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Abstract
The main purpose of this suite is Planning and Management of Seismic Emergencies before 
and after future damaging earthquake. This tool is written in ArcGIS software executing a 
fast and efficient determination of the estimated shakemaps and damage scenarios. The 
tool allows to select the earthquake source parameters through a defined database; 
moreover ground motion prediction equations can be chosen and they can be combined 
according to the study area features. The local site effects are characterized from Vs30 
values, which have been achieved by topographic slope as a proxy (even with local 
correlations) obtained from digital elevation model. The elements exposed to risk are 
incorporated from the cadastral database after inputs has been refined through an 
automated analysis. Vulnerability and estimated losses can be determined either empirically 
(EMS-98 scale and Vulnerability Index, Iv) or analytically (Capacity spectrum). Additionally, a 
vulnerability modifier is implemented to account soil-structure resonance. Epistemic 
uncertainties are quantified in the input parameters using a logic tree. This tool has been 
validated through a representative seismic scenario: the 1910 Adra earthquake (southern 
Spain) with moment magnitude (Mw) 6.3 and macroseismic intensity VIII (EMS-98 scale) 
proving the reliability of this program.
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1 Introduction
Seismic risk management involves the physical and structural consequences of an earthquake and the socio-economic 
considerations affecting the current population or even future generations. Therefore, it integrates evaluation of the 
risk and the corresponding adopted decisions in order to improve the seismic resilience.

The Iberian Peninsula shows a low to moderate seismicity in the world context with frequent earthquakes of moment 
magnitude (Mw) generally smaller than 5.5, although, historically, large damaging earthquakes have occurred with 
epicentral macroseismic intensity (I0) IX-X in the EMS-98 scale [1], as those of 1829 Torrevieja (Alicante) and 1884 
Arenas del Rey (Granada). Both earthquakes caused the collapse of many buildings and a high number of human 
losses [2].

Recently, several instrumental earthquakes occurred in southeast of Spain, such as: Adra (Almería) 1993 and 1994; 
Mula (Murcia) 1999; Bullas (Murcia) 2002; La Paca (Murcia) 2005 and Lorca (Murcia) 2011, with magnitudes (Mw) 
between 4.7 and 5.2 respectively, and I0 ranging from V to VII (EMS-98 scale [1]). These shocks have shown the 
relevance of shallow geology for explaining not only the ground motion amplification but the degree and spatial 
distribution of building destruction [3,4,5,6,7,8].

Consequently, preventive decision-making aimed at doing recommendations for the mitigation of seismic risk is more 
effective if seismic emergency managers (Civil Protection) have user-friendly software capable of estimating damage 
and loss scenarios in future earthquakes. This information is essential to develop Seismic Emergency Plans at local 
level for the municipalities because they establish the organization scheme and action procedures needed to 
effectively deal with the earthquake emergency. Such procedures are of great importance for any seismically active 
region, regardless of the level of seismic hazard. The tool has been created based on these ideas.

One of the first seismic risk suites in Spain having this goal in mind is “Simulador de Escenarios Sísmicos-SES2002” [9]. 
This software was created specifically for the Civil Protection and although it has been widely used, nowadays it is not 
up to date.
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After the development of HAZUS [10], known as a reference for the earthquake losses estimations, numerous 
modelling tools have been developed by scientists worldwide to estimate seismic risk, although mainly focused on the 
scientific community. Table 1 shows a summary of these tools with a brief comparison in terms of methodologies and 
results.

Therefore, the aim of this paper is to show a new tool (SISMOTOOL) integrating strengths of the known platforms and 
incorporating new methodologies to reinforce the Civil Protection system. In particular, SISMOTOOL can automatically: 
a) compute amplification factors due to geology and topographic effects by using digital elevation models (DEM); b) 
assign and classify the vulnerability of the building stock through the cadastral database; c) include the soil-structure 
resonance effect in the vulnerability; as well as other improvements, always with the highest processing speed. 
Therefore, any stakeholder or emergency planner will be able to make decisions in a very short time by handling the 
program.

Table 1 Summary of some of the main earthquake loss estimation (ELE) tools currently published and the comparison 
with SISMOTOOL
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2 Methodology

2.1 GIS environment and databases (DB)

On the one hand, SISMOTOOL is coded to be part of the ArcGIS toolbar (Figure 1) because, nowadays, it is one of the 
world's most powerful mapping and analytics software. The current version works through an Add-in type ArcGIS 
customization; actually, VB.NET language and the ArcObjects software development kit integrated into a Microsoft 
Visual Studio programming environment are used to write the code of the tool. VB.NET has been chosen due to the 
combination of simplicity of use and speed compared to other development language options such as Java, Python or 
C++. Since ArcGIS is a commercial software, it is not unusual that stakeholders and emergency planners in the 
municipalities have it installed in their office and have expertise in its use; and even more, SISMOTOOL extension is an 
open-source code and, therefore, the source code of the Visual Studio project is provided, i.e. it can be specifically 
adapted either any user or a free GIS (for instance, QGIS).

Figure 1 SISMOTOOL toolbar within the ArcGIS framework showing an intensity shakemap (1910 Adra earthquake) for Almeria (Spain)

 On the other hand, some of the main advantages of using ArcGIS is to automatically prepare all the needed DB for an 
accurate earthquake losses estimation; in other words: Seismic catalogue DB [16], Quaternary faults DB of Iberia [17], 
Hydrographic network and DEM [18], Cadastral information [19] and Population information [20] could be directly 
incorporated into the analysis.

The user can interact and process these DBs through various forms that are displayed through the toolbar, such as the 
one corresponding to the logic tree calculation (section 2.2.7) shown in Figure 2.

https://www.scipedia.com/public/File:Review_717989485617_3900_Fig1.png
https://www.scipedia.com/public/File:Review_717989485617_3900_Fig1.png
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Figure 2 Example of one of the elements of the SISMOTOOL toolbar, used for logic tree calculation

2.2 Earthquake loss estimation (ELE) methodology implemented in SISMOTOOL

The main sequence of running SISMOTOOL is shown in Figure 3. To begin with, the user will introduce some data in 
every step through the toolbar (Figure 1) and then, execute within ArcGIS.

Figure 3 SISMOTOOL development and computation scheme

 To aid in effective seismic emergency planning, results of damages and losses are calculated at the maximum 
available scale from the input data, at the building level and generating raster files with a spatial resolution of up to 5 
m pixel (Figure 4).

https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image2.png
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image2.png
https://www.scipedia.com/public/File:Review_717989485617_2909_Fig3.png
https://www.scipedia.com/public/File:Review_717989485617_2909_Fig3.png
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Figure 4 Simulation example obtained by SISMOTOOL for the Adra earthquake of 1910. The buildings colour represents the uninhabitability, on a base rater map that 

represents the PGA

 Although the methodology could be understood at a glance from Figure 3, some procedures, specially developed or 
coded in SISMOTOOL, are highlighted below:

2.2.1 Ground motion scenarios
The first step in any ELE computation is the description of the seismic impact in terms of a shakemap. To do that, two 
options are implemented: deterministic scenario and pre-computed shakemap.

2.2.1.1 Deterministic scenario
In the first option, the user can select the source parameters for a given earthquake (moment magnitude, latitude and 
longitude of the epicenter, focal depth or faulting type) from a pre-defined database of historical earthquakes. 
Additionally, a proprietary fault DB based on QAFI (Quaternary active faults DB of Iberia [17]) is integrated into the 
program (Figure 5). Therefore, the user can simulate any possible earthquake related to any of these faults and the 
rupture area will be estimated using the moment magnitude and the relationship given by Wells and Coppersmith [37]
. The rupture area is spatially located in a plane parallel to the chosen fault plane and centered on the hypocenter 
which can be defined by the user through the epicentral coordinates and the focal depth; however, if the depth is 
unknown, this parameter will be automatically computed as the intersection of the fault plane with the vertical line 
from the epicenter. Additionally, a boundary condition is applied assuming that the calculated rupture area cannot get 
out from the earth's surface.

https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image4-c.jpeg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image4-c.jpeg
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Figure 5 SISMOTOOL fault DB, generated with data from QAFI [17]

 Next, the shakemap in terms of PGA at rock is computed after the selection of an appropriate ground motion 
prediction equation (GMPE). So, the user can choose between several GMPE currently implemented in the code. In 
particular, there are two European GMPE (Ambraseys et al. [21] and Akkar and Bommer [22]) which are also suitable to 
Spain [23]; one Spanish GMPE (IGN-UPM [23]) valid for Mw < 5.0 and two of the latest next generation attenuation 
relationships (NGA) (Campbell and Bozorgnia [24] and Chiou and Youngs [25]) which can be applied worldwide and 
considers also the directivity and directionality of the source. Additionally, the user can easily modify the Spanish 
GMPE by changing its coefficient.

It is well known that one of the main sources of uncertainties comes from the GMPE chosen; thus, the user must 
decide what model, or combination of models, are appropriate. Bommer and Stafford [38] pointed out that the 
emphasis on the choice of GMPEs should be focused on their amenability to the target region and site instead of on 
the basis of their applicability. This difficulty has been considered and section 3 will show how SISMOTOOL can help to 
decide the corresponding GMPE by comparing the results with the PGA recorded from previous earthquakes.

The results can be expressed in terms of specific or design response spectrum (5% damped) following Eurocode 8 [39] 
guidelines.

2.2.1.2 Pre-computed shakemap

In the second option, if previous ground motion studies are available, the user can upload a PGA shakemap for the 
region in raster format including site effects, from which it is obtained an elastic response spectrum (5% damped) 
according to Eurocode 8 [39]. This spectrum will be used to estimate damage.

2.2.2 Site effects
Two factors are considered by SISMOTOOL: Topographic Amplification and Soil Class Amplification. Since it is difficult 
to have the necessary data to evaluate these amplifications at the regional level, some tools are included to enable this 
calculation always as a pre-process, if they are not provided by the user.

2.2.2.1 Topographic Amplification

A specific subroutine is implemented to compute a topographic amplification factor in raster format.

Following Eurocode 8 [26], the topographic amplification factor will range from 1.0 to 1.4 based on the slope angle of 
the relief. Then, using the digital elevation model (DEM) with the highest resolution (at least, 5-10 m), the subroutine 
will compute the height relative to the Hydrographic Network (H) (Figure 6) and later the slope angle as the most 

https://www.scipedia.com/public/File:Review_717989485617_7608_Fig5.png
https://www.scipedia.com/public/File:Review_717989485617_7608_Fig5.png
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unfavourable value between the slope calculated at each point or the average slope (H/Dist) from the nearest free field 
of reference (Hydrographic Network).

Figure 6 Scheme of parameter extraction from the DEM needed to implement the topographic amplification according to Eurocode 8 [26]

 Figure 7 shows an example of the computation of a topographic amplification map for Almería province, centered on 
the municipality of Adra.

Figure 7 Topographic amplifications according to Eurocode 8 [26] and Hydrographic Network, generated for Almería province, through a high-resolution DEM (10m). 

Map centered on the municipality of Adra (black area)

2.2.2.2 Soil Class Amplification

The soil characteristics are classified by SISMOTOOL using the mean shear-wave velocity in the uppermost 30 m 
ground thickness (Vs30). The user must provide the geological map with its corresponding Vs30 values distribution 
map in raster format.

The topographic slope method is an innovative, fast and very low-cost technique [27,28] to estimate the Vs30 value 
based on the relationship between this quantity and the slope of the ground, obtained through a Digital Elevation 

https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image6.png
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image6.png
https://www.scipedia.com/public/File:Review_717989485617_1498_Fig7.png
https://www.scipedia.com/public/File:Review_717989485617_1498_Fig7.png


https://www.scipedia.com/public/Lopez_Hidalgo_et_al_2022b 8

F. Lopez Hidalgo, M. Navarro and S. Molina, A new tool to simulate ground shaking and earthquake losses, Rev. int. 
métodos numér. cálc. diseño ing. (2022). Vol. 38, (3), 35

Model (DEM). Recent studies in the Iberian Peninsula have applied the proxy method for estimating Vs30 values at 
different scales [40,41,42]. In this respect, SISMOTOOL can perform an automatic estimation process of the Vs30 
values distribution adapted to the local geological characteristics of the region, using the topographic slope as a proxy 
[28]. For this, equation (1) is fitted to obtain the shear-wave velocity coefficients for each geological unit (βi) and for 
slope (βs):

log(Vs30) = β0 + ∑βi ⋅ xi + βS ⋅ log(S ) (1)

where: xi are variables indicative of the geological units used in the model; β0, βi, βs, are the coefficients to be 
calculated using a least squares regression; Vs30 is the instrumental shear-wave velocity values in m/s; and S is the 
slope computed from the DEM expressed in m/m.

Then, the user can choose between two methods to amplify the ground motion at rock obtained in section 2.2.1. The 
first method (M1) inserts the Vs30 values in the corresponding GMPE to compute the amplified ground motion. The 
second method (M2) uses the relationship between Vs30 values and the corresponding amplification factors given by 
Borcherdt [29,30] to obtain the amplified ground motion.

An example of PGA amplification factor is shown in Figure 8 for the 1910 Adra earthquake scenario using Ambraseys 
et al. GMPE [21] and M2 soil class amplification method applied according to predicted Vs30 values from equation (1) 
using a slope map with 200 m resolution.

Figure 8 PGA amplification factor for the Adra earthquake of 1910. The map covers the entire Almería province

 In this way, the user can compute and draw PGA, spectral acceleration and instrumental intensity maps with a pixel 
resolution of 5 to 10 m at different spatial scales (national, regional, local, user-defined).

2.2.3 Building database compilation

From Civil Protection Services and stakeholders’ point of view, one of the biggest difficulties arises in the vulnerability 
classification of a city (or region) and, above all, how to keep that information updated. To avoid this problem, an 
automated analysis of data obtained from the “Dirección General del Catastro” [19] (which is the Spanish agency in 
charge of the formation and maintenance of the Real Estate Cadastre as well as the dissemination of the cadastral 
information) is incorporated. From this source, and through the new GML format of the cadastral database (European 
INSPIRE directive), polygonal elements can be obtained as urban subplots which represent the built volumes within a 
plot. They contain the needed information for vulnerability classification: geometry of the floor, height of the buildings, 
year of construction and rehabilitation, use and state of preservation.

https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image9-c.jpeg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image9-c.jpeg
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SISMOTOOL automatically processes this information to obtain the elements considered as buildings. In the first place, 
it filters the construction elements from the alphanumeric coding of subplots (e.g., the coding -II + IV + TZA represents 
a subplot made up of floors from level -2 to level 4 and an additional terrace [19]). Subsequently, all the construction 
elements belonging to the same plot are joined, to form the building element (Figure 9a, b), and the maximum 
number of floors of each building (Figure 9c) is extracted through an SQL selection algorithm (Figure 9d).

a)

  

b)

  

c)

  

d)

  

Figure 9 Automatic extraction of building floor: a) Constructive elements, b) Floor extraction; and maximum number of floors: c) Constructive elements, d) Floor number

2.2.4 Building Vulnerability Estimation

Once the building database is compiled (section 2.2.3), the user can directly define the vulnerability of the buildings. 
Normally, this is not possible due to the lack of information on construction typologies, and it is necessary to make a 
statistical assignment of the vulnerability through a building typology matrix (BTM). A default BTM adapted to local 
construction characteristics and based on available basic data such as the year of construction and the number of 
floors (Table 2) is incorporated and can be modified by the user. Then, it is possible to assign (always as a pre-process) 
the vulnerability of each building (represented by the Vulnerability Index, IvTypology) based on the probability of 
belonging to each typology (Pr(Typologyi)) and the vulnerabilities index defined for each basic typology (IvTypology_i) (Eq. 
2):

IvTypology = ∑
Typolog yi

IvTypolog yi
⋅ Pr (Typologyi ) (2)

 The vulnerability index (IvTypology) can be improved using vulnerability modifiers defined by Milutinovic and 
Trendafiloski [31].This improved index (IvBuilding) is computed using equation (3):

https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1213.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1213.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image10.jpeg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1198.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1198.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image11.jpeg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1197.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1197.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image12.jpeg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1421.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-picture-x0000_s1421.svg
https://www.scipedia.com/public/File:Draft_Lopez_Hidalgo_402572036-image13.jpeg
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IvBuilding = IvTypology + ΔMR + ∑
j =1

n

Mbj (3)

 where ∆MR is a regional modifier which depends on the geographical location of the building and Mbj are the 
behaviour modifiers which account for the structural typology, number of floors, aggregate buildings, irregularities, 
seismic design level, soil morphology, soft story or state of preservation. The default values, which can be modified by 
the user, are shown also in Table 2.

For the automatic evaluation of the behaviour modifiers (Mbj), it is necessary to analyze the geometric characteristics 
(floor and height) of each building as well as its relationship with the contiguous buildings. For example, the aggregate 
position modifier defines three types of buildings (middle, corner and header) and Figure 10 shows the procedure 
followed by SISMOTOOL to evaluate the position of a building in a block, which is based on the comparison of the 
building original area with a simplified area (built from the union of all the sections common to other polygons and 
closing the polygon between the first and last point of the free sections).

Figure 10 Automatic evaluation of the position of a building in a block, carried out by SISMOTOOL

Table 2 Example of a building typology matrix for Adra town. The user can design a specific database changing the 
values of any of the fields of the table

YEARS FLOORS PERCENTAGE 

[43]

BUILDING 

TYPOLOGY

[33]

TYPOLOGY DESCRIPTION

[33]

Iv

[33]

∆MR PRESERVATION

Iv MODIFIER

FLOORS Iv

MODIFIER

≤1925 1-2 25.3 % M2.w_L Adobe (earth bricks), wood slabs, 1-2 floors 0.82 0.14 0.04 -0.02

74.7 % M3.w_L Simple stone, wood slabs, 1-2 floors 0.64 0.14 0.04 -0.02

3-5 100 % M3.w_M Simple stone, wood slabs, 3-5 floors 0.72 0.14 0.04 0

≤1945 1-2 72 % M5.w_L Unreinforced Masonry (old bricks), wood slabs, 1-2 floors 0.62 0.12 0 -0.04

28 % M6_L_PC Unreinforced Masonry, reinforced concrete floors, 1-2 floors, Pre-

code seismic standards

0.57 0.12 0 -0.04

3-5 100 % M6_M_PC Unreinforced Masonry, reinforced concrete floors, 3-5 floors, Pre-

code seismic standards

0.65 0.12 0 0

2.2.5 Vulnerability modifier due to resonance soil-structure

The resonance effect between the soil and the structures occurs when the soil predominant period coincides with the 
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natural period of the existing building. It is well known that this effect can have severe influence both on the degree 
and on the spatial distribution of building damage (even for moderate earthquakes). Recent examples were observed 
in Spain, e.g. in 1993 and 1994 Adra earthquakes [4,44] or in 1999 Mula earthquake [3,7].

SISMOTOOL computes a resonance probability map after the application of equation (4).

PResonance (Building ) = ∑
Typolog yi

(1 − |
T0 − Tb (Typolog yi )

Max (T0, Tb (Typolog yi
) | ) ⋅ Pr (Typologyi ) (4)

 where T0 is the predominant period of the soil, Tb(Typology_i) is the natural period of the building if it has a Typologyi, and 
Pr(Typologyi) is the probability that the building belongs to the Typologyi.

The resonance probability is 1 if the predominant period of the soil and the natural period of the structure are equal 
and it decreases as the difference between the periods increase.

The natural period of a building of a Typologyi is calculated from the empirical relationship Tb(Typology_i) = aN, where N 
represents the number of stories and a is a constant which depends on the building typology ([4,45,46,47], amongst 
others). Therefore, SISMOTOOL incorporates a default resonance typology matrix (RTM) (Table 3) that the user can 
modify to adapt it to any study region. Table contains the a-value and a resonance modifier (Mod_Iv_ResTypology_i) which 
we have defined as 0.06 by default, according to the highest value proposed by Milutinovic and Trendafiloski [33]. This 
RTM will be used later to compute a resonance modifier (Eq. 5) which can be combined with the others modifiers in the 
empirical method.

Mod_Iv_Res = ∑
Typolog yi

Pr (Resonance )Typolog yi
⋅ Mod_Iv_ResTypolog yi (5)

 An example is shown in Figure 11, displaying the local soil predominant period raster map in the urban area of Adra. 
This map is computed by spatial IDW interpolation of the measurements carried out by Navarro et al. [4] from ambient 
noise HVSR; then, this raster and the relationship Tb = 0.049N [4] for Reinforced Concrete buildings in Adra town, is 
used to compute the probability of resonance. Afterwards, buildings with a probability greater than 90% are plotted as 
red filled polygons.

Table 3 Example of resonance typology matrix (RTM)

YEARS FLOORS PERCENTAGE

[43]

BUILDING 

TYPOLOGY

[33]

TYPOLOGY DESCRIPTION

[33]

Mod_Iv_ResTypology_ia

[4]

≥1977

≤1996

1-3 100 % RC1_III_L_DCL Concrete Moment Frame, 1-3 floors, seismic code with seismicity zone III, Low 

ductility capacity

0.06 0.049

4-7 66.2 % RC1_III_M_DCL Concrete Moment Frame, 4-7 floors, seismic code with seismicity zone III, Low 

ductility capacity

0.06 0.049

33.8 % RC3_III_M_DCL Reinforced concrete Dual System, 4-7 floors, seismic code with seismicity zone III, 

Low ductility capacity

0.06 0.049

≥8 100 % RC3_III_H_DCL Reinforced concrete Dual System, ≥8 floors, seismic code with seismicity zone III, 

Low ductility capacity

0.06 0.049
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Figure 11 Soil predominant period distribution map in Adra town

2.2.6 Damages and Losses computation

Two methodologies for damage estimation are implemented; the first one is empirical and the second one is 
analytical. This calculation phase of the tool is extremely critical, as it must be done in real-time once the user receives 
the earthquake information. For this reason, and given the possible high number of buildings to be analyzed (e.g. 
252,196 for the province of Almería), their algorithms have been developed and verified for high-speed computation 
and accuracy.

2.2.6.1 Empirical Methodology (Vulnerability Index)

This methodology was proposed by Giovinazzi and Lagomarsino [31] and described by Milutinovic and Trendafiloski 
[32]. These authors correlate the mean damage grade (μD), the macroseismic intensity (I, calculated at the centroid of 
the polygon that represents the building) and the Vulnerability Index (IV) using semi-empirical vulnerability functions 
(Eq. 6):

μD = 2.5[1 + tanh (
I + 6.25IV − 13.1

2.3 ) ] (6)

2.2.6.2 Analytical Methodology (Capacity Spectrum)

SISMOTOOL gets the performance point of a building due to a horizontal force applied to the structure (Figure 12), by 
implementing two simplified procedures: I-DCM and MADRS according to FEMA [35].
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Figure 12 Scheme for obtaining the performance point for analytical method

 Once the performance point (Sd) is known, the value is used in the fragility curves to obtain the degree of damage 
(Slight, Moderate, Extensive and Complete) employing equation (7) [32]:

P (ds|Sd ) = ϕ [ 1
βds

⋅ ln( Sd
Sdds

) ] (7)

 where P(ds|Sd) is the probability that the damage state ds is exceeded given Sd; Sdds is the mean value of the spectral 
displacement at which the structure reaches the damage state threshold ds; βds is the standard deviation of the natural 
logarithm of spectral displacement for damage state ds; Φ is the standard normal cumulative distribution function.

The impact of the earthquake can be also expressed in term of uninhabitable buildings, human and economic losses.

The number of uninhabitable buildings is evaluated using the equation (8):

Uninh = ∑
Degre ei

Ci ⋅ Pr (Degreei ) (8)

 where Ci are user defined coefficients (by default C0=C1=0, C2=0.5, C3=0.9, C4=C5=1 as proposed by Coburn and Spence 
[36]).

The human and economic losses due to structural damage are computed following the HAZUS-MH [34] approach, and 
the user can define all the parameters that depend on the building typologies in a similar way as has been done with 
BTM and RTM, to adapt the methodology to local studies.

Finally, to estimate the population affected by damage to buildings, with the maximum possible resolution, it would be 
necessary to know the inhabitants for each building in which the damage is calculated. When there is no data from 
population at this scale, an average of the damage parameter under study is used on the minimum population unit for 
which data are available. In the current version of the program, the Census Sections and the information provided by 
the National Institute of Statistics have been used as a source of spatial data on the population [20].

In this way, SISMOTOOL can calculate the population affected by the chosen damage parameter (Pop_damage), (e.g., 
the uninhabitability of the building, or the severity of injury), in each Census Section, with the following formula (Eq. 9):

Pop_damageCensusSecc = PopTotalCensusSecc

∑
Buildin gCensusSecc

Pr_damage

TotalBCensusSecc

(9)

 where: PopTotalCensusSecc is the total population; ∑Building_CensusSeccPr_damage is the sum of probabilities of damage for 
every building; TotalBCensusSecc is the total number of buildings.
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2.2.7 ELE using a Logic Tree

In many cases, all the parameters needed to correctly estimate an earthquake losses scenario have large uncertainties. 
A logic tree is included in order to take into account the epistemic uncertainties, as proposed by Molina et al. [12]. As 
shown in Figure 13, SISMOTOOL carries out the ELE computation for each one of the branches of the logic tree and the 
final result is the weighted mean (according to the weights given to each branch).

Figure 13 Scheme for calculating the seismic damage Scenario using a logic tree

3 Application of SISMOTOOL to Adra town

Adra town, with around 20,000 inhabitants [20], an urban area of 3.0 km2, and 3,600 buildings [19], is located in the SW 
of Almería province (SE Spain). According to the new seismic hazard map of Spain [23], this region is one of the most 
hazardous seismic areas with an estimated PGA at rock of 0.19g and 0.24g for 475 and 975 years return period, 
respectively. The presence of active local Quaternary faults close to the urban area (e.g. [49,50]) can generate 
catastrophic damage, even for moderate earthquakes, as revealed the 2011 Lorca earthquake of 5.2 Mw scale [5,16].

SISMOTOOL has been used to compute the shakemap and damage scenario in Adra town assuming a repetition of the 
1910 offshore Adra earthquake (Mw 6.3; focal depth 16 km; latitude: 36.58 N; longitude: 3.08 W; Adra fault). This 
earthquake generated a macroseismic intensity VII-VIII (EMS-98 scale [1]) in the town [2].

To perform a validation test, the results obtained by SISMOTOOL have been compared with other results of Vs30 [50], 
shakemap [51] and damage scenario [43] obtained for Adra town by using the same earthquake scenario (1910 Adra 
earthquake) and different methodologies.

3.1 Vs30 structure
The identification and classification of urban geology is a first step to interpret the spatial geometry of 
geological/seismic formations and to perform an analysis of local site effects. According to the geological units from 
MAGNA_50 (Geological Map of Spain [52]), the Adra urban area can be divided into three main geomorphological 
zones (Figure 14). The first one (geological unit 15) is in the higher and older part of the town, delimited by normal 
faults ENE–WSW direction [4,53]. This unit is composed by graphite shales with garnet and staurolite, quartzites and 
quartzite shales with biotite. The second one (geological unit 26) is formed by narrow valleys that generally follow 
another fault system trending N–S [53] and mainly composed of continental glacis formed by clayey sands and gravels. 
And the third one (geological unit 35) is the deltaic plain of the Adra river, composed of Holocene alluvial sands and 
fine limes, whose thickness varies in the W-E direction [4].
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Figure 14 Geological unit distribution map according to MAGNA_50 [52] and raster map of estimated Vs30 values in Adra town. The Vs30 observations are represent as 

points with a different colour according to the number of standard deviations between the predicted and the observed value

 A raster map of estimated Vs30 values is calculated (Figure 14) using a local specific correlation (Eq.1) between 
measured Vs30 values derived from previous research [50] on the study area, the geological units from MAGNA_50 
[52] and topographic slope of the ground with 200 m resolution DEM (model V1). The results of estimated Vs30 values 
show that the first geological unit (unit 15; Table 4) includes punctual zones where conditions for Eurocode 8 (EC8 [39]) 
A ground class have been found, prevailing areas with soil conditions EC8-B type. Estimated Vs30 values vary in the 
492-894 m/s range and the mean estimated Vs30 value is 735±75 m/s. The second geological unit (unit 26; Table 4) has 
an average estimated Vs30 value of 535±41 m/s (EC8-B ground class) and the estimated Vs30 values varied between 
430 and 605 m/s. Finally, the alluvial fan of Adra river (unit 35; Table 4) shows predominantly conditions for EC8-C 
ground class with estimated Vs30 values vary in the 167-498 m/s range and a mean Vs30 value of 349±59 m/s. These 
results are in agreement with the measured Vs30 values (Table 4) obtained in the study area using active and passive 
methods [50].

Table 4 MAGNA_50 geological units [52] and S-wave velocity

Geological unit Age Geological formation
Estimated values Measured values [50]

ΔVs30 (m/s) Average Vs30 (m/s) ΔVs30 (m/s) Average Vs30 (m/s)

15 Triassic/Paleozoic
Graphite shales with garnet and staurolite. Quartzites 

and quartzite shales with biotite
492-894 735±75 440-1044 676±121

26 Pleistocene Glacis 430-605 534±39 442-998 604±146

35 Holocene Alluvial and current delta 167-498 348±57 246-512 350±60

 The specific correlation (Eq.1) can be performed without calculating βi, if information regarding geological units is not 
available (model V2). In order to assess the sensitivity of the results obtained by the different proxy methods, the 
residual obtained from equation (1) at the sampling points, including geological units (model V1), is compared with the 
calculated residual in model V2 and the residual of the Wald and Allen [27] correlation (model V3), using the 
corresponding coefficients associated with tectonically active regions. The deviation of the estimated values from the 
measured values of Vs30 is the smallest one (74.7 m/s) with model V1. This value increases with model V2 (88.5 m/s) 
and takes the highest value (94.3 m/s) when the specific relationship found by Wald and Allen [27] (model V3) is used 
(Figure 15). This result highlights the importance of using site specific correlations including geological units.
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Figure 15 Comparison of residuals at the sampling points by using different proxy methods in Adra town. Black and cyan points correspond to predicted values using the 
local correlation (Eq. 1) with and without geological units (model V1 and V2 respectively). Red points correspond to predicted values using the Wald and Allen [27] 

correlation (model V3)

 Soil classification according to EC8 [39] obtained by Martinez-Pagan et al. [54] and the proposed with SISMOTOOL 
(raster_vs30) using equation (1) is compared for the urban area of Adra (Figure 16). As can be seen, the predicted 
values from SISMOTOOL agree with the field measurements.

Figure 16 Soil class comparison determined by the predicted Vs30 values proposed by SISMOTOOL using equation (1) and the field measurements proposed by Martínez-

Pagán et al. [54] (black contours), for the urban area of Adra

3.2 Shakemap

Morales et al. [55] carried out an exhaustive simulation of the PGA at rock due to this earthquake using empirical 
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Green functions and they concluded that the PGA values may have reached 140 cm/s2 in the epicentral zone. Spectral 
accelerations at rock and soil obtained by SISMOTOOL for Adra town (site with higher acceleration) are compared in 
Figures 17 and 18 using different GMPEs and soil class amplification factors. Campbell and Bozorgnia [24] (139 cm/s2) 
is the GMPE which provides a PGA at rock closer to the obtained by Morales et al. [55], followed by Ambraseys et al. 
[21] (129 cm/s2), Chiou and Youngs [25] (117 cm/s2) and Akkar and Bommer [22] (116 cm/s2).

Figure 17 Spectral acceleration for Adra town (site with higher acceleration), computed with SISMOTOOL using different GMPEs and soil class amplification factors 

according to M1 method

Figure 18 Spectral acceleration for Adra town (site with higher acceleration), computed with SISMOTOOL using different GMPEs and soil class amplification factors 

according to M2 method

 In order to compare with previously recorded earthquakes, a PGA at rock simulation has also been carried out for the 
1994 Adra earthquake, described in Morales et al. [56] (mb 4.9; focal depth 7 km; latitude: 36.56 N; longitude: 2.80 W; 
Adra fault). In this paper, authors stated that accelerograms were recorded at different IGN stations, whose PGA at 
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rock data for the Adra station reached 30.5 cm/s2. SISMOTOOL estimated the PGA for the different GMPEs and the 
results are: (1) IGN-UPM [23], 8 cm/s2; (2) Akkar and Bommer [22], 25 cm/s2; (3) Ambraseys et al. [21], 32 cm/s2; (4) 
Campbell and Bozorgnia [24], 17 cm/s2; (5) Chiou and Youngs [25], 18 cm/s2.

So here, Ambraseys et al. [21] is the GMPE which provides a PGA closer to the recorded ground motion. Then, 
comparing both simulations is noted that one of the main sources of uncertainties in any seismic hazard or risk 
estimation comes from the GMPE chosen. Therefore, SISMOTOOL allows to the user to take into account these 
uncertainties by applying a logic tree.

Figure 19 compares the distribution of PGA values obtained by SISMOTOOL for Adra town using the GMPE proposed 
by Campbell and Bozorgnia [24] and amplified by M2 method (Figure 19a), with the results obtained by Martinez-
Pagan et al. [51] (Figure 19b). In the first case, the maximum PGA value is 302 cm/s2, while Martinez-Pagan et al. [51] 
estimates maximum PGA value of 350 cm/s2.

a)

b)
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Figure 19 Comparison of shakemaps: a) obtained by SISMOTOOL; b) from Martinez-Pagan et al. [51]

3.3 Damage scenario

Uninhabitable buildings in Adra town were computed using SISMOTOOL for different GMPEs and with the analytical 
method (Figure 20). The performance point was obtained using the MADRS and I-DCM methods. The differences 
between MADRS and I-DCM methods are not very important (around a 5% to 10% higher with I-DCM); however, the 
use of the soil class amplification factors according to M2 instead of M1 method is responsible of a higher increase of 
the damage results except for the Chiou and Youngs [25] GMPE. This is due to the similar behaviour of the amplified 
ground motion (Figures 17 and 18).

Figure 20 Uninhabitable buildings in Adra town (of 3,591 in total), computed by SISMOTOOL for the 1910 Adra earthquake

 The comparison of uninhabitable buildings results (Figure 21) obtained by SISMOTOOL simulation for the amplified 
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PGA proposed by Martinez-Pagan et al. [51] with a normalized elastic response spectrum according to Eurocode 8 [39] 
(Figure 21a), with respect to those obtained by Molina et al. [43] using the same spectrum and SELENA software 
(Figure 21b), shows good agreement between both tools, noting a deviation of 18% on the total uninhabitable 
buildings.

a)

  

b)

  

Figure 21 Comparison of uninhabitable buildings in Adra town: a) computed by SISMOTOOL using the PGA shakemap proposed by Martinez-Pagan et al. [51]; b) obtained 

by Molina et al. [43] using the same shakemap and computed by SELENA

 Additionally, a sensitivity analysis of uninhabitable buildings is carry out comparing the normalized spectra according 
to Eurocode 8 [39] and the specific spectral acceleration using different GMPEs and soil class amplification factors. In 
the first case, the design response spectrum at the ground surface is a uniform hazard spectra generated by 
multiplying the rock response spectrum with empirical factors to account the amplification of ground motion due to 
the underlying soil. On the second one, specific acceleration spectrum for earthquake scenario directly incorporate the 
amplification of ground motion due to underlying soil and provide spectral accelerations at the soil surface 
considering effects of individual sources. The number of uninhabitable buildings using the normalized spectrum 
(around 2,000, Figure 21) is much greater than the results calculated by specific elastic response spectra of each GMPE 
(Figure 20). This difference in an order of magnitude in the damage results cannot be justified only by the difference in 
the PGA used between both simulations (Figure 19).

Figure 22 shows an example of calculating the performance points in both cases, and for a specific building in the city 
of Adra (with reinforced concrete typology, seven floors and year of construction 1998). Despite having used a 
normalized spectrum with Ambraseys et al. [21] PGA (172 cm/s2), and therefore lower than Martinez-Pagan et al. [51] 
(245 cm/s2), it can be seen that the use of normalized spectra of Eurocode 8 in the calculation of the estimated losses 
causes an overestimation of the spectral accelerations with respect to the specific spectra of the GMPEs. This result 
agrees with Haldar et al. [57] who also observed significant differences in the risk estimation for the code design 
spectra and the NGA model.
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Figure 22 Comparison of performance points calculated by SISMOTOOL's I-DCM analytical methodology for a building in the city of Adra, using the specific response 

spectrum of different GMPEs, with respect to the normalized spectrum according to Eurocode 8 [39]

 In order to analyze the influence of resonance effect on uninhabitable buildings, a comparison between the results 
obtained from empirical methods was made, using the specific elastic response spectra of GMPE according to 
Ambraseys et al. [21], soil class amplification factors by M2 method and vulnerability index with Milutinovic and 
Trendafiloski [32] modifiers, with and without resonance modifier (Figure 23). If the resonance modifier is not included, 
the total number of uninhabitable buildings is 868, while considering the resonance modifier the number of 
uninhabitable buildings increases by 14.4%. Figure 23 also identifies the areas where the soil-structures resonance is 
increasing the damage, allowing the users to adopt seismic management decisions.

a)

  

b)

  

Figure 23 Comparison of uninhabitable buildings considering: a) without resonance modifier; b) the resonance modifier

4 Concluding remark

The development of SISMOTOOL was due to the need of providing to Civil Protection with a complete and versatile 
tool for the Planning and Management of Seismic Emergencies. To achieve this objective, it has been considered 
important to find the following requirements: (1) The highest possible resolution in the results, e.g., damage 
computation at the building level, or maps with a 5-10 m pixel resolution; (2) High computing efficiency to obtain 
results allowing “real-time” decisions. For a small city as Adra, the computation time of the damage scenario is around 
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15 s, while at the regional level (e.g. the case of the province of Almería) is about 90 s; (3) The possibility of choosing 
different scales of calculation (from local to regional), which results in computing efficiency; (4) A friendly-user interface 
developed specifically for emergency managers allowing an easy interaction with other spatial databases.

Additionally, in the process of developing the previous objectives, a series of added-value tools were coded: (1) 
Regional processing of amplification of ground motion by geology (topographic slope as a proxy, including specific 
correlation) and by topographic effects (according to Eurocode 8 [26]), at a resolution (5 to 10 m); (2) Extraction and 
automated analysis of vulnerable elements (buildings). Furthermore, the user can define statistical parameters to 
automatically estimate the vulnerability (empirically or analytically) of each building; (3) Development of an own 
database of the spatial distribution of the population, to obtain the population affected (Homeless people, Human 
casualties).

The user can choose between several computation options: (1) Different ways of defining the basic parameters of the 
earthquake, choosing it from an included database and selection of the corresponding fault; (2) Design and edition of 
a database of possible earthquakes for the simulated scenario; (3) Different ground motion prediction models (GMPE) 
and ground motion amplification methods; (4) Damage estimation using the empirical method (EMS-98, Vulnerability 
Index [31]) or the analytical (MADRS, I-DCM [34]); (5) Possibility of choosing between the specific response spectrum 
predicted by the GMPE or the code design spectrum according to Eurocode 8 [39]; (6) Estimation of uninhabitable 
buildings, human casualties, population affected and structural economic losses.

All the scripts are accessible and adaptable through the VB.NET Visual Studio project, allowing users the development 
of new tools. Therefore, SISMOTOOL can be applied to any region of the world.

The analysis of unique vulnerable elements is not explicitly included in the current version of SISMOTOOL. However, 
essential facilities and heritage buildings are included in the current building database of the tool, and the user could 
define specific Vulnerability index [31] or Vulnerability functions [32] for them. In the case of lifelines (e.g. 
communication and industrial infrastructure) is planned to develop a specific module for the next version of 
SISMOTOOL that allows damage to be analyzed based on specific Fragility curves [32].

Using the mentioned options, a sensitivity analysis of the damage and losses results to the input parameters can 
carried out, allowing to quantify uncertainties. An example is shown for the city of Adra, pointing out the huge 
uncertainty related to the selection of the GMPE and the importance of using ground motion values from recorded 
earthquakes to choose one or more GMPE models and, besides, these uncertainties can be included in the damage 
and losses results using a logic tree.

SISMOTOOL incorporates the determination of the value of Vs30 from the topographic slope (proxy method [27,28]) in 
the estimation of site effects due to the soil class. This functionality is of great interest in the calculation of scenarios in 
regions where experimental measures are not available, or where it is intended to obtain a specific correlation better 
adapted to those measures. Moreover, topographic amplification can also be automatically deduced from that slope.

Additionally, the soil class amplification method is also a source of uncertainties. The ground motion amplification 
from geological empirical factors given by Borcherdt [30] provides, in general, higher amplified ground motion than 
the obtained with GMPE model with soil coefficients, with the exception of Chiou and Youngs [25].

One of the main advantages of this tool is the possibility of taking into consideration the soil-structures resonance 
using vulnerability modifiers. The results prove that the inclusion of the resonance modifier significantly increases the 
damage.

Finally, SISMOTOOL has been proven as an effective tool in the generation of useful results in a very short time for the 
Planning and Management of Seismic Emergencies and Territorial Planning.

Non-standard Abbreviations: Digital elevation model (DEM); Earthquake loss estimation (ELE); Database (DB); Ground 
motion prediction equation (GMPE); Next generation attenuation relationship (NGA); Building typology matrix (BTM); 
Resonance typology matrix (RTM); Improved displacement coefficient method (I-DCM); Modified acceleration-
displacement response spectrum (MADRS).
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