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Objectives

• To adapt PSH methodology for predicting ground 
shaking hazard taking into account site effects 
and to apply to Andalusia (southern Spain), a 
region of low to moderate seismicity, for Seismic 
Hazard Mapping.

• To develop a building vulnerability methodology 
based on building types conditions and Damage 
Probability Matrix and to apply to Andalusia for 
Seismic Risk Mapping.

• To analyse and prepare the results for Disaster 
Emergency Preparedness. (GIS applicationGIS application)



Introduction

The Betics region is an 
alpine-style fold and thrust 
belt mountain range 
belonging to the 
westernmost limit of the 

Euro-Mediterranean 
Seismic Hazard map

westernmost limit of the 
peri-mediterranean Alpine 
orogenic belt.

This region in spite of its low 
to moderate seismic activity 
is the most hazardous 
seismic zone of Spain.

Spanish Seismic Code Spanish Seismic Code 
Seismic Hazard mapSeismic Hazard map



Introduction

The Betics region presents a low to 
moderate seismic activity characterized by 
earthquakes of small and moderate 
magnitude. Nevertheless, most of the 
largest and destructive earthquakes of 
Spanish region occurred during the last six 
centuries in its South-eastern part.

DATE Mw Imax (EMS) Epicenter 

24 Apr il 1431 (6.8) (VI I I -IX) Granada

July, 1431 (� 7.0) (IX) Granada

(Ene.) 1494 (6.5) (VI I I -IX) Málaga

5 Abr. 1504 (6.2) VI I I -IX Carmona (SE)

9 Nov. 1518 (6.2) VI I I -IX Vera (AL)

22 Sept. 1522 (� 7.0) IX Almería

3 Sep. 1531 (6.3) VI I I -IX Baza (GR)

31 Dic. 1658 (6.3) VI I I Almería

28 Ago. 1674 (6.3) VI I I -IX Lorca (MU)

9 Oct. 1680 (6.2) IX Málaga

1 Nov. 1755 (8.5) X Cabo de S. Vicente

Seismicity of the Southern 
Iberian Peninsula and 
neighboring areas 1048-2003

1 Nov. 1755 (8.5) X Cabo de S. Vicente

13 Ene. 1804 (6.2) VI I I Motr il (GR)

25 Ago. 1804 (6.3) IX Dalias (AL)

27 Oct. 1806 (5.9) VI I I -IX Santa Fé (GR)

25 Dic. 1884 (6.8) IX Arenas del Rey (GR)

16 Jun. 1910 6.3 VI I -VI I I Adra (AL)

19821982--20022002



IntroductionIntroduction

Several studies on Seismic Hazard of Southern Spain (stiff 
conditions) have classified it as a low to intermediate-hazard level 
region, with PGA ranging between 0.05 and 0.25 g:

Seismic Hazard of Andalucía for Emergency Planning 
(Martín,1986).  

Seismotectonics and Seismic Hazard of the Contact Area between 
Iberia and África. (Molina Palacios, S., 1998).

Agregation & Desagregation of expected accelerations in the 
Iberian Peninsula by using background seismicity (Peláez, J.A., 
2000)

Seismic Hazard Map of the  Spanish Seismic Code NCSE-02 
(2002).

Other relevant studies including Southern Spain GSHM .



Seismic Hazard map of the Spanish Seismic Code, NCSESeismic Hazard map of the Spanish Seismic Code, NCSE--0202

Seismic Hazard map of the NCSESeismic Hazard map of the NCSE--0202



Objective 1. Seismic ground motion mapsObjective 1. Seismic ground motion maps

•• Seismic hazard:Seismic hazard: Evaluation of the Probabilistic Seismic Hazard 
for Southern Spain in terms of hard rock conditionshard rock conditions and for return 
periods of 475 and 975 years.

•• Ground shaking amplification: Ground shaking amplification: Estimate of the seismic 
ground motion amplification factors from geologic, geotechnical and 

Final aim:Final aim: Emergency response and hazard mitigation.Emergency response and hazard mitigation. A series of 
integrated GIS maps to be used for developing emergency response plans 
for the Andalusia region.

ground motion amplification factors from geologic, geotechnical and 
geophysical data.

•• Seismic ground motion maps: Seismic ground motion maps: Expected ground motion in 
terms of peak ground acceleration (PGA) and spectral acceleration 
(SA) for the Andalusia region at a 10% and 5% probability of 
exceedance in 50 years for soil conditionsfor soil conditions. 



A reappraisal of the historical earthquakes A reappraisal of the historical earthquakes 
with intensity I� VII (EMSwith intensity I� VII (EMS--98) .98) .

• Intensity assessment of all earthquakes of intensity 
I� VII (EMS-98)

• Some earthquakes with I0=X or IX (MSK scale) have been 
reevaluated to I=IX and VIII (EMS-98), respectively.

Reevaluated



A reappraisal of the historical earthquakes A reappraisal of the historical earthquakes 
with intensity I� VII (EMSwith intensity I� VII (EMS--98) .98) .

• New epicentral location of several important earthquakes 
(according to specific works).

1522 1522 EpicentreEpicentre

Reicherter y 
Hübscher, 2005

Gracia et al, 2006
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Zonation Models (original + Azores + 
NorthAfrica)

Model 1 López-Casado et al., (1995) + Zona 12
(NCSE-02) + Hamdache (1998)

Model 2 López-Casado et al. (1995) + Zona 12
(NCSE-02) + Aoudia et al., (2000)

Delimitation of the seismic zones Delimitation of the seismic zones 
boundaries based on seismicity features boundaries based on seismicity features 
and tectonic trendsand tectonic trends

Model 3 NCSE-02 + Hamdache (1998)

Model 4 NCSE-02 + Aoudia et al., (2000)

Model 5 GSHAP

Zone of EQ influence
Zonation 
NCSE-02

Zonation
Aoudia 2000



Seismicity ParametersSeismicity Parameters
After processing the database, the After processing the database, the Gutenberg–Richter parameters of each of each 
zone considered in the models we calculatedzone considered in the models we calculated by fitting a logby fitting a log--linear law to the linear law to the 
cumulative number of earthquakes with magnitude equal or larger than 3.5.cumulative number of earthquakes with magnitude equal or larger than 3.5.

To complete source characterisation, we estimated the upper threshold of the To complete source characterisation, we estimated the upper threshold of the 
magnitude distribution in each zone magnitude distribution in each zone –– i.e., the i.e., the maximum earthquake that a that a 
zone is potentially capable to generate.zone is potentially capable to generate.

Zonation NCSE-02

Zone Mmax Rate Beta

Zona 1 7.2 0.436 2.434

Zona 2 7.1 0.460 2.556

Zona 3 7.0 0.666 2.542

Zona 4 7.2 1.703 2.581

Zonation López-Casado et al. (1995)

Zone Mmax Rate Beta

1 6.5 0.130 2.296

2 7.3 0.166 2.098

3 7.1 0.238 2.151

4 7.3 0.221 2.270

Zona 5 5.7 0.275 3.928

Zona 6 7.2 0.553 2.353

Zona 7 7.3 0.214 2.484

Zona 8 5.6 0.214 3.173

Zona 9 6.8 0.272 2.758

Zona 10 7.3 0.185 2.339

Zona 11 7.1 0.985 2.305

Zona 12 9.0 2.245 2.079

Zona 13 5.7 0.152 3.210

Zona 14 5.6 0.281 2.931

Zona 15 7.1 0.324 2.250

Zona 24 5.9 0.122 2.436

5 5.7 0.128 2.590

6 6.5 0.113 2.505

7 6.8 0.181 2.664

8 7.2 0.376 2.542

9 7.0 0.241 2.372

10 7.2 0.440 2.692

11 7.0 0.235 2.296

12 6.1 0.197 3.051

13 7.1 0.236 2.321

14 5.3 0.143 3.864

15 7.2 0.250 2.234

16 6.2 0.106 2.775

17 6.5 0.173 2.814

18 7.2 1.184 2.931



•• Three main criteria Three main criteria for selecting ground-motion models: 

1) derived from extensive databases, and widely used in Europe

2) independent variable is given in terms of PGA and SA 

Selection of ground motion modelsSelection of ground motion models
Analysis of Spanish strong motion data-base and 
calibration of European attenuation relationships.

Model Data
Magnitude Distance Predicted 

parameterType Range Type Range

Ambraseys 
et al (1996)

Europe & 
Near East

Ms 4.0 - 7.5 R < 200 km
PGA (g)
SA  (g)

3) statistically reliable for small magnitude earthquakes (Mw<5.0) 
(very important  in low to moderate seismicity areas).

Selection of ground motion models Selection of ground motion models for rock conditions finally selected :

Ambraseys et al. 1996, Sabetta y Pugliese 1996, Berge-Thierry et al. 2003

Sabetta y 
Pugliese 
(1996)

Italy
ML (<5.5)
Ms(>=5.5)

4.6 - 6.8
Rep
Rjb

(1 - 100 
km)

PGA (g)
IA (cm2/s3)
PSV (cm/s)

Berge-
Thierry et 
al. (2003)

Europe Ms 4.0-7.9 Rh <330km PSA (cm/s2)

Tavakoli y 
Pezeskh 
(2005)

East  of
North 

America
Mw 5.0-8.2 Rrup <1000km

PGA (g)
SA(g)

Kanno et 
al. (2006)

Japan Mw 5.5-8.2 Rfault <450km
PGA (cm/s2)
PGV (cm/s)
PSA (cm/s2)



ANALYSIS OF STRONG MOTION RECORDS OF TWO  ANALYSIS OF STRONG MOTION RECORDS OF TWO  
EARTHQUAKES OF THE AZORESEARTHQUAKES OF THE AZORES--GIBRALTAR ZONEGIBRALTAR ZONE

13 DIC 2004
12 FEB 2007
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Mw=6.1 (12 FEB 2007)
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the 12 February,  2007 earthquake, Mw 6.1.

Mw=4.9 (13 DIC 2004)
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PSH assessment for hard rock conditions adopting PSH assessment for hard rock conditions adopting 
a logica logic--tree computational procedure.tree computational procedure.

The study follows the The study follows the Probabilistic Seismic Hazard Assessment
(PSHA) methodology, including a (PSHA) methodology, including a logic treelogic tree with with two nodestwo nodes for for 
capturing epistemic uncertainty related to seismic zoning and capturing epistemic uncertainty related to seismic zoning and 
groundground--motion models.motion models.

This approach synthesizes the results of This approach synthesizes the results of 55 different models ofdifferent models of
seismic sources zoningsseismic sources zonings (only for zonified method) and (only for zonified method) and 6 6 differents differents 
ground motion modelsground motion models (for zonified and non(for zonified and non--zonified methods)zonified methods)ground motion modelsground motion models (for zonified and non(for zonified and non--zonified methods)zonified methods)

NCSE-02 + Aoudia 2000 [0.2]

NCSE-02 + Hamdac he 1998 [0.3]

López-Casado et al  1995 + Aoudia 2000 [0.1]

López-Casado et al 1995 +  Hamdach e 2000 [0.2]

GSHAP 1999 [0.2]

Ambraseys et  al. 1996 + 

Sabetta y Pugliese 1996

Berge-Thierry et al. 2003 + 

Tavakoli y Pezeskh 2005 

Ambraseys et  al. 1996 + Kanno et  al. 2006 

+ Tavakoli y Pezeskh 2005 

Sabetta y Pugliese 1996+ Kanno et  al. 2006 

Berge-Thierry et al. 2003 Tavakoli y Pezeskh 2005 

Kanno et al. 2006 

[0.35 ]
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Peak ground Peak ground 
acceleration values acceleration values 
(PGA, in gal) with a (PGA, in gal) with a 

PSH MapsPSH Maps

Zonified MethodZonified Method

PGA 475 years

(PGA, in gal) with a (PGA, in gal) with a 
10%  and a 5% chance 10%  and a 5% chance 
of being exceeded in of being exceeded in 

50 years.50 years.

PGA 975 years

Hazard maps show weighted-mean 
acceleration values for the 475-year 
and 975-year return periods.



Hazard maps in terms of Spectral Acceleration SA values 
(0.1, 0.2, 0.5, and 1.0 s) for the 475475--year return periodyear return period.

SA (0.1 s) SA (0.2 s)

SA (0.5 s) SA (1.0 s)



Hazard maps in terms of Spectral Acceleration SA values 
(0.1, 0.2, 0.5, and 1.0 s) for the 975975--year return periodyear return period.

SA (0.1 s) SA (0.2 s)

SA (1.0 s)SA (0.5 s)



Seismic Hazard  Seismic Hazard  
for different for different 
cities of the cities of the 

Southern SpainSouthern Spain
ALMERÍA: Espectros  UHS (Roca)
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Comparisson of Comparisson of 
Seismic Hazard maps Seismic Hazard maps 

in terms of PGA for in terms of PGA for 

Zonified MethodZonified Method

in terms of PGA for in terms of PGA for 
the the 475475--year year return return 

periodperiod

NonNon--zonified Methodzonified Method



Specific Response Spectra Specific Response Spectra 

Espectros Específicos Roca (M,D,e)

400

500

Almería (4.75, 7.5, 1.01)
Cádiz (4.25, 7.5, 1.26)
Córdoba (4.25, 7.5, 0.8)

Specific Response Spectra Specific Response Spectra (ERE spectra ) associated to control earthquakes 
corresponding to expected motions for 475 years return period.
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Comparisson among  Specific Response Spectra (ERE), Comparisson among  Specific Response Spectra (ERE), 
UHS and NCSEUHS and NCSE--02 spectra for southern Spain cities02 spectra for southern Spain cities
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Ground shaking amplification Ground shaking amplification 
Lithological MapLithological Map

The 320320 lithotechnical geologic units referred in the digitized geologic 
map of Andalusia, were grouped firstly in 132132 lithological groups and 
secondly in 3232 types of soils according its dynamic behaviour.



Soil classification & amplification factor.Soil classification & amplification factor.

The ground shaking amplification 
was  estimated by using site site 
classificationclassification (from average 
shear-wave velocity in the 
upper 30 m of soil, VS

30

according to the Uniform 
Building Code (UBC-97) and 

SOILTYPESOILTYPE GROUNDGROUND
DESCRIPDESCRIP

--TIONTION

Shear wave Shear wave 
velocityvelocity
VVSS

3030 m/sm/s PGA PGA 
AFAF

UBCUBC EC8EC8 PWPW UBCUBC EC8EC8

SA IIAA Hard rock >1500 0.9

Building Code (UBC-97) and 
Eurocode 8 (EC8)).

Velocity data were determined by 
soil type-VS relationships, SPT 
data or VS seismic profiles. 

Our classification is a variation of a variation of 
the Spanish Seismic Code the Spanish Seismic Code 
NCSENCSE--02,02, dividing I and IV soil 
categories in two new ones.

AA >800

SB IIBB Rock
760 –
1500

1.0

SC BB I II I
Very dense 
soil and soft 

rock

360 –
760

360 –
800

1.2

SD CC II II I I
Stiff soil 180 –

360
180 –
360

1.4

SE DD IVIVAA
Soft soil

< 180 < 180 1.8

SF EE IVIVBB Special soils
S1<100
S2 liq.

2.0



Amplification Factors for  PGA & SA (w)Amplification Factors for  PGA & SA (w)

Amplification Factors (Amplification Factors (AAFF))
Soil Type

AF
for 

PGA

AF for   SA (w)

Present 
work

NEH
RP-
2003

0. 1 s 0.15s 0.2 s 0.3 s 0.5 s 1.0 s 1.5 s 2.0 s

I ( A) A 0.87 0.84 0.82 0.80 0.80 0.80 0.80 0.80 0.80

I (B) B 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

I I C 1.20 1.20 1.20 1.20 1.26 1.39 1.70 1.70 1.70

I I I D 1.40 1.50 1.55 1.60 1.70 1.90 2.40 2.40 2.40

IV(A) E 1.80 2.15 2.33 2.50 2.63 2.88 3.50 3.50 3.50

IV(B) F 2.0* 2.25 2.38* 2.5* 2.63* 2.88* 3.5* 3.5* 3.5*



Map for soil amplification factors for Map for soil amplification factors for 
Peak Ground Acceleration PGAPeak Ground Acceleration PGA



Seismic Hazard Seismic Hazard 
maps in terms maps in terms 
of PGA for the of PGA for the 

475 475 andand
975975--year year 

return periodsreturn periods

475-year

return periodsreturn periods

Soil conditions
975-year



Seismic Hazard maps in terms of SA for Seismic Hazard maps in terms of SA for 
the the 475475--year year return periodsreturn periods

SA (0.1 s) SA (0.2 s)

SA (0.5 s) SA (1.0 s)



Seismic Hazard Seismic Hazard 
maps in terms maps in terms 

of Intensityof Intensity
for the for the 475 475 andand
975975--year year return return 

periodsperiods

475-year

Soil conditions975-year

I <VIII <VII

I = 2.986 + 2.995 log PGA - 1.101 log EPA

I I �  VII�  VII

I = 0.131+0.066 log PGA + 3.247 log EPA

EPA: Efective peak acceleration : 
Average of spectral accelerations for 
periods 0.1 to 0.5 s divided by 2.5.



475-year

Seismic Hazard Seismic Hazard 
maps in terms maps in terms 

of Intensityof Intensity
for the for the 475 475 andand
975975--year year return return 

periodsperiods
975-year

periodsperiods

Organized in 
Municipal 
districts



Parameters of ground motion in the head town Parameters of ground motion in the head town 
of  each municipality for 475of  each municipality for 475--year r.p.year r.p.

Values of PGA, SA and EPA in g, Intensity in EMS-98.
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- Statistical AnalysisStatistical Analysis of the building constructive features in 
Andalusia. Collection data from statistical national and regional 
services (INE; IEA) Definition of building types. Relationhips 
between building  characteristics and EMS98 vulnerability classes.

- Analysis and carryng out an inventory of Andalusian Analysis and carryng out an inventory of Andalusian 
building types.building types. In situ data of more representative bulding 

Objective 2. Building Vulnerability and Objective 2. Building Vulnerability and 
Seismic Risk of Andalusian region.Seismic Risk of Andalusian region.

building types.building types. In situ data of more representative bulding 
structures have being obtained in several surveys on towns and 
cities  of Andalusia, both in rural and urban environments.

-- Matrices of building vulnerability.Matrices of building vulnerability. To build a transference 
matrix, to asign vulnerability from type, age and preservation degree 
of buildings. Preparation of a building vulnerability data-base for the 
region. 

• To calculate Seismic Risk of Andalusia, showing the 
results in tables and Seismic Risk Maps.
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ResultsResults on B.on B.
VulnerabilityVulnerability

MATRIZ 
VULNERABILIDAD

MT1-8

ZONA 
ARQUITECTÓNICA

1

ab APLICACIÓN �  0,08g �  0,16g  

NNSS VIGENTES MV-101 PGS-1 PDS-1 NCSE-
94

NCSE-
02

<1900 1901-
1920

1921-
1940

1941 -
1950

1951-
1964

1965-
1970

1971-
1976

1977-
1996

1997-
2004

2005

A 0,34 0,42 0,20 0,17 0,11 0,06 0,04 0,01

B 0,66 0,58 0,73 0,64 0,63 0,46 0,41 0,36

C 0,07 0,19 0,26 0,48 0,55 0,63 0,34 0,25

D 0,66 0,75

E

F From statisticsFrom statistics From samplingFrom sampling



Vulnerability: High (% A > 45), Medium (% (A+B) > 50) y Low (% C > 40) 

Results:Results: Building Vulnerability in Andalucía Building Vulnerability in Andalucía 
for Municipalitiesfor Municipalities
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Risk resultsRisk results: Expected damage for : Expected damage for 
building with a Vulnerability building with a Vulnerability AA ((475 years475 years))



Risk resultsRisk results : Expected total damage for : Expected total damage for 
each municipality (475 años)each municipality (475 años)

(L = slight, M = moderate, G = serious)



Risk resultsRisk results : Weighted % of : Weighted % of 
Expected total damage  (475 years)Expected total damage  (475 years)

(L = slight, M = moderate, G = serious)



Number of expected uninhabitables buildings Number of expected uninhabitables buildings =  D5 + D4 + 0.5  D3=  D5 + D4 + 0.5  D3

Seismic Risk for Andalusia region (Seismic Risk for Andalusia region (475 years475 years))



Example of damage distribution in Example of damage distribution in 
several Andalusian cities and townsseveral Andalusian cities and towns
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Maximum number of people needing shelter Maximum number of people needing shelter 
for the maximum shaking expected in 475 y.for the maximum shaking expected in 475 y.



ConclusionsConclusions

• The seismic hazard  and earthquake risk assessmentseismic hazard  and earthquake risk assessment
here obtained follows the PSHA methodology. Hazard Hazard 
resultsresults have been achieved putting all the alternatives 
into a logic-tree diagram, and presented as the weighted weighted 
mean of all possible solutionsmean of all possible solutions.

• The groundground––motion attenuationmotion attenuation relationship was adapted 
from European studies calibrated with relationship 
deduced here using strong–motion data. 

• The site amplification factorssite amplification factors were  estimated by using 
site classification (from average shear-wave velocity in 
the upper 30 m of soil, VS

30 according to the Uniform 
Building Code (UBC-97) and Eurocode 8 (EC8).



ConclusionsConclusions

• The PGA values (stiff conditions)PGA values (stiff conditions) obtained by non-zonified method are 
generally slightly lower than those from zonified method. The PGA values PGA values 
(z.m.)(z.m.) for 475-year r.p. are similar or slightly greater than NCSE-02 values

• The PGA and SA maps (soil conditions)PGA and SA maps (soil conditions) obtained show the influence of site 
conditions on seismic hazard. PSH for 475- year r.p. gives PGA> 200 cm/s2

at Granada and Almeria provinces and there are PGA> 300 cm/s2 values in at Granada and Almeria provinces and there are PGA> 300 cm/s values in 
the first one.

• The maximum average expected damage do not exceeds degree 3 in any 
municipality, but 30 of them are between 2 and 3 (so high); highest 
percentage of heavy damage is 35%, in several municipalities of Granada 
and Almería provinces; around 40 municipalities could have more than 750 
uninhabitable buildings and 5 of them more than 4000.

•• All the results have beenAll the results have been organized in a GIS organized in a GIS and have beenand have been mapped mapped forfor
Earthquake Emergency Planning Earthquake Emergency Planning andand seismic risk mitigation seismic risk mitigation in the regionin the region..


