subsequently, the possible amplification of seismic motion by cach type of soil is sudicd
following the methods originally proposed by Borcherdt {1994) and adopted in the 2063 NEBRP
Provisions, used widely in these types of analyses. The factors included in Borcherdt (19943,
NEHRP {2003), EUROCODE-S8 (1995) and NCSE-02 {2002) are compared and an average of
all of these is considered in this study [or MGA and 54 of T=0.1, 0.2, (0,5, and | 5.

Finally, the combination of seismic haxard maps at rock sites [as that of Fig. 28) with the
peotechnical classification map (Fip. 2h} and amplification factors resulls in new maps of ground
mation parameters, including swils effects (Fig. 2d). Fig. 2d shows the hazard map for PGA on
soil conditions. As a summary of the resulis, maximum expectad sround rmotions including the
correspending sail arnplification for the 475-year return period are found along some tiver
valleys (including Murcia city), with PGAgg > 0L25 g, S4,,:00.28) = 0.75 2, and SA,{1.0s) >
023 g

3.2 vulnerability of buildings

A database for the Murcia Region was initiglly generated, with the necessary data of buildings
and location ta assign the vulnerability and evaluate damage. The onginal data comes from the
foilowing sources: MNational Statistical Institute (INE), Mational Geographic Institte (1GN) and
the Civil Protection of the Murcia Region and correspund 1o 1059 location cnlithis.

Th totai stock of buildings in the Murcia Province is eveluated in terms of vulnerability, for
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both rural and whan edification. A visgal ingpection of all the buildiags of the reoion poes
beyond the scope of Ims study since this phase is also implemented at a regional scale.
Unforrunately. the information regarding constroction types, vital for any velnevability
assessment, has not been collected by the onginal sources, so a methodalogy was developed to
determing vilnerability types through the building s age. a detail which is collected tor resideruial
huildings, or 95.64% of the total building stock. Al first il was necessary to classify the region’s
building types in terms of the EMS-98 vulnerability grades, that were determined through on-site
building inspections and analyses throughout the province. Omce this was achieved, a second
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Fig. 3 - Valncrability distribution: Class A, B, € and overall vulnerability.

amalysis to establish the temporal evolution of the different construction types in the region was
performed, allowing us 1o determine the frequency of a particular construction type as a function
of time. This exercise was extended to cover both traditional building types and engineered
structures performing aftcr renewals of the national carthquake codes.

As a tesult, we estimate a probable or plausible vulnerzbility class, according to the date of
the building. The successive renovations of the builkling cedes give an indication of the starting
date for the less valnerable classcs.

A slight difference is observed in the evolulion of typologies for rural and urban
environments. The introduction of less vulnerable classes in rural dress occurs later than in urban
areas, and affects smail towns and disseminated buildings. With this in mind, we propose two
tables, labelled “rural™ and “urban”, with the probability {or cach class assigned as a furction of
the construction year (lables 1a and 1b). These tables are applied to the data of each location,
thus obrainig the number of buikdings that probably belong 1o vach vulnerability class. In
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addition. the percentage of each vuincrability class that refers to the total building stock at each
location 15 estimated,

Results are presented in maps, in terms of absolute number and percent for each vulnerability
class, Figs. 3a, 3b and 3¢ show the percentage for classes A, B. and C, which are donnnani io the
region. Finally, a global classification has boeen made, differentiating locations with high, medium
and low vulnerability, according 1o the following criteripn: percentage of A = 45% | percentage
of A+ porcentage of B 2 30 and percentage of € = 40%,, sespectively. Fig. 33 shorws the vlobal
vulnerability distribution following this classification,

2.2, Risk assessment: estimation of expected damage
Once the vulnerability class is assigned to our building stock, we estimate the damage



Tuble 1 - Brobability of cccurrence of 3 vulnerabiliy class for {2) “gban™ and (b} “recl™ environments of the Murcia
Region.

()
<1600 | 1991 | 1921 19a1- | 1951- | ige1- | 197 | 1@er- 1991. | 19%96-
1820 1540 1950 1860 1970 16980 1980 1805 2001
A 0.80 072 072 069 046 018 0.05
B 020 0.8 D28 0.28 0.49 0.38 0.40 .38 0.28 018
C 0.3 0.05 .44 0,55 0.57 D.52 0.9
7] 0.05 X DIz
th)
<igny | 1301- | 1921 a1 | 195d. 1961- | 1971- | 19B1. 1691- | 1996
1920 1940 1950 1960 1570 1980 1590 1555 2001
[ A 0.E0 072 0.4 070 €.50 .20 KT
B 620 0.25 0.28 .30 .50 065 0S5 0.52 038 0.3f
C 015 0.35 0.47 0.67 .59
B 0.10

distribution due to the expested motion in each location entity. Ditferent methodologies have
been proposed with this goal. based in the use of fragility curves, DPMs. relationships between
vulnerubility index and damage parameters, capacity-demand spectrom, et (Barbat er af.. 2006,
Roca et al., 2006). All of them represent goound motion-vulnerability-damage relations and are
necded to transiate the expected ground motion into pereentage of damage. For this purpose, it
would be desirable 10 have local data of ground motion and damage caused by previeus
earthquakes. However. such kind of data are only avatlable for the three recent carthguakes of
Mula (19931, Bullas (2002, and La Paca (20051, all of them with small magraude 3f, ~ 4.5, and
very low recorded amplitudes (PG4 = 0.02 ). These data do not conligure a complete, nor
statistically significant sample in the whole range of expected vaiues af PG4 or intensity for the
return period o 475 years, Then, we must take into considerarion other curves or DPMs proposed
in ihe literature, To select it, we follow a criterion of tectonic affinity between the origin of data
and the apphicalion zones, both in ground motion and building typalogy.

A revision of the state of the art has been carried out in this subject with special atteption to
the DPM derived with data of the Mediterranean Basin, suilable for the Murcia Region {Brags ef
af., 1982, 1985; Cobum e wf, 1987, Chivez, 1998 Sabeta o of., 1998, Dolee e of,, 2008,
Lagomarsino and (GGiovinazzi. 2006; Sengezer and Ansal, 2007} Finally, we choose the ones
proposed by Chavez (1998), derived trom the dats of brpinia { 1980}, Lazio-Abruzzo {1954} and
some Catalenian earthquakes which we used in the risk study tor this last region (SISMICAT).

The quantification of damage is done following the EMS-Y8 scale criteria {Grinthal. 1998).
The application of the selected DPM over the strong metion and vulnerability data of cach
tocation allows us to estimate the damage distribution, i e the number of buildings that will
probably suffer cach damaye degree for ¢ach vulnerabiiity class. in addition, we combine damage
degrees into three levels: slight (DO plug D7), moderate {2 plus D3) and severe {D4 plus D3)
and we also obtain the mean dmnage at each lacalion,

The total darmage distnbution. independint of the volnerability class, has been also evaluatad,
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of uninhabitabte dwellings (b}

Fig. 4 shows the maps corresponding to slight, moderate, severe and mean damage. Finally, we
estimated (he number of uninhabitable buildings ot each location (Fig. 5a), following the
approximation proposed by Coburn and Spence (1992):

No. Uninkabitable blidgs = Number D3 + Number D4 + 30 % Number D3,

4. Discussion of results: identification of areas with higher expected damage and
definition of priarity criteria for detailed analysis

The maps related to fotal damage have been analyzed, in order to identify the towns with
higher expected damage. We consider that the number of uninhabitable buildings and the number
of buildings with severe damage are adeguale indexes Lo establish net damnage. Fig. 5h shows the
histograms with the number of uninbabitable buildings for the twenty towns where this numbet
is higher, and where damage can be expected higher,

Although it is not usual in risk studies, we have introduced a Coulomb Failure Stress map as
a complementary ¢riterion to define priority levels tor the identification of zones where detailed
analyses and mitigetion plans are addressed.

4.1, Coulomb Failure Stress as complementary criteria

The dynamic and static changes in the state of stress produced by earthqueakes may advance
or retard the failure of taults in the region {Harris, 1998}, The stress drop on a fault plane due to
the pecurrence of an carthquake produces an increase of effeetive shear stress around the rupture
arca {Chinnery. 1983). Variations in state stresses lower than | bar are able o indoce the
reaciivation of aearby faulls thal are close to faslure, either as afrershock activity or as larger
earthquakes. This phenomenan has been deseribed as a iriggering process (King et al., 1994, It
bas also been vbserved that the mggering process may also invelve changes of seismicity tate in
a certain zone, increasing or decreasing for several months aficr a main shock (Simpson and
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Fig. 6 - Coulomb stress transfier map of the Murcia Region. Red sad blue arcas refer 1o positive and negalive stress
changes, respectivety, Stars indicate locations with o larger eslimated amount of uninhabiable byildings and red lines
sland for actyve fanlts.

Reasenberg, 1994}

In the present study, we¢ made an estimation of the static stress change produced by the
earthguakes with A~ 4.0 and/or intensity (MSK > VI that aceurred in the Murcia Region and
surrounding arcas in the last 300 years. The ruplure parameters and fault plane orentations were
obtained from peological maps and damage deseriptions in the case of historical events, and from
focal mechanisms in the case of instrumental events. In both cases, the rupture area and the glip
size are calculated with the empirical relations of Wells and Coppersmith (1994),

The static Coulomb stress change ACFS was calculated in an elastic half-space using the
Okada (1992) ¢guations with a shear medulus of 33.2%190'""NmZ, a Poisson ratio of 0.25 and an
apparent triction ceeffivient of 0.4 that is an acceptable value according to Deng and Sykes
{(1997). Positive values of ACFS promote fault roprare, while negative values imhibit activity. For



a detailed discussion of the method see Harris { 1998).

4.2, Resuits and criteria for defining priority levels

In Fig. 6 we present the map of stress change (at 5 km Jepth) calculated on planes well
oriented under the stress tield active in the area {compressive, with SH,,. orientation of N150°).
The principal stress chonges are related to historical events. In spite of the uncertainty of rupiure
pararncters for these ovents, the model gives us a good idea about the magnimide and spatial
distribution of stress transtfer,

The knowledge of this distribution is especially intoresting in arcas with low strain rate where
lomyg term siress recovery afier @ biy earthguake is slower than in very active areas. such as the
Murcia Prevince, This means that bigger historical earthquakes that occurred during the Iast 500
years may intluence the seismicity even now.

The map gives information about the areas with stress load where the probability of new
events increases. Considering that this information may be useful to establish prioritized areas
where detailed analyses must be performed, we have superposed this map on the map of the main
active faults in the region and the location of the wwns with higher expected damage, The
following criteriz have been established to define four priority levels over the towns previously
identificd:

Priority 1. towns located in a siress-loaded arca and in the vicinity of active faults,

Priority 2; towns located in a stress-lcaded area and far from active faulis;

Priority 3; towns located in a stress-unloaded area and in the vicinity of active fanlts;

Prionity 4: towns located in 2 stress-unlosded area and far from active faulis.

5. summary and conclusions

A seismic risk study covering the Murcia Provinee (ST Spain) in the frame of the RISMUR
project is presented, The risk has been represented in terms of expected damage for the ground
motion with a return peniod of 475 years, in order to identify the most damaging areas.

As a global result, we can establish the towns where the expected net damage is higher,
expressed as a larger number of nninhabitable dwellings and a larger number of buildings with
severe damage.

In an experimemal way, a Coulomb Failure Stress change map has been introduced as a
complementary criterion to define priority levels for the identification of zenes where detailed
analyses and emergency plans are performed, The map gives informmation sbout the areas with
stress load where the probability of new events increases. The superposition of this map with the
main active tanlts and the results of the seismic nisk analysis allows us to establish four priority
levels over the towns with higher damage: faults in the vicinity and located in stress-loaded lobes,
no faalts in the vicinity and located in stress-inaded labes. aults nearby and located in stress-
unloaded lobe and no (aults m the vicinity and |ocated in stress-unloaded lobes. Taking into
account these results we will define, particular damage scenarios in a second phase.
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