
 

 

D 2.13 
DELIVERABLE 

 

PROJECT INFORMATION 

Project Title: Systemic Seismic Vulnerability and Risk Analysis for 
Buildings, Lifeline Networks and Infrastructures Safety Gain 

Acronym: SYNER-G 

Project N°: 244061 

Call N°: FP7-ENV-2009-1 

Project start: 01 November 2009 

Duration: 36 months 

 

DELIVERABLE INFORMATION 

Deliverable Title: 
D2.13 A Review and Preliminary Application of 
Methodologies for the Generation of Earthquake 
Scenarios for Spatially Distributed Systems  

Date of issue: 31 March 2011 

Work Package: WP2 – Development of a Methodology to Evaluate Systemic 
Vulnerability 

Deliverable/Task Leader: University of Pavia
 Reviewer:    Aristotle University of Thessaloniki 

REVISION: Final 

 

 Project Coordinator: 
Institution: 

e-mail: 
fax: 

telephone: 

Prof. Kyriazis Pitilakis 
Aristotle University of Thessaloniki 
kpitilak@civil.auth.gr 
+ 30 2310 995619 
+ 30 2310 995693 

mailto:kpitilak@civil.auth.gr




 

 i 

 

Abstract 

The analysis of seismic risk to multiple systems of spatially distributed infrastructures 
presents new challenges in the characterisation of the seismic hazard input. For this purpose 
a “Shakefield” style approach is developed, which allows for the generation of ground motion 
fields for both single scenario events, and for stochastically generated sets of events needed 
for seismic hazard analysis. The spatial correlation of the ground motion fields and the cross 
correlation between fields of different ground motion parameters are incorporated into the 
simulation procedure. Existing models of correlation and cross-correlation are reviewed and 
means of implementing them in a “Shakefield” application presented. The role of spatial 
correlation in ground motion, over scales on the order of several tens of kilometres, is 
important in accurately representing the strong shaking that may be experienced by a 
network of interconnected points or a spatially distributed inventory of vulnerable elements. 
A general methodology is developed for defining the seismic hazard input to multi-system 
analysis of seismic risk. This takes into consideration the correlation in the ground motion 
residuals, and establishes a practical framework for incorporating site amplification and 
geotechnical hazard into the seismic risk analysis. 

Keywords: Seismic hazard, spatial correlation, cross-correlation, site amplification, 
geotechnical hazard 
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1 Introduction 

1.1 HAZARD CONSISTENT GROUND MOTIONS FOR ANALYSIS OF SEISMIC 

RISK 

The analysis of seismic risk to infrastructure within a region represents an important 
development in the effective mitigation of both economic and human losses due to 
earthquakes. To model the consequences of failure to multiple interconnected systems it is 
important to define the seismic scenarios in a consistent and realistic manner. Traditional 
seismic hazard analysis, whilst effective in translating the hazard into a probabilistic 
formulation, is limited in the extent to which it can incorporate spatial coherency of the form 
needed for estimation of loss to spatially distributed portfolios. Vector hazard analysis 
(Bazzuro and Cornell, 2002) may represent something of a move in that direction, but 
becomes rapidly computationally and theoretically complex if considering more than only a 
few correlated sites or correlated ground motions. 

An alternative, and somewhat more common, approach to estimation of losses for a spatially 
distributed portfolio of structures is in the use of scenario events. From these it is possible to 
create profiles or fields of expected ground motions, which are then input into the models of 
seismic risk. Modelling infrastructure and complex interconnected systems presents a new 
challenge in this approach. There is clear precedent in recent research into seismic risk, to 
take into account the spatial correlation between ground motions on an urban scale (Park et 
al., 2007; Crowley et al., 2008a,b; Goda and Hong, 2008a,b; Jayaram and Baker, 2010a). 
We outline the general approach taken by several of these studies to develop spatially 
correlated fields of ground motion for use in risk analysis. It should be noted that these 
approaches do not necessarily intend to simulate the actual ground motion or create 
spatially coherent acceleration histories in the manner well-described by Zerva (2009). 
Instead we aim to create spatially correlated and cross correlated fields of ground motion 
intensity measures based on current empirical models of ground motion attenuations. 

This report will outline the project needs and existing literature on the topic of creating 
spatially correlated ground motion fields for input into seismic risk. In the context of this 
application there is a need to adopt different methods for generating fields (which are a 
realization of a random process developing in space) that preserve both the spatial 
correlation of the ground motion and the cross-correlation properties between different 
intensity measures. There exists, to our knowledge, no previous application of spatially 
cross-correlated simulation methodologies to this particular area of seismic risk research. 
We review some existing methodologies for co-simulation of spatially cross correlated fields 
of ground motion.  

This report will outline the overall structure of the methodology we intend to apply, and will 
discuss the current state of knowledge regarding the analysis of spatially correlated and 
cross-correlated ground motion. We shall initially outline the meaning of the “scenario 
earthquake” in the context in which it will be applied here, and establish some of the 
nomenclature and practical needs for application. In a companion deliverable (D2.12), we 
consider the various ground motion intensity measures (IMs) that are widely used for fragility 
analyses of different systems, and the means of assessing the optimality of a particular 
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intensity measure for fragility analysis of a given system. We summarise the findings of that 
report here and list the IMs that we believe we may need to consider within our analysis. 
Also described are the potential empirical ground motion attenuation models (GMPEs) that 
we may use for our purpose.  

1.2 APPLICATION TO EUROPEAN CITIES 

The majority of this report investigates both the spectral and spatial correlation of ground 
motion residuals (i.e. residuals from empirical intensity models). This includes a review of 
literature and previous investigations on both of these topics. Original investigation is 
undertaken, which places particular focus on European strong motion records and aims to 
increase the existing knowledge of spatial and cross-IM correlations of ground motions. 
Methodologies for spatial simulation and co-simulation are also reviewed, for which we 
attempt to make a selection of the best approach for our needs. Finally we consider how to 
extend the scenario approaches into probabilistic analyses of spatially distributed seismic 
risk. 

For the purposes of illustration, three environments are considered that represent the 
proposed SYNER-G case studies. These three environments are: 

1. A city in continental Greece (tectonically extensional environment) within moderate 
proximity (< 30 km) to active normal faults, with typical scenario magnitudes in the 
range 6.0 < Mw 7.0. 

2. A city in the Alpine-Pannonian basin region (mixed compressional and strike-slip 
faulting) within moderate proximity to active faults (< 50 km) with typical scenario 
magnitude in the range 5.0 ≤ MW ≤ 6.0. 

3. A large town in the central Apennines (mostly extensional environment) within 
reasonable proximity (< 30 km) to active normal faults, with typical scenario 
magnitudes in the range 5.8 < Mw < 6.5. 

The development of the hazard input for systemic risk application in SYNER-G is expected 
to build upon the work of previous projects to assess seismic risk to lifelines and urban 
infrastructure, namely Risk-UE (Faccioli, 2006; Pitilakis et al., 2006) and LESSLOSS 
(Faccioli, 2007). In these previous applications both deterministic and probabilistic 
characterisations of the seismic input have been applied. 

Within Risk-UE the deterministic scenarios were based upon the earthquake producing the 
maximum observed historical intensity and/or strong ground motion. This was implemented 
via two strategies: 1) estimation of ground motion based on the observed intensity at various 
locations across the city (converting to and from peak acceleration or velocity parameters if 
necessary), and 2) forward modelling of the strong motion field resulting from the scenario 
event, with ground motion attenuated using an existing ground motion prediction equation 
(GMPE). The probabilistic ground motion evaluation was based on the Cornell (1968) and 
McGuire (1976) method of probabilistic seismic hazard analysis, to produce a uniform 
hazard spectrum. The calculation was implemented using the CRISIS2003 software (Ordaz 
et al., 2003). The seismic source models were taken from existing studies, where available. 

The LESSLOSS project developed the scenario based approach further. This involved 
extensive application of numerical simulation methodologies to generate physically 
compatible synthetic acceleration time histories for selected sites across the test region. For 



Seismic Inputs for Spatially Distributed Systems 

 3 

 

the bedrock or outcrop ground motion the waveform is generated from a hybrid procedure, 
which applies a finite element computation technique to model low frequency motion, and a 
deterministic stochastic method to generate high frequency motion. These are combined via 
a weighting function to produce a broadband synthetic ground motion. Site effects were 
incorporated into the model via, separately, 1D equivalent linear or elastoplastic analysis of 
the synthetic ground motion. Two and three-dimensional models of wave propagation are 
also developed using a spectral elements approach (Faccioli et al., 1997), which provides 
more accurate constraints of transient strain and near-source directivity effects. The 
numerical simulation approaches are compared with the more simplified GMPE based 
approach used previously in Risk-UE, albeit with a different selection of GMPEs. 

The stochastic scenario approach intended for implementation in SYNER-G represents a 
significant development upon the GMPE based approach that was previously applied in 
Risk-UE. Within the framework of SYNER-G, it has been the intention to develop a 
methodology than can be readily transferred to different regions, requiring only relatively 
minor adjustments in the computation to incorporate region specific GMPEs and hazard 
data. The level of sophistication of the LESSLOSS numerical simulation approach is 
considerable, but so too is the level of computation and the model complexity. This provides 
a limitation on both the transferability of the LESSLOSS approach and the range of 
scenarios considered. Stochastic scenarios effectively mirror a probabilistic seismic hazard 
analysis, in that a range of possible magnitude and distance scenarios are considered in 
relative proportion to their probability of occurrence. The incorporation of spatial correlation 
and cross-correlation is intended to introduce, in a relatively efficient manner, features of the 
ground motion characteristics that may be consistent with observations of strong motion 
attenuation on an urban scale. 

1.3 SCOPE OF THE REPORT 

The primary objective of this report is to present the hazard methodology for generating 
seismic input that is intended for use within the analysis of systemic risk to an urban region. 
Emphasis is placed on both the practical application of the methodology, taking into account 
data needs and computational considerations, and on the theoretical basis for the new 
developments implemented herein. Whilst the methodology presented is intended for 
general application, some elements of the process are illustrated here via application to one 
or more of the case study sites (Thessaloniki, Vienna and L’Aquila) considered within the 
SYNER-G project. It should be recognised, however, that the example applications given 
within this report are intended to demonstrate proof-of-concept, and may not necessary 
correspond directly to the results derived from the final application of the methodology to the 
case studies considered within SYNER-G. 

The structure of this deliverable is as follows: 

Section 2: Outline of the process for generating stochastic or deterministic “Shakefields”, 
taking into consideration data needs and inventory considerations 

Section 3: Summary of the optimum ground motion intensity measures (IMs) for multi-
system analysis, and selection of appropriate GMPEs for implementation in the Shakefield 
methodology. 

Section 4: Modelling and simulation of correlation between different intensity measures 
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Section 5: Modelling and simulation of spatial correlation and cross-correlation for multiple 
intensity measures across a spatially distributed set of locations 

Section 6: Outline of the SYNER-G methodology, taking into consideration site amplification 
geotechnical hazard. 

Section 7: Summary of the report, consideration of likely data inputs for case study 
applications and identification of future development needs for hazard input into multisystem 
seismic risk analysis. 

 

Details particular to the case study applications will be discussed in subsequent deliverables 
describing the application of the general methodologies to the test locations. 
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2 Generating Seismic Scenarios: Concepts and 

Data Needs 

2.1 THE “SHAKEFIELD” APPROACH  

For the analysis of seismic risk to lifeline networks it is necessary to produce a spatially 
correlated field of ground motion. This should define the ground motion intensity across a 
region in a manner that is consistent with either a given earthquake scenario or a given 
return period. At the initial stage of this analysis, the focus will be upon generating fields of 
strong ground motion using earthquake scenarios. We refer to this procedure as a 
“Shakefield” process, a term with some commonality to that of “ShakeMap”, developed by 
the USGS ShakeMapTM project. The “Shakefields” correspond to a predicted strong ground 
motion field for a given rupture scenario. For a “Shakefield”, no recorded strong motion data 
is integrated into the strong motion fields that are generated. By contrast, in the ShakeMapTM 
formulation the maps are effectively tuned according to real-time observations of ground 
motion for the earthquake in question (ShakeMap Technical Manual, 2006). It may be noted, 
however, that there may also be a need to consider scenario-based losses in near real-time. 
Whilst this is not the objective for the current project, additional merit should be afforded to 
methods of co-simulation that can be conditioned upon a set of observations of strong 
motion following a given earthquake. An initial example of the integration of conditional 
spatial simulation of strong motion residuals within a ShakeMapTM is given by Park et al. 
(2007). 

To define a Shakefield corresponding to a given scenario there are several key stages of the 
process, as illustrated in Fig. 2.1. The first is the designation of a particular scenario event. 
There are several approaches to do this, the most appropriate of which may depend on the 
context of the loss analysis. The scenario event may correspond to an historical event for a 
particular location. Alternatively it may be defined as the event that is most likely to 
contribute to hazard for a given intensity measure at a site, as determined from 
disaggregation of the hazard at a specified return period (e.g. McGuire, 1995; Bazzurro and 
Cornell, 1999). In some cases the scenario earthquake may be assumed to be the “worst-
case” scenario for a site, possibly corresponding to full rupture of a fault segment or rupture 
cascade across multiple segments. For many applications of seismic loss the “worst-case” 
scenario may correspond to an event of such low probability of occurrence that the resulting 
risk analysis may have little meaning with regard to likely losses. 

After selection of the scenario event, it is necessary to determine the rupture geometry. The 
complexity of the rupture model, and the degree of detail resolved, may depend strongly on 
the amount of information available to define the seismogenic source. This may, in simplest 
cases, define the rupture as simply a point or line source from which energy radiates in an 
isotropic manner. In the most detailed cases, complex numerical models of particular 
ruptures, including characterisation of rupture velocity, stress drop, rise time and asperities. 
In most applications, however, the seismic source may be defined as a simple geometric 
rupture plane in three dimensions. This may correspond to a fault segment, or partial 
segment, or may be an approximation to the rupture plane of a previous event. Simple 
geometrical approximations to the rupture surface may be useful in hazard-based 
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approaches where aleatory variability arising from different rupture scenarios may be 
constrained to the selected fault plane, without requiring a priori assumptions about the 
rupture dynamics.  

 

 

Fig. 2.1 Overview of the Shakefield process for strong motion on rock: attenuation of 
median ground motion (top), generation of field of spatially correlated ground motion 

residuals (middle) and calculation of ground motion on rock (bottom). Fault source 
indicated by black line, target sites indicated by black circles 

Spatially Correlated Field of 
Ground Motion Residuals 
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After defining the scenario event (or events) the ground motion can be attenuated from the 
source. Again, several methods may be employed at this point, some of which may be more 
appropriate than others given the limitations of the available fault rupture model. Numerical 
simulations of ground motion attenuation may naturally extend from those of the rupture 
model. In both cases finite element procedures may be used to determine the motion across 
a mesh of points to form a full 3D interpretation of the likely ground motion. These methods 
are reliant on detailed geological and geotechnical models of the medium through which the 
waves travel and of the site conditions. For site-specific analysis such detailed models may 
be feasible to determine. On a larger scale, including that of a city, the accuracy of the 
geological models may be harder to constrain at the resolution needed for meaningful 
numerical analysis.  

For seismic sources defined according to simple rupture geometry the most common 
method of generating a “Shakefield” is via the use of empirical ground motion attenuation 
models (GMPEs). A typical ground motion model is derived from observed strong motion 
records, with parameters fitted by regression between the intensity measure of interest and 
the source and site characteristics: 

     ijijiNiiijiij RMfY   ,2,1,,log  (2.1) 

where Yij is the ground motion intensity measure at distance Rij from earthquake with 
magnitude Mi. θi1, i2,…iN are additional parameters that may describe the condition of the site 
or some characteristic of the earthquake source. ij  and ij correspond to the intra- and 
inter-event variability respectively. Many current attenuation models define characteristics of 
the earthquake source and site in greater detail than those published more than ten years 
ago. In particular, for full application of an attenuation model it may be necessary to define 
the full geometry of the rupture plane, including area, dip and depth to the top and bottom of 
the rupture, in order to accurately constrain the attenuation of ground motion with distance. 

The selection and implementation of attenuation models depends on the availability of 
information pertaining to the earthquake scenarios being considered, and the sites for which 
the ground motion is being simulated. It is anticipated that for the case study locations under 
consideration it will be possible to determine the geometry of the largest active faults that 
present a hazard to the location. It is most likely that this will only extend as far a modelling 
the faults as simple finite planes, possibly rectangular in shape, rather than complex 
geometries. For smaller earthquakes (MW < 6) it may be preferable to use a point source 
definition, especially where previous seismicity is poorly constrained. An exception to this 
may be needed if the source is in particularly close proximity to the urban region in question, 
such that near-source effects may be relevant. 

2.2 SITE AMPLIFICATION 

The volume of data from which we can characterise the geotechnical properties of the sites 
under consideration may be harder to anticipate. It is expected that at the minimum it should 
be possible to map the shallow geology in terms of Eurocode site class (CEN, 2004) and/or 
NEHRP site class. The option may also be available to characterise 30-m shear wave 
velocity (Vs30), for which values can be derived directly by topographic or geological proxy. 
The accuracy site parameters estimated from proxies may not be sufficient for application on 
an urban scale. It is strongly anticipated, that more detailed geotechnical characterisations of 
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the study regions in question are available for the applications considered in the current 
project. Depending on the extent of the information available to define the site characteristics 
across a region, several different approaches could be considered for the purposes of 
characterising the strong motion amplification due to local geology. 

2.2.1 GMPE-Inferred Site Amplification 

This approach to site amplification considers only amplification factors determined within the 
GMPE used for the hazard analysis. This may be implemented in one of two ways, the 
preference for which may depend on the GMPE in question. The first approach assumes 
that each site can be characterised according to the site classification scheme adopted and 
modelled within the GMPE. In this case the site class becomes a known and fixed parameter 
of the site in question and can be used directly within the strong ground motion calculation. 
Alternatively it may be preferable to implement the GMPE assuming a constant reference 
site (usually rock) and then add the amplification factor a posteriori. This approach may be 
preferred if it is necessary to interpolate a ground motion field between neighbouring points, 
such as may be the case if generating ground motion values for an unevenly distributed set 
of points, by interpolating from a fixed grid of ground motion points.  

The key benefit of the GMPE-based amplification is that it requires a minimum amount of 
information within the site characterisation. In most cases each site need only be 
categorised according to Eurocode classes, NEHRP classes or Vs30 (see Appendix A for 
classification schemes). Such broad categorization makes application to an urban scale 
relatively simple, as these particular parameters may be known for many sites or well-
estimated from local information. 

There are several shortcomings to this particular approach. The most obvious is that 
application is largely limited to sites that can be classified according to the scheme applied in 
the GMPE. Many GMPEs derived from local networks, including European and Middle East 
GMPEs such as Ambraseys et al. (2005) and Akkar and Bommer (2010), may only have 
sufficient information to characterise the records according to a narrower range of site 
classes. The site classification adopted by GMPEs tends to follow classification schemes 
such as those found in design codes such as Eurocode (CEN, 2004) or the NEHRP 
Provisions (FEMA 450, 2003). Furthermore, it is possible that the set of strong motion 
records used for deriving the GMPE will not adequately sample all the site classes of 
interest. Most likely there will be too few records taken on very soft or liquefiable soils to 
model amplification reliably. This is the case for many existing European models, which may 
only derive amplification factors for NEHRP classes B, C, D (rock, stiff soil and soft soil), 
which broadly correspond to Eurocode 8 classes A, B, and C. Other models, such as Boore 
et al., 1997, or the recent NGA set of GMPEs (Abrahamson and Silva, 2008; Boore and 
Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008; Idriss, 2008), 
prefer to characterise site according to Vs30, some including additional parameters to model 
the response of basin resonance. These models may capture a wider range of site effects, 
but they too may be limited to a narrower range of Vs30 than required for the vulnerability 
analysis, particularly for soft soil sites. Furthermore, many models such as these adopt 
nonlinear site amplification scaling factors that may be functions of both Vs30 and expected 
ground motion on reference rock. For these models it may not be possible to apply the 
amplification factor a posteriori, particularly if the aleatory variability of the GMPE is 
dependent on the amplification factor.  
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2.2.2 Fixed Amplification Factors from Seismic Design Codes 

In certain applications amplification of PGA or spectral acceleration (or displacement) can be 
estimated using factors specified in appropriate design codes. Such an approach can be 
found in the current HAZUS methodology, which uses the amplification factors specified in 
the 1997 NEHRP Provisions. For example, in the HAZUS technical manual (NIBS, 2004), 
soil amplification factors are given according to NEHRP site class (A to E) and spectral 
acceleration on class B rock (see Appendix A for detailed definitions). 

Table 2.1 Site Amplification Factors from FEMA 450. Intermediate values are 
determined via interpolation. 

Sa (T) g 
Site Class B 

Site Class 
A B C D E 

Sa (0.2 s) g Short Period Amplification Factor, FA 
≤ 0.25 0.8 1 1.2 1.6 2.5 

0.5 0.8 1 1.2 1.4 1.7 
0.75 0.8 1 1.1 1.2 1.2 

1 0.8 1 1.0 1.1 0.9 
≥1.25 0.8 1 1.0 1.0 0.8 

Sa (1.0 s) g 1.0 Second Period Amplification Factor, FV 
≤0.1 0.8 1.0 1.7 2.4 3.5 
0.2 0.8 1.0 1.6 2.0 3.2 
0.3 0.8 1.0 1.5 1.8 2.8 
0.4 0.8 1.0 1.4 1.6 2.4 
≥0.5 0.8 1.0 1.3 1.5 2.0 

 

Although not stated in the original NEHRP Provisions (FEMA 450), the HAZUS manual 
applied FA to scale PGA and FV to PGV. Similar amplification factors can be derived from the 
Eurocode 8 classification, or indeed any other design code relevant to the application in 
question. An illustration of the effective amplification factor for each site class in both 
Eurocode and FEMA 450 is shown in Fig. 2.2. 

As with the GMPE-based approach, this method has several advantages in terms of 
simplicity, and relatively minimal requirements in terms of the site classification. It is simple 
to implement across a region, with the advantage that the hazard itself must be specified 
only for the reference rock. This means there is little additional computational cost if it is 
necessary to interpolate between sites. Furthermore, the issue of linear or nonlinear 
amplification need not be addressed directly, as nonlinearity may be implicit in the code 
amplification factors, as they are for the NEHRP Provisions. 
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Fig. 2.2 Comparison of spectral acceleration amplification factors specified in a) 

Eurocode 8 (CEN, 2004) and b) NEHRP (FEMA 450) 

 

By implementing code-based amplification factors, this approach is limited to site categories 
for which the code supplies such factors. This is particularly problematic for special soils or 
liquefiable soils, for which special investigation is usually required. As such, for potentially 
liquefiable sites that may be particularly relevant for multi-system analysis, this is a 
significant shortcoming. An additional limitation is that design codes are extremely unlikely to 
provide amplification factors for IMs other than PGA or spectral acceleration. Parameters 
such as Arias Intensity and CAV have little use for structural design, even if they may be 
demonstrated to be relatively efficient predictors of damage or loss. This limits the extension 
of the code-based site amplification approach to less common IMs.  
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2.2.3 Unified Amplification Model (Choi and Stewart, 2005; Walling et al., 2008) 

A more complex model of site amplification may offer an alternative to the use of simple 
coefficients to describe the level of site amplification. An example of one such model has 
been produced by Choi and Stewart (2005), which was subsequently implemented within the 
Boore and Atkinson (2008) GMPE. This model was derived from 1828 observed strong 
motion records taken from 154 active shallow crustal earthquakes. The amplification factor 
(Fij) was determined from the ratio of observed Sa to expected the rock Sa calculated for the 
same event using an existing GMPE. A mixed effects regression was performed to constrain 
the model parameters, including both an inter- (ηi) and intra-(εij) event term. The resulting 
model takes the form: 
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Where PHArij is the peak horizontal acceleration on rock, and c, b and Vref are constants 
determined from regression. Such a model could be applied in its current format, although 
integration within the Boore and Atkinson (2008) GMPE would indicate that it is sufficient to 
use in the GMPE based approach discussed in 2.2.1. 

A variation on this approach is implemented in Walling et al. (2008). In their application the 
amplification factors are calculated using a 1D equivalent linear analysis model of site 
amplification, applied to a synthetic time history generated by point source stochastic 
simulation. Multiple randomly-generated site profiles are used to characterise each of the 
NEHRP classes, with given properties. Two forms of amplification model are given by the 
authors: 
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In these models VLIN is a regression coefficient corresponding to the value of Vs30 above 
which amplification is linear. This may not necessarily be equal to the reference velocity 
(Vref). The latter of the two functional forms is intended to overcome a potential shortcoming 
of the former, in which there exists a value of PGArock at which Fij becomes independent of 
Vs30 for Vs30 < VLIN. The models proposed by Walling et al. (2008) were adopted within two of 
the NGA GMPEs (Abrahamson and Silva, 2008; Campbell and Bozorgnia, 2008).  

As with the Choi and Stewart (2005) model, the Walling et al. (2008) approach may be 
implemented either directly as a single site amplification model, or indirectly via the GMPEs 
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that adopt it as their site amplification function. In either case, the required input data to 
characterise the site condition is only the Vs30. One particular advantage of this approach, as 
noted by the authors themselves, is that in deriving amplification functions from 1-D 
equivalent linear analysis, the model is broadly representing the approach that is commonly 
implemented in practical engineering applications. A comparison of the expected 
amplification factors is given by Walling et al. (2008) (shown in Fig. 2.3) 

 
Fig. 2.3 Comparison of unified amplification models for VS30 274 m s-1 (adapted from 

Walling et al. 2008). a) PGA, b) Sa (0.2 s) and c) Sa (1.0 s) 

2.2.4 Application Specific Amplification Factors 

The approach of Walling et al. (2008) could be viewed as a means of characterising a 
generic site amplification model on the basis of ground motion simulations for a broader 
range of site classes than is typically sampled from observed strong motion records. It may 
be the case, however, that extensive microzonation studies have been undertaken for the 
region of application. The ability to integrate detailed microzonation information into the 
hazard analysis is an important means of reconciling the more general seismic hazard 
approach with the site-specific engineering approach to earthquake loss studies. For this 
purpose, it may be prudent to define amplifications factors that are not necessarily generic or 
characteristic for a particular site class, but are specific to the sites for the application in 
question. They should be based on a higher level of geotechnical information than simply 
NEHRP or Eurocode 8 site class or Vs30, and should begin to incorporate information 
relevant to the structure of the subsurface and the dynamic properties of the material. For a 
site-specific analysis it may be expected that a geotechnical profile will be available, most 
likely from borehole logs or non-invasive geophysical investigation. This profile should 
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include variation in Vs and density with depth, as well as describing both static and dynamic 
material properties for each layer. From this profile it is common to use one-dimensional 
modelling tools to characterise the amplification at a site relative to that of the underlying 
bedrock. A full description of the available to tools for performing 1D analyses of site 
amplification is well beyond the scope of this report, although a particularly useful summary 
is given in (Faccioli, 2007). 

It may be expected that a detailed microzonation study of a region would produce a set of 
geotechnical profiles that characterise the site condition at many locations within the area in 
question. From this, it is possible to classify particular zones or areas with similar site 
profiles. It is this information that we can use to begin to reconcile site specific analysis and 
regional scale analysis. For each micro-zone of the study region a characteristic site profile 
may be developed. From this profile, and using a 1D numerical amplification tool, it is 
possible to estimate an amplification factor (Fij) particular to the micro-zone via the 
formulation of Bazzuro and Cornell (2004a, b): 

    FFijij FF lnlnlnln   (2.5) 

where ijF  is the median amplification factor for a given site, and Fln the total variability. 

This variability may be attributed to record-to-record variation, and also to uncertainty in the 
site profile. Bazzuro and Cornell (2004b) illustrate how this formulation can be combined with 
the hazard integral to allow for calculation of Sa for a given site. In the Monte Carlo style 
hazard analysis considered via the “Shakefield” approach it may be more prudent to treat the 
amplification function separately from the hazard analysis for the rock site. This makes it 
possible to consider spatial correlation of the ground motion residual for a homogenous rock 
site and then apply the context-specific amplification factor to the resulting ground motion 
field. 

To constrain the variability in the amplification factor for a given microzone it may be 
necessary to perform multiple 1D analyses using a selection of rock ground motions. As 
many 1D analyses may be needed for each zone (Fig. 2.4), we suggest using the relatively 
simple and efficient 1D equivalent linear approach (Schnabel et al., 1972; Robinson et al., 
2006), rather than the more complex nonlinear amplification tools. This decision is made as 
a matter of convenience and the methodology would work equally well if the amplification 
factor is determined via alternative tools for nonlinear analysis, albeit at a greater 
computational cost. Ground motions for the rock site may be taken from observed rock 
records (as will be shown later) or could be generated via stochastic simulation of ground 
motions relevant to the controlling earthquakes of the region in question (e.g. Boore, 2003; 
Motazedian and Atkinson, 2005). The latter option is favoured by Walling et al. (2008), but 
we shall consider observed ground motions here in order to develop amplification factors 
over a wider range of spectral periods and IMs, and to better constrain the record-to-record 
variability. Depending on the likely hazard within a given region, it may be prudent to 
separate the rock ground motion records into bins according to PGA, and to develop 
separate amplification factors for each bin. This may better capture any nonlinear 
amplification effects at a given site. 

This “application-specific” approach has several benefits over the more generic approaches 
to site amplification considered previously. The main benefit is that a greater quantity of 
geotechnical information is integrated into the analysis, which may better represent an 
engineering based approach. Whilst a greater computational effort is required to develop the 
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amplification factors, they remain characteristic for the region in question. Implementation of 
the site amplification within the stochastic earthquake hazard simulation is a relatively simple 
and computationally efficient procedure. For the purposes of the current application we can 
incorporate cross-spectral (or cross-IM) correlation in the amplification function within the 
analysis. However, no spatial correlation is assumed for the residual ( Fln ). The strength of 
this assumption is difficult to test from observed strong motion records, but may be better 
constrained in future. 

 

 
Fig. 2.4 Context-Specific Amplification Factor for a location derived by 1D Equivalent 

Linear Analysis  
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2.3 GEOTECHNICAL HAZARD 

In modelling the seismic risk to lifeline systems, the consideration of hazard from permanent 
deformation of the ground (PGDf) is paramount. For pipelines and similar systems with linear 
elements, fragility models are generally given in terms of PGDf, as they are most vulnerable 
to the permanent displacement of the ground rather than transient shaking. For application 
within SYNER-G, four primary causes of permanent ground displacement are considered: 
liquefaction-induced lateral spread, liquefaction-induced settlement, slope displacement and 
coseismic fault rupture. In addition to strong shaking, another transient effect that poses a 
potential risk to lifeline systems is the transient ground strain (PGS). This too may need to be 
considered within the “Shakefield” approaches being developed here. 

Geotechnical hazard from earthquakes has been the subject of a considerable amount of 
investigation in recent decades. A substantial body of literature on the subject has been 
amassed, a detailed synopsis of which is beyond the scope of this work. There are many 
models available that are intended to relate the degree of deformation and the probability of 
the geotechnical hazard occurring, to the strength of the ground motion. Implementation 
within a study of earthquake risk for an urban area requires a holistic approach; one capable 
of modelling all the likely phenomena concurrently. Such an approach will obviously impose 
limitations on the type of models used. As with the characterisation of site amplification, for 
consideration of spatially distributed systems the main limiting factor will be the availability of 
geotechnical information for the sites in question. Many theoretical and empirical models 
relating PGDf to strong shaking require a level of geotechnical detail that may be impractical 
to obtain for a spatially distributed set of sites. As such, it is more appropriate to consider a 
“baseline” model that can be implemented in the widest variety of applications. Some 
consideration can then be given to measure that may be taken to improve the geotechnical 
hazard models. The “baseline” approach that will be considered here is that implemented in 
the HAZUS methodology. The following discussion outlines the HAZUS model for each of 
the geotechnical hazards, before then suggesting possible alternative means of 
characterisation. 

2.3.1 Probability of Liquefaction 

Within the HAZUS methodology estimation of the probability of liquefaction is based on the 
analysis of Youd and Perkins (1978), who introduced classes of liquefaction susceptibility. 
These classes (Very High, High, Moderate, Low, Very Low and None) are categorised on 
the basis of deposit type, age and general distribution of cohesionless sediments (see 
Appendix A for classification scheme). Each liquefaction susceptibility category (SC) has an 
associated conditional probability of liquefaction for a given PGA (P[L|PGA=a]), and a 
proportion of map unit susceptible to liquefaction (Pml). This last term is intended to take into 
account the variability of soil properties within any given sedimentary class, which may act to 
inhibit liquefaction at a site. The probability of liquefaction for a given susceptibility category 
(P[LSC]) is therefore defined as: 

 
 

ml
WM

SC P
KK

aPGALPLP 


|
 (2.6) 

where KM is the moment magnitude correction factor, calculated from Seed and Idriss 
(1982): 
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9188.22055.00267.00027.0 23  WWWM MMMK  (2.7) 

and KW is the correction factor for groundwater depths other than five feet, calculated via: 

93.0022.0  WW dK  (2.8) 

where dW is the depth (in feet) to the groundwater. 

This formulation may be the simplest approach, requiring only the susceptibility class (which 
can be inferred from a geological map), PGA, magnitude and depth to the groundwater. 
Values of P[L|PGA=a] and Pml can be are given in the HAZUS manual and Appendix A. 
These are derived, in part, from the empirical models of Liao et al. (1988), which relate the 
probability of liquefaction to the SPT resistance ((N1)60) and load. Alternatively, if the 
geotechnical properties of the sites themselves can be characterised, PL may be determined 
directly from the Liao et al. (1988) empirical models: 

 
     601210 lnexp1
1|

NCSRN
aPGALP

 
  (2.9) 

CSRN is the normalised cyclic stress ratio determined from: 

Mv

dv

rg
rPGA

CSRN



65.0  (2.10) 

Where PGA is given in g, v  and v the total and effective overburden stresses 
respectively, rd a depth reduction factor and rM a magnitude-normalisation factor. The 
remaining parameters are determined via regression. An alternative form of the model is 
also suggested for the purposes of liquefaction risk assessment: 

 
     601210 lnexp1

1|
N

aPGALP
 

  (2.11) 

where 

5.12

5.110

v

M

R 
  (2.12) 

With R given as either epicentral or hypocentral distance, and the parameters β0, β1 and β2 
determined by regression.  

To implement liquefaction within a Shakefield simulation it is a relatively simple matter to use 
PGA, M and R to determine the liquefaction probability from Eq. (2.11), providing (N1)60 and 

v are known for a site. If not, the more general HAZUS classes may be preferred. To 
determine whether liquefaction occurs, a uniformly distributed random variable in the range 0 
to 1 is determined, independently for each site. If this variable is less than the liquefaction 
probability, then liquefaction is assumed to occur at the site.  
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2.3.2 Lateral Spread 

The HAZUS methodology calculates the amount of lateral displacement in inches  

(  SCPGDE ) via: 

    aPLPGAPGDEKPGDE SCSC   |  (2.13) 

Where   aPLPGAPGDE SCf |  is the expected PGDf for each susceptibility category 
under the normalised level of shaking defined by PGA/PGA(t)| SC where PGA(t)| SC is the 
threshold PGA. The factor K is a displacement correction term calculated from Seed and 
Idriss (1982): 

9835.04698.00914.00086.0 23  WWW MMMK  (2.14) 

The primary advantage of the HAZUS methodology is the simplicity and the dependence on 
few site specific factors. It may be considered only a first order estimate on the amount of 
displacement associated with lateral spreading at a site. It is evident, however, that the 
characterisation of PGDf via the HAZUS methodology is only a deterministic estimate, and 
does not take into account uncertainty in the relation with intensity measures. If the ground 
conditions can be better constrained for the site in question, other empirical models, 
including those that characterise uncertainty, could alternatively be applied. Examples 
include: 

o Bardett et al. (2002) 

     

     



1565

43210

loglog
...loglog01.0log

TbSb
WbRbRbMbbbPGD offf  (2.15) 

where PGDf is the horizontal displacement (m), R is the epicentral distance (km), W the free 
face ratio of the site (%), S the slope (%) and T15 the thickness of the liquefiable layer. The 
term illustrated by   refers to a variance that is not made explicit by the authors, but may 
be inferred from the product moment correlation coefficient (r2). The free face ratio (height to 
length ratio of the crest) is applicable to sites such as quayside walls. 

o Youd et al. (2002) 

     

     



1.050log795.0100log413.3
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Where R* is a distance correction factor, D5015 the average mean grain size of granular 
material within T15, and F15 the average fines content. This model is comparable to the 
Bardett et al. (2002) model for free-face conditions. An alternative for gently sloping 
conditions is given by: 

     

     



1.050log795.0100log413.3
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where S is the slope of the site (%). This model is an update of earlier relations (Bartlett and 
Youd, 1995; Youd et al., 1999), using an updated data set and with new statistical analysis. 
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o Rauch and Martin (2000) 

A three-tier model, the empirical prediction of liquefaction-induced lateral spreading 
(EPOLLS) model is introduced for application to case studies with different levels of 
information: regional (hazard information only), site (includes data on topography and 
dimensions of sliding area) and geotechnical (includes data on the geotechnical conditions 
of the site). The models for average horizontal displacement in metres are given by: 

o Regional EPOLLS 

    149.00114.042.20139.0613.0 2
dfWf TPGARMPGD  (2.18) 

where Rf is the fault distance and Td the duration of strong motion, defined as the time 
between the first and last occurrence of acceleration greater than 0.05 g. 

o Site EPOLLS 
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where Lslide is the length of the lateral spread, Stop average slope and Hface is the height of the 
free face.  

o Geotechnical EPOLLS 
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where ZFSmin is average depth to the minimum factor of safety in potentially liquefied soil, and 
Zliq is the depth to the top of the liquefied soil. 

The regional-EPOLLS model is the simplest to use in liquefaction risk analysis, relying only 
upon source and strong ground motion parameters. Attenuation of Td can be characterised 
using the GMPE of Bommer et al. (2009). If the free-face of the likely spread surface can be 
inferred for all potential sites of lateral spreading then the Site-EPOLLS model may be 
relatively simply to implement. These parameters could be inferred from a DEM, although in 
an urban environment they may be difficult to characterise accurately. The additional 
parameters needed for the geotechnical-EPOLLS model are unlikely to be determined for 
spatial analysis, unless approximated from borehole data. 

2.3.3 Liquefaction-Induced Settlement 

Despite being a commonly observed liquefaction phenomenon, there are fewer established 
models that are used in assessment of ground settlement. It has been suggested by 
Tokimatsu and Seed (1987) that the extent of settlement shows little dependence on the 
strength of ground motion. This makes characterisation in a hazard framework substantially 
more challenging. In the HAZUS methodology a characteristic settlement is attributed to 
each susceptibility class, thus making the expected settlement a product of the liquefaction 
probability and the characteristic settlement. The actual values of the characteristic 
settlement were determined from the process described by Tokimatsu and Seed (1987). We 
do not describe the process by which the characteristic values were obtained, but note that it 
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requires careful interpretation of observational data and detailed geotechnical 
characterisation of the site. Clearly such an approach is challenging to implement on a 
spatial scale. Modelling of settlement is a more complex procedure that requires integration 
of the volumetric strain (εV) over the soil profile, taking into account static properties of each 
soil layer and the increase in confining pressures with depth. An alternative simplified model 
has been suggested by Pradel (1998): 
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  (2.21) 

where εNc the volumetric strain after N cycles, ε15 is the volumetric strain after 15 cycles, γ is 
the shear strain and N1 the SPT value for the layer and NC the number of cycles. An 
alternative empirical model based on Japanese data is given by Takada and Tanabe (1988): 
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where N is the SPT value in the layer, H1 is the thickness of the liquefied layer and H2 the 
height of the embankment. A more detailed formulation to estimate volumetric strain is 
presented by Cetin et al. (2009) and applied in Lu et al. (2009). Here the strain is determined 
via: 
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Where N1,60cs is the clear-sand equivalence of the SPT blow count and CSRadjusted is the 
adjusted cyclic strain ratio calculated via: 
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 (2.24) 

and   5.0
60,115 NDR  . Whilst notably more complex than existing models, this particular 

formulation is derived from relatively few geotechnical parameters. N1,60cs can be determined 
from the SPT blow count of each layer, whilst CSRfield is obviously taken from a field 
measurement. The remaining parameters are the confining pressure and effective 
overburden. The settlement is calculated from an average volumetric strain, weighted 
according to the thickness of each liquefiable layer. As with the other estimators of 
volumetric strain, the amount of detailed site information necessary to constrain the models 
is prohibitive except where extensive borehole investigations have been performed. For site-
specific analysis this method may be viable. For implementation over a spatially distributed 
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system the HAZUS methodology (including the characteristic values for volumetric 
settlement) may be the most widely applicable, in spite of the relative crudeness of the 
model.  

2.3.4 Slope Displacement 

The HAZUS approach to characterisation of slope displacement mirrors, in concept, that of 
liquefaction displacement. This is a two step process which determines, for each scenario 
ground motion, whether displacement is observed at a site and the quantity of displacement 
if it is observed. Parameters for the first step are assigned via the classification of landslide 
susceptibility. The susceptibility class is selected from a ten point scale and assigned on the 
basis of geology, slope angle and the position of groundwater with respect to the level of 
sliding (essentially a wet/dry distinction). For each susceptibility class, a critical acceleration 
is defined; hence, if PGA exceeds the critical acceleration then a landslide is observed. The 
probability of a landslide occurring is modified by a term to determine the percentage of the 
map area having a landslide susceptible deposit. The occurrence of a landslide at a location 
may be determined via uniformly distributed random variate. If this is below the probability 
level of observing a landslide then the landslide is assumed to occur. 

 

The expected displacement for a seismically induced landslide (E[PGDf]) is determined via: 

    naadEPGDE isisf  |  (2.25) 

Where  isadE |  is the expected displacement factor, which is a function of the induced 
acceleration (ais), more generally represented as PGA (g). The number of cycles (n) are 
determined via the relation of Seed and Idriss (1982): 

7692.706154.335214.53419.0 23  WWW MMMn  (2.26) 

The simplicity of the characterisation of landslide susceptibility is the relative advantage of 
the HAZUS approach. The crucial parameter needed for estimation of slope displacement is 
the yield coefficient (ky), which corresponds to the threshold acceleration above which slope 
displacement is initiated. This may be estimated via many different ways, taking into 
consideration the properties of the slope. Estimation of this parameter may not be a 
necessary input for a geotechnical risk analysis software, so it may be prudent to assume 
that the yield coefficient is specified by the user a priori, or assigned according to the HAZUS 
susceptibility classes.  

As with the case of liquefaction, the HAZUS estimator of PGDf is deterministic, and does 
take into consideration variability of the model. Alternative models exist that may better 
constrain the uncertainty, whilst retaining practicality for use with common intensity 
measures. One such example is the empirical model of Travasarou et al. (2004), which 
constrains both the probability of displacement of a mass and the sliding displacement: 

            sassyyy TScTcTkckckccDP 5.1lnlnlnln10 654
2

321   (2.27) 

where Ts is the fundamental period of the mass of the block, Sa the spectral acceleration, Φ 
the standard normal cumulative distribution function and c1,..,5 coefficients determined from 
regression. The displacement is then calculated via: 
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This formulation is relatively simple to implement, assuming the fundamental period of the 
sliding block is known. Alternatively, Saygill and Rathje (2008) define empirical relations for 
slope displacement that are functions of the yield coefficient and PGA: 
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and for multiples IMs, where secondary IMs may be PGV, Ia or mean period (Tm): 
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  (2.30) 

These empirical models may be the simplest extension of the slope displacement calculation 
already implemented in HAZUS. It is noted that these models are largely derived from 
Newmark’s (1965) sliding block method for assessment of slope displacements. This 
formulation is a simplification of the process of slope displacement and does not take into 
account other potential hazards such as coseismic rockfall. Nevertheless, the sliding mass 
may be sufficient to characterise the most likely type of slope displacement expected to 
result in damage to infrastructural elements in a region. 

2.3.5 Transient Strain 

Transient strain is not treated explicitly in HAZUS, as fragility curves for strain-sensitive 
elements are usually given as functions of PGV. The fragility of such elements with respect 
to transient strain is borne out of, and may be broadly approximated by, the model of 
Newmark (1967): 

R
R C

Vmax  (2.31) 

Where Vmax is the maximum horizontal particle velocity due to surface Rayleigh waves 
(approximately PGV) and CR the apparent phase velocity of the Rayleigh wave. As a first 
order approximation, CR may be represented by 0.9VS of the upper layer, although this may 
only be valid for a limited number of circumstances. For an element aligned in the direction 
of propagation of the wave, εR represents the maximum longitudinal strain. For elements to 
another direction, body shear waves would induce a bending strain. This bending strain is 
greatest for elements oriented at 45° to the direction of propagation. In such conditions: 
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V
2

max  (2.32) 

where CS is the apparent velocity of the body shear wave. In this circumstance CS may be 
derived from  sinSV  where γ is the angle of the incident site wave with respect to the 
vertical. O’Rourke and Deyoe (2004) suggest CS may fall within the range 2.1 to 5.3 km s-1, 
with an average of 3.4 km s-1.  

For application within a Shakefield-style procedure, it may be more appropriate to 
characterise peak transient ground strain via an empirical model relating the strain to other 
parameters of ground motion. Using observed ground motions from selected Californian, 
New Zealand and Japan earthquakes, simple empirical models relating maximum in-plane 
horizontal strain to PGV (m s-1)or PGA (m s-2) have been determined by Paolucci and 
Smerzini (2008): 

     07.3log95.0maxlog 1010  PGVS  (2.33)  

     PGAS  5
10 100.6maxlog   (2.34) 

In both cases, the standard deviation (σ) is approximately 0.16. For some lifeline systems it 
may be preferable to define the peak strain in particular directions with respect to the 
orientation of the element at risk. The empirical models of Trifunac and Lee (1996) may be 
used to determine peak radial (εrr), transverse (εrθ) and vertical (εz) strains: 
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where REPI is the epicentral distance from source to site, VS50 is the shearwave velocity in the 
upper 50 m of the ground and PGVrr, PGVrθ and PGVz correspond to the peak ground 
velocity in the radial, transverse and vertical directions respectively. This particular 
formulation may be associated with reduced scatter, but several of the key variables such as 
VS50 are less commonly used in current seismic hazard modelling. Similarly, modern GMPEs 
for PGV do not usually consider radial, transverse and vertical components of motion. 
Certain assumptions could be made in order to compare the Trifunac and Lee (1996) 
formulation with other models, as was done in Paolucci and Smerzini (2008), but it may be 
more prudent for hazard analysis to use Eq. (2.33) or Eq. (2.34), which depend on the same 
IMs that will likely be simulated for other systems. 
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2.3.6 Coseismic Rupture 

The final source of ground displacement considered within the HAZUS methodology is 
coseismic rupture of the fault at the surface. The most common approach to do this is via 
empirical models of peak displacement for a given magnitude, such as those of Wells and 
Coppersmith (1994): 

   42.082.042.5maxlog  Wf MPGD  (2.36) 

As is noted within the HAZUS documentation, it is recognised that the maximum 
displacement may occur at any point along the fault, although displacement must taper to 
zero at the fault ends. As a consequence, for a point along the fault rupture displacement is 
sampled from a uniform probability distribution between half the maximum and the maximum 
displacement.  

The characterisation of coseismic surface rupture should depend on, or at least be 
consistent with, the description of the fault source. It may be suggested that fault rupture 
should only be considered for larger (MW > 6.0) events occurring on a defined fault source. 
This means that coseismic rupture displacement should not be considered for area source 
zones, even for large earthquakes. Alternative empirical models correlating displacement 
and magnitude may be used if required, although the Wells and Coppersmith (1994) models 
remain a common standard in many seismic hazard codes. 

A more nuanced approach to characterising coseismic fault displacement has been 
undertaken in the analysis of strike-slip faults by Petersen et al. (2011). Their empirical 
analysis of displacements along seven well-mapped strike-slip ruptures, yields several 
regression equations that may be pertinent for use in fault displacement hazard analysis. 
Two examples of useful regression models for on-fault rupture are given as follows: 

    2906.12855.105206.87969.1ln  LlMPGD Wf  (2.37a) 

     1348.12192.115.0
5.0
113041.37927.1ln 2

2  LlMPGD Wf
 

(2.38b) 

where (l/L) is the on-fault distance ratio in which l is the distance from the target point on a 
rupture to the nearest rupture end, and L is the total rupture length. σ describes the total 
variability. Eq. (2.37a) represents a linear scaling model, Eq. (2.37b) an elliptical model. The 
analysis of Petersen et al. (2011) also defines an empirical model for off-fault ruptures: 

    1193.17991.6ln1671.04016.1ln  rMPGD Wf  (2.38) 

where r is the distance (in m) from the site to the fault. In both examples PGDf is measured 
in centimetres. Empirical models such as these may prove to be an important development 
in rupture hazard analysis and can be integrated into the type of procedure considered here. 
It should be recognised, however, that the empirical models presented here correspond only 
to strike-slip faults, and that the behaviour of slip on normal or reverse faults may require 
different functional forms, and will almost certainly yield different coefficients, from those 
considered here. Such analysis may need to be a focus of future research. 
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2.4 DISCRETISATION 

For the analysis of seismic risk to interconnected systems on a metropolitan or sub-regional 
scale, there exists an additional challenge due to the limitations of the inventory resolution. 
This applies mostly to seismic risk for buildings, but may also apply to other lifeline systems 
for which vulnerable elements (e.g. transformers, storage tanks) may be densely located 
within a region. In most previous analyses of seismic risk the inventory of building stock has 
been such that a degree of discretisation has been warranted. This may require that the 
region is divided into discrete cells for which a certain distribution of building stock may be 
assumed (e.g. height, age, condition, material etc.). The cells may assume the form of a 
regular grid, or may represent an administrative district (e.g. postal code, electoral ward etc). 
In the case of the latter, the area encompassed by each cell is not usually fixed, nor is the 
spacing between cells, which typically increases with distance from the urban centre. 
Ground motion is then usually calculated for a single reference point in each cell. This is 
usually the centroid of the cell. 

When simulating spatially correlated ground motions, a priori knowledge of spatial 
correlation of the ground motion field should be taken into consideration. If discretisation is 
applied, as it will be here, it is assumed that the ground motion calculated for the reference 
point of the cell is uniform for the cell. Similarly, it may also be necessary to assume that the 
site condition for the centroid of the cell is also uniform throughout the cell. Whilst full 
correlation is of the ground motions is unrealistic even for finely spaced locations, there may 
exist a separation distance below which it may be assumed without substantial loss of 
coherency in the strength of shaking. For example, if considering an IM with a correlation 
distance of 30 km (i.e. the ground motions appear to be uncorrelated at distances greater 
than 30 km), discretisation using a spacing of 0.1 or 0.2 km may be sufficient. Conversely, if 
the IM has a correlation distance of 3 km, discretisation with a spacing of 1 km result in the 
assumption of full correlation across a cell for which the true ground motion would vary 
substantially. It is therefore necessary to consider the spatial correlation distances of the 
intended IMs, when developing the discretisation procedure. This may prove especially 
challenging for multi-system analysis of risk, where vulnerable elements of different systems 
and networks will correspond to different attributes of the ground motion, thus requiring a 
range of IMs with different correlation distances. In practical applications the discretisation 
may need to be guided primarily by the resolution of the inventory and the spatial distribution 
of the elements at risk. The potential influence of the discretisation resolution on seismic 
losses has been investigated by Bal et al. (2010). They show that whilst adoption of 
relatively cruder resolutions does not appear to produce significant bias in loss estimates, 
they are associated with a significant increase in variability. Some judgement will therefore 
need to be made regarding optimum solution.  
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3 Intensity Measures for Lifeline Networks 

3.1 EFFICIENT INTENSITY MEASURES FOR ELEMENTS AT RISK 

The performance of a lifeline network may be conditional upon the failure of many different 
elements within the system, each of which may respond differently to the input ground 
motion. For systems such as electrical power networks, certain components may respond 
adversely to strong high-frequency accelerations, whilst for other systems, or for larger 
structures within the same system, the elements may be more sensitive to long period 
motion and displacements. In the case of permanent ground deformation (PGDf), it may be 
the found that the response of the ground corresponds to the duration and intensity of strong 
shaking, possibly requiring characterisation of the ground motion using an altogether 
different type of intensity measure than for structures. 

For each of the systems under consideration within this work, a detailed review of the current 
knowledge of the optimality of different IMs for each system has been undertaken (SYNER-
G Deliverable 2.12). The detail of the review need not be repeated here. The following is 
instead a summary of the different IMs that may be needed within this analysis. For buildings 
and other large structures, most fragility analyses are now undertaken in terms of 
pseudospectral acceleration (Sa) and/or displacement (Sd), typically at the fundamental 
elastic period of the structure (T0). More recent studies, such as Luco and Cornell (2007) 
and Tothong and Luco (2007), have demonstrated that inelastic response spectra (Sai, Sdi) 
and IMs characterising two or more elastic or inelastic modes (IM1Eand2E, IM1Iand2E etc.) are 
more efficient and sufficient (i.e. independent of the scenario event giving rise to the IM). As 
shall be seen shortly, very few empirical attenuation models are available for the latter, more 
complex, type of IMs. Most fragility studies consider only the elastic response at the 
fundamental mode of the structure (Sa(T0) or Sd(T0)).  

The functionality of many utility systems such as gas, electrical power, water and sewerage 
may depend on “point” elements (e.g. storage tanks, transformers, pumping stations etc) as 
well as linear elements (i.e. pipelines, power lines etc.). For many of the “point” elements, 
their response is largely acceleration sensitive. Most fragility studies therefore define the 
probability of failure according to peak ground acceleration (PGA). For the linear elements, 
fragility may arise due to transient strains from strong shaking, or from permanent 
displacement due to ground failure. For gas and water pipelines, fragility curves are usually 
given in terms of peak ground velocity (PGV) when considering transient strains, and PGDf 
for permanent displacements. It should be noted that for certain lifeline networks, system 
failure may arise due to failure of components, or machinery within a building. In these cases 
the fragility is dependent on the response of the building, often considering non-structural 
elements. Typically, the fragility of non-structural components of a building is defined in 
terms of peak floor acceleration (PFA) as it is related to inertia forces the components are 
subject at that particular point in the building. For low-rise structures or for components on 
the ground floor of a building, PGA may be a suitable approximation. Otherwise the PFA 
may need to be estimated using the structural response of the building, or via a scaling 
relation to modify the PGA at the base of the structure and scale it to the expected PFA at a 
given height within the structure. In the former case the ground motion may be defined in 
terms of Sa or Sd in accordance with the requirements for the building response. In the latter 
case PGA may be preferred. 
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Bridges represent a particular challenge in the analysis of seismic risk to transportation 
systems. Failure of a bridge may occur due to either strong shaking or ground resettlement, 
or a combination of both. The response of a bridge due to strong shaking may vary 
according to many different factors including span and skewness, in addition to the common 
situation whereby the fundamental period of a column differs in the longitudinal and 
transverse directions. Studies on the efficiency of IMs for when considering the response of 
single columns or components of the bridge indicate that inelastic or complex spectral IMs 
are optimal (Mackie and Stojadinovich, 2005). For a portfolio of bridges within a region, the 
vast disparity in bridge geometry, construction type and method (including design code level) 
limit the extent to which the structural models can be adequately described. Consequently, 
the gain in efficiency for using complex spectral IMs may be offset by the uncertainty in the 
structural model. The challenge in defining the optimum IM for bridge fragility is evident in 
the prevalence of PGA as the preferred IM in fragility studies.  

Table 3.1 Selected Efficient Intensity Measures for Different Systems 

IM Context 
PGA Acceleration sensitive structures (e.g. substations, pumping, storage) 

Machinery and electrical components 
Non-structural components (i.e. PFA) 

Tunnels 
Bridges 

PGV Pipelines 
Intermediate-Period Structures  

Sa [Sd] Buildings (All periods) 
Bridge components (i.e. columns) 

Sliding block displacement (known masses) 
Ia Sliding block displacement (uncertain masses, stiff slope) 

Bridge response (components with uncertain properties) 
Cumulative 

absolute 
velocity (CAV)  

Liquefaction 

Neq Liquefaction  
Velocity 

Spectrum 
Intensity (SI) 

Sliding block displacement (uncertain masses, ductile slope) 
Building foundation response 

Soil-structure interaction 
Sai Buildings (estimates of inelastic response properties) 

IM1E+2E, IM1I+2E Large buildings (known estimates of higher periods  

Seismic risk analysis for lifeline systems clearly needs to take into consideration the hazard 
due to ground failure, or, as better quantified here, permanent ground displacement (PGDf). 
The current estimation of PGDf in the HAZUS (NIBS, 2004) methodology adopts slightly 
different approaches to define the seismic input for different types of ground failure (as seen 
in section 2.3). For liquefaction and lateral spreading the probability of ground failure and the 
expected displacement are given as function of PGA, with additional factors to correct for the 
moment magnitude of the earthquake. For landsliding, the permanent displacement is given 
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as a function of both acceleration and the number of cycles of motion, the latter related to 
moment magnitude via a third order polynomial function. Studies on the optimality of 
different IMs for estimating ground displacements have suggested that other, less widely-
used, scalar IMs could prove useful for some applications. In particular Travasarou and Bray 
(2003) suggest that where the mass of the sliding block may be poorly constrained, Arias 
Intensity (for stiff slopes) and response spectrum intensity, SI, (for ductile slopes) are more 
efficient than PGA. The constraint of the fundamental periods of sliding block masses across 
a region of potential slope failures is highly uncertain, so period independent IMs may prove 
more effective for lifeline seismic analysis. Correlation models between Arias Intensity and 
Newmark (1965) sliding block displacement have been applied in coseismic landslide hazard 
analysis (Jibson, 2007; Del Gaudio et al. 2003). A similar study of the efficiency of IMs in 
predicting different measures of liquefaction shows that Cumulative Absolute Velocity at the 
5 cm s-2 threshold (CAV5) may be the optimum IM for liquefaction hazard evaluation (Kramer 
and Mitchell, 2006), although this has not yet resulted in the establishment of empirical 
models relating CAV5 to any liquefaction metrics.  

At this stage of the scenario development we can identify the possible IMs that may be 
needed for input into the seismic risk analyses. We note, however, that these requirements 
are made a priori of the selection of appropriate empirical attenuation models, and that 
modification of the requirements may be necessary following selection or rejection of 
particular models. Table 3.1, summarises the initial desirable IMs and the contexts for which 
they may be applied. 

3.2 SELECTION OF GROUND MOTION PREDICTION EQUATIONS FOR 

APPLICATION IN EUROPE 

Across the extensive literature on the subject of strong ground motion, there are a vast 
number of ground motion predictive models available. Many of these have been derived for 
specific regions or tectonic environments. The development of empirical attenuation models, 
and many of the inherent decisions that are made within the process, have been discussed 
at length in other studies (e.g. Douglas, 2003), and a full treatise of the topic is beyond the 
scope of this report. We consider the selection of ground motion attenuation models for 
application to the development of seismic scenario ground motions for various intensity 
measures. Appropriate attenuation models may originate from many different data sets. 
These may be limited to strong motion records from to a particular geographical region (e.g. 
country or group of countries), or a type of tectonic environment (e.g. subduction, stable 
continental regions etc.). A categorisation of five classes is suggested by Abrahamson and 
Shedlock (1997) for dividing attenuation models into different tectonic environments. These 
classes include the three environments listed, as well as volcanic zones and regions of deep 
focus non-subduction earthquakes. 

The selection of appropriate attenuation models for seismic hazard analysis in Europe is 
currently being undertaken in SHARE, a concurrent project alongside SYNER-G. Whilst the 
considerations for this topic differ in some respects, many of the same selection criteria for 
attenuation models can still be applied. It must be recognised, however, that the selection of 
appropriate attenuation models is dependent on the scenario regions under consideration, in 
addition to possible demands from the structural analyses. Selection of models for three 
scenario contexts is considered here. These are: 1) Moderate-Strong active shallow crustal 
earthquake on or near mainland Greece (excluding Hellenic subduction events) (analogue to 



Seismic Inputs for Spatially Distributed Systems 
 

28  

 

the 1978 earthquake Thessaloniki, Greece - MW 6.5) , 2) Moderate magnitude shallow thrust 
event in orogenic environment (analogue to the 1590 Neulengbach earthquake, Austria – 
MW ≈ 6.0), 3) Moderate-strong shallow normal faulting earthquake in region of tectonic 
extension (analogue to 2009 L’Aquila earthquake, Italy, MW 6.3). The magnitudes given 
correspond only to those of the analogous historical earthquake, and do not necessarily 
represent the upper bound magnitudes considered in the risk scenarios. In all three cases 
the seismicity is found in a region of active shallow tectonics; hence, we consider only 
GMPEs for active shallow regions. 

A preliminary list of candidate attenuation models for a variety of IMs is given in Appendix B. 
These are subdivided into three different categories: 

 

1. “European and Middle Eastern” – Models derived from records taken mostly from the 
European Strong Motion database (Ambraseys et al., 2004); 

2.  “Global Analogous” – Models derived from global databases considered applicable 
for use in regions of active shallow crustal seismicity in Europe; 

3. “Country” – Models specific to a particular country. 

 

For “country” level models, attenuation relations from Italy, Greece and Turkey are the 
primary focus. However, other attenuation models from lower seismicity regions such as 
France and Spain are also considered initially. 

A scheme for pre-selection of ground motion models is given by Cotton et al. (2006), which 
we adopt here. This rejects an attenuation model based on seven criteria: 

1. The model is clearly from an irrelevant tectonic regime; 

2. The model is not published in an international peer-reviewed journal; 

3. The documentation of the model and its underlying dataset is insufficient; 

4. The model has been superseded by more recent publications; 

5. The frequency range of the model is not appropriate for engineering application; 

6. The model has an inappropriate functional form; 

7. The regression method or regression coefficients are judged to be inappropriate. 

We note that all of the models presented in Appendix B satisfy the first criteria 1 and 7, with 
the exception of Boore et al. (2009), which is developed for a subduction event and is 
therefore rejected. The European PGV model of Tromans and Bommer (2003) is rejected on 
the basis of criterion 2. We reject no models on the basis of criteria 3 and 6. Many rejections 
are made on the basis of criteria 4. These include: Ambraseys et al. (1996; 2005), Bommer 
et al. (2003), Bindi et al. (2006), Skarlatoudis et al. (2003) and Boore et al. (1997). Without 
necessarily being able to identify the full spectral range needed for multi-system risk 
analysis, rejection of models on the basis of criterion 5 is more challenging. We believe, 
however, that whilst the Bommer et al. (2007) relation may be of some use in characterising 
ground motion in low seismicity regions, the limited spectral range prevents further use for 
application here. Special attention is also drawn to Akkar and Bommer (2007a, b), for which 
corrections and recalculations are presented by Akkar and Bommer (2010). The details of 
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the reasoning behind these re-calculations can be found in Akkar and Bommer (2010), and 
we follow the author’s advice in using this model in place of the previous relations. 

It should also be noted that a revised, and significantly more stringent list of GMPE rejection 
criteria, are published in Bommer et al. (2010). Of the several new criteria added, two stand 
out as being particularly restrictive for application here: 1) “the functional form lacks either 
non-linear magnitude dependence or magnitude-dependent decay with distance, and 2) the 
model uses inappropriate definitions for explanatory variables, such as ML or REPI, or models 
site effects without consideration of VS30. Application of these two criteria would reject many 
more of the models, including most models for alternative IMs, than if applying the Cotton et 
al. (2006) criteria alone. Almost all local scale models are rejected. As indicated by Bommer 
et al. (2010), when the new criteria are applied only eight models (out of an initial 150) 
passed, four of which were models from the NGA project. Due to this restrictiveness, we do 
not apply these additional criteria, recognising instead that local GMPEs may yet have a 
useful role to apply in characterising the strong motion input in a manner that is consistent 
with the characterisation of the source and site for each particular application. 

In addition to the pre-selection criteria, we impose further application-specific constraints on 
the models to reject additional empirical relations. It shall be assumed, for the purposes of 
this endeavour, that the geometry of the seismic source can be fully defined or sufficiently 
approximated. For this reason we do not necessarily reject models on the basis of the 
source-site distance metric. However, we do opt to reject models based on ML, which limit 
their application outside of the source region under consideration. Therefore the Italian 
models of Bragato and Slejko (2005), Frisenda et al. (2005) and Massa et al. (2008) are also 
rejected. The use of MS also presents a dilemma for the selection of ground motion models. 
In most cases the MS-based GMPEs are largely superseded by more recent MW based ones 
(e.g. Ambraseys et al., 1996). Two models require further consideration: Sabatta and 
Pugliese (1996) and Berge-Thierry et al. (2003). It is suggested that Sabatta and Pugliese 
(1996) is replaced by Bindi et al. (2010). However, Sabatta and Pugliese (1996) considers a 
wider spectral range, in addition to pseudospectral velocity and Arias Intensity. Bindi et al. 
(2010) is derived from a larger data set, but considers fewer parameters (PGA, PGV, Sa) 
and a narrower spectral range (albeit with more ordinates). The authors do show that the 
variability suggested by the Sabatta and Pugliese (1996) model is an underestimate, 
particularly given the dependence on Ms, so we therefore prefer the Bindi et al. (2010) model 
over Sabatta and Pugliese (1996), despite the narrower spectral range. The style of faulting 
term is not found to be significant in either model. 

 

Berge-Thierry et al. (2003) also represents a challenge in finding a case for rejection at this 
stage despite the use of MS rather than MW. This model uses a large database of strong 
motions records, which is intended to span a considerable distance, magnitude and spectral 
range. We opt to reject this model at this stage, however, due to the use of two-stage 
nonlinear regression (Joyner and Boore, 1981) rather than maximum likelihood techniques 
(e.g. Brillinger and Priesler, 1984; Abrahamson and Youngs, 1992; Joyner and Boore, 1993). 
This is because the use of nonlinear regression does not provide separate inter- and 
intraevent residuals, which are needed for the correlation analyses later on in the report. 
These same criteria also apply to the Kalkan and Gülkan (2004) model for Turkey, which 
uses one-stage nonlinear regression. After application of the initial selection criteria the 
models considered further are listed in Table 3.2. 
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Table 3.2 Candidate GMPEs for application to European case studies in SYNER-G 

Model Abbreviation Applicable IMs IM Definition 
Akkar and Bommer 

(2010) 
AB2010 PGA, PGV, Sa [Sd] Geometric Mean 

Bindi et al. (2010) BI2010 PGA, PGV, Sa [Sd] Maximum 
Bommer et al. (2009) BO2009 Td Arbitrary, 

Geometric Mean 
Boore and Atkinson 

(2008) 
BA2008 PGA, PGV, Sa [Sd] GMRotI50 

Bozorgnia et al. (2010) BZ2010 Sai (constant ductility) GMRotI50 
Campbell and Bozorgnia 

(2008) 
CB2008 PGA, PGV, Sa [Sd] GMRotI50 

Campbell and Bozorgnia 
(2010) 

CB2010 CAV Geometric Mean 

Cauzzi and Faccioli 
(2008) 

CF2008 PGA, Sd  
(PGV – Pers. Comm.) 

Geometric Mean 

Danciu and Tselentis 
(2007) 

DT2007 PGA, PGV, Sa [Sd], Ia, SI, 
CAV, CAV5 

Arithmetic Mean 

Kramer and Mitchell 
(2006) 

KM2006 CAV5 Arithmetic Mean 

Stafford and Bommer 
(2009) 

SB2009 NEQ Independent 

Travasarou et al. (2003) TR2003 Ia Arithmetic Mean 

 

For some of the IMs considered there only one or two GMPEs are available such as NEQ 
(Stafford and Bommer, 2009), Td (Bommer et al., 2009), SI (Danciu and Tselentis, 2007) and 
Sai (Bozorgnia et al., 2010). Similarly for longer period spectra (Sa [Sd] > 4 s) only BA2008, 
CF2008 and CB2008 constrain the ordinates, and of these only CF2008 may be considered 
reliable for very long periods (T > 10 s). Six models provide all PGA, PGV and Sa [or Sd]: 
AB2010, BI2010, BA2008, CB2008, CF2008, DT2007. 

We note that two of the next generation attenuation (NGA) models for active shallow crustal 
earthquakes are included in this selection (BA2008, CB2008). Two other NGA models 
(Chiou and Youngs. 2008; Abrahamson and Silva, 2008) were also considered, but were 
rejected on the basis of functional complexity, requiring more parameters than can be 
adequately constrained from European data availavle. Assuming the geometries of the 
seismic scenarios are known, it should be possible to calculate RHYP, REPI, RJB and RRUP 

directly for each event rather than rely on conversion. The CB2008 model requires an 
additional site parameter, Z2.5, which is the depth to the interface of the 2.5 km/s Vs layer. 
This parameter is included to incorporate nonlinear basin response into the model. Direct 
information regarding this parameter is not necessarily available for European sites, indeed it 
is only given for a fraction of the records within the NGA dataset. We opt to include CB2008 
at this point, however, due to the commonality of the three models CB2008, BZ2010 and 
CB2010, which may be useful for other IMs. It may be necessary to provide fixed estimates 
of Z2.5 for application, except in cases where this parameter may be constrained. The 
estimates of Z2.5 can be found using the following relations, provided that Vs30 is known: 
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711.0595.3519.0 0.15.2  ZZ  (Campbell and Bozorgnia, 2008)  (3.1) 

   88
300.1 7.378ln

8
82.35.28ln  sVZ  (Chiou and Youngs, 2008)  (3.2) 

where Z1.0 refers to the depth to the 1.0 km/s Vs layer. Eq. (3.1) and (3.2) are approximations 
based on relationships from Californian data; however, they may be sufficient for this 
application. If it is not possible to constrain Vs30, but only have NEHRP or Eurocode site 
classifications, then characteristic values of Vs30 are assumed for each site class, as given in 
Table 3.3. 

Table 3.3 “Assigned” Characteristics of Eurocode 8 and NERHP Site Classes (class 
ranges indicated in parenthesis) 

EC8 Vs30 (m/s)  Z1.0 (m) Z2.5 (m) 
A 850 (>800) 15 (<20) 574 (<590) 
B 550 (360 – 800) 79 (20 – 265)  804 (590 – 1470) 
C 270 (180 – 360) 327 (265 – 337) 1696 (1470 – 1730) 
D 150 (<180) 337 (337) 1732 (1732) 
S1  100 (<100) 338 (≥ 338) 1732 (≥ 1732) 

NEHRP 
A 1600 (> 1500) 31 525 (<530) 
B 850 (760 – 1500) 15 (3 – 24) 574 (530 – 600)  
C 550 (360 – 760) 79 (24 – 264) 804 (600 – 1470) 
D 270 (180 – 360) 327 (264 – 337) 1696 (1470 – 1732) 
E  150 (<180) 337 (≥ 337) 1732 (≥ 1732) 

 

Whilst the scenario events and hazard analyses for consideration within this project have yet 
to be confirmed, it is anticipated that the magnitude and distance ranges associated with 
each of the models here are sufficient for these purposes. Spectral ranges may depend on 
the structures under consideration. 

The fourth column in Table 3.2 indicates how the horizontal components of strong motion 
are treated. Conversion between different combinations is possible using the scaling factors 
of Beyer and Bommer (2006). However, the scaling between GMRotI50 and geometric mean 
and between arithmetic and geometric means are both close to unity. The greatest additional 
uncertainty in scaling comes from using the larger component of ground motion. Only Bindi 
et al. (2010) uses this definition exclusively. Whilst re-scaling of the ground motions is can 
be undertaken, we consider it undesirable in this application where possible. The use of the 
larger component of ground motion, in addition to the more limited spectral range, found in 
Bindi et al. (2010) would suggest it is a borderline case for inclusion. For the purpose of 

                                                

1 Depth to 1000 m/s horizon implied to be equal to zero. 3 m is assumed to allow for possibility of 
weathered layer 
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comparison with other GMPEs we do not consider it here, although it is considered further in 
the development of spatial correlation models for European records (section 5). For seismic 
hazard analysis, European strong motion records are well represented in DT2007 and 
AB2010, which should be sufficient for this purpose 

Two attenuation models are available for each of Ia, (TR2003 and DT2007), CAV (DT2007 
and CB2010) and CAV5 (DT2007 and KM2006), although we note that DT2007 and CB2010 
define the horizontal components in different ways: arithmetic mean for the former and 
geometric mean for the latter. These GMPEs provide a useful means of comparison for the 
hazard scenarios, particularly as the two models are derived from mostly independent data 
sets. An additional challenge in implementing these ground motion models comes from the 
different functional forms for each model and the differences in the definitions of site and 
faulting parameters. For example, for the Ia models of TR2003 and DT2007 the site condition 
is characterised in a similar manner, considering three types: “rock (NEHRP B)”, “stiff soil 
(NEHRP C) and “soft soil (NEHRP D)”. TR2003 considers three different fault types strike-
slip, normal and reverse, whereas DT2007 considers only two SS/N and reverse. 
Comparison of the CAV5 models is further complicated by the absence of a site term in the 
KM2003 model. The greatest contrasts in functional form are in the CAV models (CB2010 
and DT2007), for which a substantially greater number of parameters need to be constrained 
for the CB2010 model. Some approximations may be made in the application of CB2010, 
such as the use of “characteristic” Vs30 and Z2.5 values to constrain site condition.  

It is evident from this discussion that in opting to characterise the number of engineering 
parameters that it does, the DT2007 model is a highly versatile and potentially very useful 
model for application in multi-system lifeline risk analysis. We believe that for case study 
scenarios in the Aegean region (and possibly south Balkan and western Anatolian) the 
models may be used. Application to other parts of Europe, particularly regions of lower 
seismicity, may require more careful consideration.  

To compare the selected attenuation models for PGA, PGV and Sa we illustrate the 
predicted ground motion from a scenario event. The example considered is a MW 6.5 normal 
faulting event, with a dip of 51° and a rake of -71°. The rupture area is defined using the 
empirical fault scaling relation of Wells and Coppersmith (1994). The scenario is based on 
the rupture of the 1978 Thessaloniki earthquake, with the hypocentre located in the centre of 
the rupture plane. The top of the rupture is fixed at a depth of 1.1 km. The path is considered 
homogenous and the ground determined to be a rock site (Vs30 = 850 m/s). The depth to the 
2.5 km/s layer is assumed to be 0.55 km. Epicentral, hypocentral, Joyner-Boore and rupture 
distances are calculated directly from the geometry of the source assuming a line of stations 
leading away from the rupture in a fault normal direction on the hanging wall. The illustration 
of the scenario (in Euclidean space) is shown in Fig. 3.1. 

 

Fig. 3.1 Scenario Model for Comparison of GMPEs 
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The five GMPEs (AB2010, BA2008, CB2008, CF2008 and DT2007) are compared in terms 
of PGA (Fig. 3.2), PGV (Fig. 3.3) and Sa (Fig. 3.4). The ground motion is assumed to be the 
geometric mean of the horizontal components. The scaling between the arithmetic and 
geometric means is close to unity, so the DT2007 relation is unscaled here and equivalence 
assumed between this model and the others. For the Sa plot (Fig. 3.4) the Joyner-Boore 
distance is assumed to be 10.62 km, corresponding to REPI = 16 km, RHYP = 16.91 km and 
RRUP = 14.45 km. 

 
Fig. 3.2 Comparison of PGA (cm s-2) attenuation for the scenario earthquake (see text 

for details), for the 50th percentile (left) motion and 84th percentile (right) motion. 

 
Fig. 3.3 Comparison of PGV (cm/s) attenuation for the scenario earthquake (see text 

for details), for 50th percentile (left) motion and 84th percentile motion (right) 

For PGA (Fig. 3.2) there is generally close agreement between four of the five models, 
CF2008 the exception, for most of the distance range. CF2008 stands out as producing 
higher PGA in the near-field, and decays more rapidly with distance. This difference may be 
due to the use of hypocentral distance, and may indicate the model is poorly constrained in 
the near-field for very shallow events. For PGV (Fig. 3.3) there is more dispersion amongst 
the models and a similar trend is observed for the CF2008 relation. For Sa (Fig. 3.4) the 
AB2010, BA2008, CB2008 and CF2008 models are generally consistent within 0.1 to 2 s 
spectral range. DT2007 displays higher accelerations than the other models over this range, 
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which may be an artefact of the more limited magnitude range in the data set, or the use of 
epicentral distance in favour of more clearly defined rupture metrics.  

Of the IMs listed, only DT2007 gives an explicit empirical model for spectrum intensity (SI) 
and only BZ2010 defines parameters for inelastic spectra. In both cases these parameters 
may be estimated from the elastic response spectra. In the case of SI, Bradley (2008) 
presents a method for calculating SI from an expected response spectra, using the spectral 
correlation model of Baker and Jayaram (2008a) (see section 4). For inelastic and higher 
mode IMs, Tothong and Cornell (2006) present an empirical model for scaling elastic spectra 
to inelastic spectra. This empirical model requires estimates of the median strength 
reduction factor (R), which need to be defined for a given structure. This is then extended to 
take into account the elastic second mode of the structure, which requires knowledge of the 
modal participation factors. This approach is not directly comparable with that of BZ2010 
who define separate ground motion coefficients for different values of ductility. Application of 
these more complex IMs is not envisaged initially within the analysis, but may be considered 
for structural design. 

 

 
Fig. 3.4 Comparison of Sa (cm s-2 ) attenuation for the scenario earthquake (see text 
for details) at a Joyner-Boore distance of 10.62 km, for 50th percentile motion (left) 

and 84th percentile motion (right) 
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4 Spectral Correlation and Correlation between 

Other Intensity Measures 

Traditional implementation of probabilistic seismic hazard has generally considered only one 
intensity measure, or has considered each spectral period independently. There are many 
applications, however, where it is necessary to consider seismic hazard at a site in terms of 
jointly distributed intensity measures. A typical example may be found in the case of a 
structure for which the second mode contributes significantly to the response. In such 
circumstances it may be advantageous to define the ground motion input in terms of the joint 
Sa at the fundamental mode (T1) and at the second mode (T2). Alternatively, where the 
response of a structure may be influenced by the total or cumulative input energy, some 
description of the duration or energy of the strong motion could help better characterise the 
structural response. Hence a more efficient intensity measure may be the joint Sa and Neff, Sa 
and Ia (possibly if considering ground failure) or Sa and Td.  

4.1 VECTOR PROBABILISTIC SEISMIC HAZARD ANALYSIS 

For the simple case of two parameters the joint seismic hazard at a given location can be 
determined using the Vector PSHA (VPSHA) approach (Bazzurro and Cornell, 2002). As the 
framework introduces some critical concepts that may be revisited throughout this section 
we describe the theoretical formulation of the VPSHA methodology, as outlined by Bazzurro 
and Cornell (2002). 

For a scalar intensity measure (IM1) the mean rate of exceedence may be determined via: 

     1 1 ,
1

ˆ | , ,
N

IM i IM M R ii
x x m r f m r dmdr



   
    (4.1) 

where N is the number of faults, νi the mean rate of occurrence of earthquakes M>MMIN on 
fault i, fM,R(m,r) the joint probability density function of magnitude M and source-site distance 
R. The intensity measure for a given M = m and R = r is recognised as lognormally 
distributed, hence: 
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Where ΦIM1 is the standard normal cumulative distribution function and mlnIM1|m,r and σlnIM1|m,r 
are the conditional mean and standard deviation of IM1, as given within the attenuation 
model. Eq. (4.1) describes the hazard curve formulation, so to determine the density (Γ) of 
IM1, this  is differentiated with respect to x: 
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For which φIM1 is the standard normal probability density function. For the case of two 
intensity measures IM1 and IM2 the density is given by: 
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    (4.5) 

where the joint probability density function of IM1 and IM2, conditional on M = m and R = r is 
given as: 

     rmxxfrmxfrmxxf IMIMIMIMIM ,,|,|,|, 121|211212,1   (4.6) 

If it is assumed that the joint distribution is jointly lognormal, in addition to being marginally 
lognormal, the conditional distribution fIM2|IM1 is described by: 

 












 


rmxIM

rmxIM
IM

rmxIM
IMIM

mx
x

rmxxf
,,|2ln

,,|2ln2
2

,,|2ln2
121|2

1

1

1

ln1,,|





 (4.7) 

The mean and standard deviation of this conditional distribution are given by: 
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Many of the terms defined in Eq. (4.8) can be determined from scalar hazard analysis and 
from the attenuation model(s) used to define IM1 and IM2. The additional term is the 
correlation coefficient ρ1,2, which is assumed to be a constant, independent of controlling 
scenario (M,R) and site. For vectors of more than two IMs the formulation remains the same, 
albeit with the correlation described in the form of a covariance matrix.  

4.2 CROSS-IM CORRELATION COEFFICIENT 

If the correlation coefficient is assumed to be independent of the controlling earthquake 
scenario, then empirical calculation of the coefficient requires defining the IM in a manner 
that is conditionally independent of the controlling scenario. From the definition of an 
empirical ground motion intensity model given in Eq. (2.1), the ground motion can be defined 
in terms of the residual (ε): 

    iTii IMIM  lnln  (4.9) 

Where     TRMfIM i ,,,ln   is the median ground motion and σT the standard deviation 
of the logarithmic IM, as defined according to the GMPE. Where response spectra are 
considered, these terms are also a function of period (T), and in some cases functions of 
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magnitude or site. The residuals ε are distributed according to the standard Gaussian 
distribution, and it is these that describe the conditional correlation between two IMs. 

Several studies have been undertaken to define the correlation coefficients for different IMs. 
The primary focus for structural engineering applications has been the correlation between 
residuals for different spectral periods.  

o Inoue and Cornell (1990) suggest the following correlation: 
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  (4.10) 

where f1 and f2 are the frequencies of spectral accelerations at T1 and T2 respectively. This 
function is determined from 64 record components and fit over a period range of 0.1 s to 4 s 
(Baker and Cornell, 2006). 

o Abrahamson (2003) derived the following: 
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Where f1 and f2 are the larger and smaller frequencies respectively,  215.0 fffc  , and 

 21ln ffX  . This function is fit over a period range of 0.03 s to 5 s and applied to two 
periods along the same component. 

o A more detailed study of the spectral correlation of ground motion residuals is 
undertaken by Baker and Cornell (2006). This considers 267 three-component 
records from the NGA strong motion database, with the predicted ground motion 
modelled using the attenuation relation of Abrahamson and Silva (1997). Initially the 
correlation between residuals for the same period T between the two orthogonal 
horizontal components is determined: 

 T
yx

ln023.079.0,   (4.12) 

This is then extended to consider the correlation between two periods T1 and T2, firstly along 
the same orientation: 
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where Tmax = max{T1, T2} and Tmin = min{T1,T2}, and secondly for correlation between periods 
at different orientations: 

    





























 

min

minmin
189.0maxmin, ln

189.0
ln163.0359.0

2
cos1ln023.079.0

min T
TTITT Tyx


 

(4.14) 

This correlation model is developed for spectral periods between 0.05 s and 5 s. 

o The development of the Next Generation Attenuation (NGA) project produced a new 
set of empirical attenuation models, derived using a standardised set of ground 
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motion recordings. An appraisal of the spectral correlations resulting from the use of 
the new attenuation models was undertaken by Baker and Jayaram (2008a). The 
empirical correlations are derived using the NGA ground motion data set, with 
records selected according to those used in the construction of each attenuation 
model. A further development is the change in the definition of the horizontal ground 
motion from geometric mean in earlier work to GMRotI50: the geometric mean of 
spectral accelerations of orthogonal horizontal components, after rotation of the 
components so as to minimise the variation of the rotation-dependent geometric 
means across the period range (Boore et al. 2006). It is demonstrated that the 
correlation structure is largely insensitive to the definition of the geometric mean. The 
correlations for the residual GMRotI50 for periods are developed first by a predictive 
equation:  
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The correlation coefficient is then determined using the framework: 

    2max 21
  109.0  if CT TT           

    1min 21
  109.0  if else CT TT           

     42max ,min  2.0  if else
21

CCT TT         

    421
  else CTT   (4.16) 

The four spectral correlation models (Inoue and Cornell, 1990; Abrahamson, 2003; Baker 
and Cornell, 2006; Jayaram and Baker, 2009) are compared in Fig. 4.1. 

A clear motivation for investigation into the correlations between different spectra originates 
from the need to define the scenario spectrum in a clear and consistent manner. This is 
particularly important for the selection of ground motion records for use in dynamic analysis. 
In the case of seismic risk to lifeline networks it has been demonstrated, particularly with 
respect to ground deformation, that other IMs may need to be defined at a given site. Baker 
(2007) presents empirical models for correlations between IA and the response spectrum: 
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and between PGA and the response spectrum: 
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Fig. 4.1 Comparison of spectral correlation models 

It should be noted that there is perhaps a greater challenge inconsistency in the correlation 
structures defined for IMs such as these, owing to the adoption of different attenuation 
models for each of the IMs. In the examples by Baker (2007) shown in Eq. (5.20) and (5.21) 
(Fig. 4.2), the median response spectra are determined using the model of Ambraseys and 
Silva (1997), whilst for IA the model of Travasarou et al. (2003) is used, and for PGA the 
model of Boore et al. (1997) is used. In this case there are some distinctions in the data set 
used, and in the functional form, of each model even if the definition of the horizontal 
component of motion remains the same. As there are very few models that consider the full 
response spectra in addition to several other IMs, direct comparison between different IMs is 
limited.  
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Fig. 4.2 Correlation model between a) Arias Intensity and Sa, and b) PGA and Sa (taken 

from Baker, 2007) 

For the purpose of developing a comprehensive application of the IMs considered here, 
cross-IM correlation coefficients are determined for CAV-Sa(T) and PGV-Sa(T). This is 
undertaken using a combination of the Campbell and Bozorgnia (2008) GMPE for PGA, 
PGV and Sa(T), and the Campbell and Bozorgnia (2010) GMPE for CAV. The ground motion 
records are those selected by Campbell and Bozorgnia (2008) for derivation of their GMPE, 
originally listed in Campbell and Bozorgnia (2006). This is fortunate as it allows for the 
correlation coefficients to be derived from a consistent data set, with a consistent GMPE 
functional form. The raw correlation coefficients between CAV, PGV and Sa(T) are shown in 
Fig. 4.3, and have been calculated using the method described in Baker and Cornell (2006). 
As with many applications of GMPEs, the traditional caveat applies regarding the reliability of 
correlation coefficients for long spectral periods. Spectral acceleration up to 10 seconds is 
shown for completeness, but from the empirical data it is suggested that the reliability of 
correlation is questionable at periods greater than 5 s. As a first order check on the results, 
we find that ρCAV,PGA is equal to 0.74, in complete agreement with the value given in 
Campbell and Bozorgnia (2010). Interestingly, the strongest correlation between PGV and 
Sa(T) is found to be relatively stable in the range 0.5 < T (s) < 1. This may broadly support 
the use of either Sa 0.5 s as a proxy for PGV, as suggested by Bommer and Alarçon (2006), 
or Sa 1.0 s, as used in HAZUS. Although it should be noted that no distinction is made 
between impulsive and non-impulsive records in this analysis; a distinction that may assist in 
resolving the issue of identifying which Sa is the best proxy for PGV. Another observation of 
interest is the consistency of 0.1 s as an inflection point from diminishing correlation to 
growing correlation between Sa and all four scalar IMs (PGA, PGV, Ia and CAV). There is a 
greater distinction in the later inflection point (from growing correlation to diminishing 
correlation), although PGA, Ia and CAV all place this around 0.4 to 0.5 s. These results are 
generally consistent with those given in Baker (2007) for periods less than about 3 – 4s. The 
distinction at longer period may be due to the larger set of strong motion records used in this 
application. 
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Fig. 4.3 Correlation between CAV, PGV and Spectral Acceleration 
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5 Modelling Spatial Correlation and Cross-

Correlation of Intensity Measures 

The extension of seismic loss analysis from isolated structures and systems to a spatially 
distributed portfolio or network requires consideration of the spatial correlation of ground 
motion. When modelling ground motion for a set of sites, traditional practice may have been 
to assume that the uncertainty in the ground motion is either perfectly correlated across the 
sites, or is completely independent. The latter assumption is generally applicable to 
probabilistic seismic hazard analysis. It has been demonstrated that for the generation of 
ground motion fields for use in seismic loss analysis, the assumption of uncorrelated or fully 
correlated ground motion residuals results in an overestimation or underestimation of the 
losses respectively (Crowley et al., 2008a,b; Goda and Hong, 2008b). 

5.1 MODELS OF SPATIAL CORRELATION 

The spatial correlation of a model is often described by the covariance of the spatially 
distributed parameters. As with the consideration of spectral correlation in the previous 
chapter, the full description of the ground motion field itself cannot be considered 
independent of the scenario earthquake. It is therefore necessary to identify only those 
effects that are independent of the controlling scenario. This is done via consideration of the 
intra-event residuals ε. For a given site, ε is a normally distributed univariate parameter, and 
a normally distributed bivariate parameter for multiple periods (Jayaram and Baker, 2008). 
For spatially distributed ε, Jayaram and Baker (2008) also perform a test for bivariate 
normality, based on the indicator semivariogram method of Goovaerts (1997). Many of the 
analyses of spatial correlation are limited to a few earthquakes for which there exists a 
dense network or strong motion records. Accurate constraint of the semi-variogram over the 
inter-site distance ranges of most interest is only possible for the most densely recorded 
events. Even in the NGA database, only strong motion records from the 1999 Chi-Chi and 
1994 Northridge events provide a coverage that is robust. Given the paucity of events for 
which such coverage exists, there is the possibility that spatial correlation models may be 
biased due to specific features of the events. Other studies have been undertaken using the 
Japanese K-Net data (Wang and Takada, 2005; Goda and Atkinson, 2009), which 
demonstrate comparable models, albeit with varying decay rates of spatial correlation when 
compared to similar analyses for Californian data. These results will be discussed in more 
detail in due course.  

The selection of an appropriate spatial correlation model is paramount in the analysis of the 
spatial correlation of intra-event residuals. Several models have been considered in the 
literature, which are summarised here. 

It is also important to note that the spatial correlation of ground motions to which we refer, 
consists of similarity between IMs (e.g., peak values of time-history) observed in different 
points, which is different from coherency of ground motion signals. Coherency represents 
the similarity of ground motion in frequency domain, and describes the degree of positive or 
negative correlation between amplitudes and phases angles of two time histories at each of 
their component frequencies (Zerva and Zervas, 2002). 
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5.1.1 McGuire (1998) 

The covariance matrix for intra-event residuals of PGA at two sites i and j is given by: 

     2
0,222 coscos2, rjir

sjide eji 
   (5.1) 

where 2
e , 2

d  and 2
s are the variances of the inter-event, directivity and site terms 

respectively, i  and j are the azimuths of sites i and j with respect to the rupture, r(i,j) is 

the distance between the two sites and r0 the correlation length (a parameter describing the 
distance to which the variables may be practically uncorrelated). 

5.1.2 Boore et al. (2003) 

The appendix to Boore et al. (2003) summarizes the results of an investigation into the 
spatial variability of peak ground acceleration using records from the 1994 Northridge 
earthquake. The model formulated for this approach is given as: 

    222
log, ,11 jirF

NindobsYjir 







   (5.2) 

where  
2

log, Yjir is the total residual from the median ground motion, determined via the 

Boore et al. (1997) attenuation model, 2
indobs  the standard deviation of an individual 

observation about a regression, N the number of recordings used n the average of a group 
of recordings in a small region, and F[·] a function accounting for spatial correlation. Based 
on analysis of the residuals this is determined as:  

     jirejirF ,6.01, 
  (5.3) 

where r(i,j) is the separation distance between locations i and j. This formulation is translated 
into the following covariance matrix (Crowley et al., 2008b): 

     2,6.011, jireji 
  (5.4) 

This model has been shown to have a correlation length of approximately 4 km.  

5.1.3 Wang and Takada (2005) 

A different, and simpler, covariance matrix is fit to strong motion data from the Chi-Chi 
earthquake, and to five Japanese earthquakes using K-NET and Kik-Net records. The 
spatial correlation model is fit to the spatial distribution of PGV, with the median PGV 
estimated using the attenuation models of Annaka et al. (1997) and Midorikawa-Ohtake 
(2002).  

    0,, rjireji 
  (5.5) 

The correlation lengths are found to occur in the range of 21 to 48 km, although the model fit 
is poorer for separation distances less than 10 km. There are many suggested causes of the 
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difference in correlation length found in this relation compared to the PGA based studies of 
Boore et al. (2003) and McGuire (1988). These include the model of the source, the 
characterisation of the site and the attenuation (Q) structure of the subduction environments 
in Japan and Taiwan compared to the shallow crustal seismicity of California. It should also 
be recognised, however, that the degree of spatial heterogeneity will depend strongly on the 
period of the ground motion considered. 

5.1.4 Jayaram and Baker (2009) 

A detailed investigation into the spatial correlation of residuals from the 1994 Northridge and 
1999 Chi-Chi earthquake is undertaken using the empirical semi-variogram method. A 
stationary semi-variogram is modelled via: 

    2
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where Zu and Zu+h are the realisations of a random function at locations u and u+h 
respectively, where h is the separation vector. This assumes that the expected value of the 
field at locations u and u+h are constant across space, and that the measures at Zu and Zu+h 

depend only on the separation vector and not on the site locations themselves. For a set of 
observed data, the empirical semi-variogram is calculated from: 
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where zu is the data value at point u, and N(h) denotes the number of pairs of sites 
separated by the vector h. If the model spatial correlation is isotropic then the separation 
vector h can be replaced simply by the scalar separation distance h in km. Baker and 
Jayaram (2008b) and Jayaram and Baker (2009) fit an exponential semi-variogram model to 
intra-event residuals: 

    bhah 3exp1   (5.8) 

where a and b are the sill (the population variance of the random field) and practical range 
(the distance at which correlation is equal to 0.05) of the semi-variogram respectively. The 
correlation between the two structures is determined via: 

    hah   1  (5.9) 

For the Northridge and Chi Chi records, the intra-event residuals are determined using the 
Boore and Atkinson (2008) model. The semi-variogram range indicates the spatial extent of 
correlation, and values of range are plotted for each earthquake for different periods. 
Generally, range increases with period, although correlations at very short periods and PGA 
appear to increase slightly when values of the site condition show strong clustering (as 
observed for the Chi Chi data). The assumption of isotropy is also tested using directional 
semi-variograms, and shown to be reasonable. Further discussion of the semi-variogram 
method can be found further in section 5.2.  

Based on the semi-variogram analyses of strong motion residuals from 9 Californian 
earthquakes and the Chi-Chi data set, a general predictive model for spatial correlation is 
developed. This model is bilinear, but divided into two possible cases, corresponding to the 
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environments where Vs30 values are expected to show strong clustering (case 1), and 
environments where Vs30 values show little clustering (case 2). In the former case the semi-
variograms indicated larger ranges for shorter period spectral accelerations than in the latter. 
The predictive model is therefore described as follows: 
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h  (5.10) 

5.1.5 Goda and Hong (2008) 

A more comprehensive spatial correlation model is derived by Goda and Hong (2008), which 
will be described in greater detail in the next section. Their model requires definition of both 
the spectral correlation of intra-event residuals for a given location and the spatial correlation 
for a given period. The following spatial correlation model is adopted: 

    
 jirTji , exp|,   (5.11) 

where   62.0ln16.0  T  and 5.0 for California strong motion records (using the 
ground motion attenuation model of Hong and Goda (2007)). The impact of uncertainty in 
MW, Vs30 and sensor orientation is taken into consideration by applying regressions to 
synthetic data sets, randomly sampled from the uncertainty distribution of these parameters. 
With uncertainty included in the model   68.0ln16.0  T  and 44.0 . A comparison is 
also made using records from the Chi Chi earthquake (using the Boore and Atkinson, 2008, 
attenuation model). These indicate that the model in Eq. (5.11) is generally appropriate, 
albeit with a more gradual decay than for the California records. 

5.1.6 Goda and Atkinson (2009) 

The model of spatial correlation of intra-event residuals determined for selected events in 
Goda and Atkinson (2008) is developed further in Goda and Atkinson (2009). This model is 
derived from the extensive K-Net and Kik-Net strong ground motion databases, using 7780 
records from 106 earthquakes. The larger data set allows for separate regressions on strong 
motion records from either shallow or deep earthquakes, as well as upon the whole data set. 
The following functional form is adopted: 

             0,,expmax|, TjirTTTji T



  (5.12) 

where  T ,  T  and  T  are period dependent coefficients separated for shallow, deep 
and all earthquakes.  

5.1.7 Goda and Atkinson (2010) 

The spatial correlation model of Goda and Atkinson (2009) is developed further still in Goda 
and Atkinson (2010). This analysis is intended to better constrain the Goda and Atkinson 
(2009) model at shorter separation distances by using records from SK-Net, a higher density 
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strong motion network deployed in the Kanto region of Japan. This network has a much 
smaller average separation distance (2 – 5 km) of stations, compared with 15 – 20 km for 
the K-Net database. The same procedure is followed as in Goda and Atkinson (2009) and 
the same functional form used as in Eq. (5.12). The SK-Net analysis largely supported the 
previous model, with some modifications made to  T ,  T  and  T  to better constrain 
the model over shorter (2 – 3 km) separation distances. 

5.2 SPATIAL CORRELATION MODES OF INTRA-EVENT RESIDUALS 

SPATIAL   DERIVED USING EUROPEAN STRONG MOTION DATA  

Estimation of an appropriate spatial correlation model requires several tasks be undertaken, 
each with associated choices: 
 

 Choice of dataset to obtain the intra-event residuals. This means choosing which and 
how many records to consider (single or multiple earthquakes). 

 Choice of GMPE to obtain residuals e.g. from existing GMPEs or ad hoc attenuation 
laws (i.e., estimated on the chosen dataset). 

 Approach to use in the empirical estimation.  
 Tests of the statistical assumptions that support the choices.  

 
Most of the available spatial correlation models in literature have been mostly estimated on 
single non-European earthquakes (e.g., Northridge 1994, Japanese earthquakes occurred 
from 2000 to 2003, Chi-Chi 1999), for which many records were available from dense 
seismic networks (e.g., Boore et al., 2003; Wang and Takada, 2005; Goda and Hong, 
2008a; Jayaram and Baker, 2009). The different decay rates of spatial correlation models 
available in literature could depend on choices made in the estimation or on the GMPE used; 
moreover there could be a dependency related to the particular region or earthquake 
characteristics. In fact, Sokolov et al. (2010), starting from the strong-motion database 
collected by the TSMIP network in Taiwan, estimate correlation models for various arrays 
(regions), site classes and geological structures. They assert that a single generalized 
spatial model may not be adequate for all of the Taiwanese territory. Conversely, Goda and 
Atkinson (2009) also investigate the effects of earthquake types on the correlation models 
using the database of K-NET and KiK-net Japanese strong motion networks. They did not 
find any considerable dependency. 

In the European strong motion datasets, no dense observations of single earthquakes are 
available from which reliable estimates of spatial correlation of intensity measures can be 
obtained. Therefore, an ensemble of strong motion records from multiple events and regions 
was used to obtain an unique model (Esposito et al., 2010). The analysis of correlation has 
been performed via the use of geostatistical tools (i.e., semivariogram as described by Baker 
and Jayaram, 2008b). In building a unique semivariogram from multiple events, individual 
events are first treated separately, before aggregating all the possible distance pairs into a 
single experimental data set. An empirical trend is fitted to the data assuming and an 
exponential model. Details on this procedure, including the assumptions and their 
consequences,  may be found in Esposito and Iervolino (2011). 
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Using the characterization of Ambraseys et al. (2005) GMPE residuals, (only records used to 
estimate the GMPEs have been considered to estimate intra-event spatial correlation 
models), the resulting practical range b was found to be 12 km for horizontal PGA, and 18 
km for vertical PGA. This is consistent with the 10 km range value found for PGA residuals 
from the Northridge earthquake (Boore et al., 2003; Baker and Jayaram, 2008b).  

Similar results have been obtained using two different GMPEs (Akkar and Bommer, 2010, 
and Bindi et al., 2010b), using subsets of the European Strong-motion Database (ESD) and 
the Italian Accelerometric Archive (ITACA) coherently with their respective GMPE datasets. 
Practical ranges of 13.5 km (ESD) and 11.5 km (ITACA) has been estimated for PGA and 
correlation lengths of 21.5 km (ESD) and 14.5 km (ITACA) for PGV (Esposito and Iervolino, 
2011). 

The higher range values estimated for PGV can be related to frequency content since it is 
reasonable to expect highly coherent ground motion (velocity), which corresponds to lower 
frequencies, to exhibit more strongly correlated peak amplitudes. This is consistent with past 
studies of ground motion coherency, which decreases with increasing separation distance 
between measuring points and with increasing frequency (Zerva and Zervas, 2002). 

5.3 MODELING SPATIAL CROSS-CORRELATION  

5.3.1 Goda and Hong (2008), Goda and Atkinson (2009) 

The natural extension of the spatial and spectral correlation models shown so far is to 
consider the spatial cross-correlation of residuals for different periods (e.g. Tj and Tk) at a 
separation distance h. Such a model is proposed by Goda and Hong (2008), and modified 
by Goda and Atkinson (2009). The formulation of a spatial cross-correlation model is 
outlined here, for which we follow the nomenclature of Goda and Hong (2008). 

For ground motion expressed via an attenuation model: 
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which by simple re-arrangement becomes 
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  (5.14) 

Correlation at a separation distance of 0 km can be approximated by the model of Baker and 
Cornell (2006), Eq. (4.13), which is denoted  210 ,TT . Investigation of the correlation 

structures of  2,1,0 TTT ,  2,1,0 TT  and  21 ,TT  based on Californian data showed 
approximate equivalence, although this assumption is based on only a small number of 
earthquakes. If equivalence is assumed then the following approximation is also made: 

     MAXMAX TThTTTTh ,,,,, 21021     (5.15) 
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where TMAX is the greater of T1 or T2. This approximation effectively defines the correlation 
matrix as that of the period showing the strongest autocorrelation structure. This can then be 
returned into equation to give the following overall correlation structure: 
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5.3.2 Jayaram and Baker (2010b) 

The semi-variogram approach to modelling spatial correlation shown in Jayaram and Baker 
(2009) is extended to cross-correlation in Jayaram and Baker (2010b). In this approach an 
experimental cross-semivariogram is fit to strong motion residuals from the NGA database 
according to the function: 
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Which is an adaptation of Eq. (5.7) for an isotropic stationary semivariogram, now 
considering two fields of spectral acceleration Sa (T1) and Sa (T2). A crucial difference exists 
in the semivariogram model in that the sill of the cross-semivariogram is no longer unity (i.e. 
the two fields are not assumed perfectly correlated at a separation distance of 0 km). A test 
example of a cross-semivariogram using strong motion records from the Chi-Chi event, and 
considering spectral acceleration at T = 1 s and T = 2 s, is given by Jayaram and Baker 
(2010b). Their example suggests that cross-correlation is significant when considering 
spatial correlation of multiple intensity measures.  

5.4 RANDOM SIMULATION OF SPATIALLY CORRELATED VARIABLES 

For the development of scenario earthquakes it is necessary to define fields of spatially 
correlated ground motions. Unlike the ShakeMapTM approach, the simulation of the whole 
field is not conditional upon observations at a small number of sites. The fields of ground 
motion are simulated for a hypothetical event, therefore no information about the inter-event 
or intra-event residual as assumed a priori. Given that the simulation of the fields is not 
conditional upon observations there are several issues to take into consideration. 

In the following sections we consider two formulations of spatial simulation: the first is the 
spatially correlated simulation (in 2D) of one field (i.e. intra-event residual of one intensity 
measure), the second is the spatially correlated co-simulation of multiple fields. The latter 
scenario is particularly relevant in the application to lifeline risk where it may be useful to 
generate spatially correlated spectra or conditional simulations of multiple IMs for defining 
risk within a system. An example of the latter case may be within a harbour system, where 
the vulnerability of certain elements such as electrical and mechanical equipment may be 
most efficiently described by PGA, whilst other elements such as rails, pipes or waterfront 
structures are vulnerable to co-seismic ground displacement, which may be more efficiently 
described by Ia or CAV.  

It has been shown by Jayaram and Baker (2008a) that the spatially distributed intra-event 
residuals assume a bivariate normal distribution. This is advantageous as it allows for certain 
simplifications to be made within the simulation process. Many algorithms for spatial 
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simulation and cross-simulation consider only multivariate Gaussian processes. Some 
exceptions to this, and extensions to non-Gaussian distributions, may be discussed in due 
course as they may be relevant for extensions of this process to other elements of lifeline 
risk analysis. 

5.4.1 Simulating Spatially Correlated Fields by Matrix Decomposition 

The stochastic simulation of spatially correlated single fields is a challenging task that has 
many applications in various fields of engineering and geosciences. Different methods are 
available to implement this approach, of which the simplest is the Matrix Decomposition 
method (Davis, 1987). We approach this problem in two dimensions (i.e. only considering 
the distribution of intra-event residuals at the surface) for convenience and efficiency. Whilst 
there may be merit in describing the simulation of ground motion at depths below the 
surface, the paucity of strong motion borehole data limits the extent to which the correlation 
between ground motion at different depths can be characterised. It is assumed that where 
subterranean lifeline elements are considered, they are at sufficiently shallow depths as to 
be adequately modelled via analysis of surface ground motion. In the cases of spatially 
distributed subterranean systems it may be more appropriate to model vulnerability by 
numerical simulation of ground motion across a 3D mesh. Full constraint of the geological 
properties of the environment requires detailed investigation, which may only be considered 
follow in special circumstances. 

The simplest method for simulating a spatially correlated Gaussian variable is via the LU 
matrix decomposition method (Alabert, 1987; Davis, 1987). For a spatially distributed set of n 
intra-event residuals, with autocovariance structure described by γ(h) such that the 
covariance matrix is C(h), the vector of n spatially correlated random residuals is described 
via: 

LZY    (5.17) 

Where μ is the mean of the intra-event residuals (in this case a null vector), Z is a n by 1 
vector of normally distributed independent random variables and L is defined such that 

CLLT  . 

Given that the covariance matrix C must be positive-definite, L is usually determined via 
Cholesky factorisation. The vector of independent normally distributed random variables can 
be readily generated in most programming applications. An example of a spatially correlated 
simulation of a random variate constructed using the matrix decomposition method is given 
in Fig. 5.1. 
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Fig. 5.1 Illustrations of random unconditionally simulated correlated Gaussian fields 

Matrix decomposition has already been demonstrated for application to seismic risk analysis 
by Park et al (2007) and Crowley et al (2008a). The method is also developed further for 
application in a ShakeMapTM scenario where a simulated Gaussian field can be conditioned 
upon observations at a given number of locations. To achieve this, the vector of site 
locations can be partitioned into two sets: Xobs and X’ where Xobs refers to the locations of 
the site observations and X’ the spatial nodes of the simulated field – possibly a regular grid, 
although this is not necessarily a requirement. The multivariate normal distribution can then 
be described by: 
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Where CKK and CUU are the covariance matrices for the sites Xobs and X’ respectively, and 
CKU and CUK are the covariance matrices for the unknown sites conditioned on the known 
sites. 0K and 0U are the mean of the intra-event residuals for the known and unknown sites 
respectively; both zero vectors. The conditional distribution of the vector X’ given knowledge 
of the x observations at Xobs is described by: 

      KUKKUKUUKKUKobs CCCCxCCxXX 11 ,|'   MN  (5.19) 

The simulated Gaussian field can be conditioned upon the known observations now using 
the same process as for the unconditioned simulations where: 

 KUKKUKUU
T CCCCLL 1  (5.20) 

An example of a simulated Gaussian field, spatially conditioned upon values at fixed sites is 
shown in Fig. 5.2. 
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Fig. 5.2 Random simulation of a spatially correlated Gaussian field conditional upon a 

set of observations (marked by circles) 

The matrix decomposition method offers many advantages for simulation of spatially 
correlated Gaussian fields. It is conceptually straightforward and well adapted to 
programming languages that are powerful in implementing vector and matrix algebra (e.g. 
Matlab, Python). The most computationally intensive part of the algorithm is the Cholesky 
factorisation of the matrix itself; however, for a given set of sites (or a given autocorrelation 
structure) this computation need only be undertaken once in a pre-processing step and the 
number of realisations can be increased indefinitely at little additional computational cost. 

This particular approach is ultimately limited, however, by the number of sites under 
consideration. The covariance matrix is on the order of ns by ns, where ns is the total number 
of sites considered. In the examples given in Fig. 5.1 and Fig. 5.2, the total number of sites 
is approximately 2600, thus even for the relatively coarse scale example the computation 
must develop and decompose a 2600 by 2600 element array. A small increase in the 
resolution, the spatial scope or, as in the conditioned example, in the number of observation 
sites will result in a substantial increase in computer memory requirements. For 
consideration of critical elements within a road network in a metropolitan area (e.g. bridges, 
tunnels etc.) there number of sites considered may be on the order of several thousand. This 
may make application of the matrix decomposition method prohibitive. The matrix 
decomposition method is also only applicable to fields that are multivariate Gaussian. For 
application to stochastic simulation of intra-event residuals this is acceptable. There may, 
however, be circumstances where the spatial autocorrelation of vulnerable elements of a 
system may be taken into consideration, for which it cannot necessarily be assumed that the 
autocorrelation structure will be multivariate Gaussian. 
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5.5 UNCONDITIONAL COSIMULATION OF CROSS-CORRELATED RANDOM 

FIELDS 

The methods described previously are intended to simulate a random field for a single 
variable in R-dimensions. In spite of the limitations due to the number of data points, the 
matrix composition method remains a useful tool for this approach. However, the simple LU 
decomposition can only be applied to a single autocorrelation structure. As has been shown 
from the previous section of this report, strong ground motion residuals display both 
autocorrelation and spectral cross correlation properties. When considering the spatial 
distribution of multiple IMs, it is necessary to preserve, as far as computationally possible, 
both the autocorrelation and cross-correlation properties.  

To undertake simulation (either conditional or unconditional) of spatially cross-correlated 
fields, it is necessary to consider other methods. At this stage in the analysis, neither the 
number of sites nor the number of IMs to be co-simulated in the case study applications are 
known. Appraisal of the different techniques needs to take into account the accuracy, 
efficiency (i.e. time taken to implement multiple realisations) and feasibility (the likelihood of 
being able to implement such methods given the limitations on computational memory) of 
implementation. It should be recognised, therefore, that the optimality of a given simulation 
method is likely to differ if a large number of IMs are needed, compared to when only two or 
three IMs are needed.  

5.5.1 Sequential Conditional Simulation (Conditional Hazard) 

The process of sequential simulation represents, in effect, a stochastic sampling of the joint 
probability distribution function of two correlated variables. The variables are themselves 
assumed to be distributed according to a bivariate Gaussian distribution. This assumption for 
the logarithm of certain ground motion quantities has been verified by Jayaram and Baker 
(2008) and Iervolino et al. (2010).  

For two given IMs (IM1 and IM2), each assumed to be lognormally distributed with a mean 
(μIM1 and μIM2) and variance (σIM1 and σIM2) and correlation ρIM1,IM2, the conditional distribution 
of IM2 upon the distribution of IM1 is described by: 
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where z is the calculated value of IM1, such that: 
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  (5.22) 

is the total residual of IM1, for which the spatial correlation function is assumed to be known. 
Consequently the co-simulation of IM1 and IM2 is implemented via the following procedure: 

o Allocate a primary IM – this may be either IM1, IM2 or even some other IM 
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o For each earthquake (Mi) and each site (at distance Rj) calculate the values of IM1 
and IM2 (μIM1 and μIM2) from the specified GMPE. 

o From the GMPE determine the variance terms σIM1 and σIM2 (which may be 
dependent on magnitude) 

o Using the conventional LU Decomposition approach (or by some other means of 
simulating a single spatially correlated field) calculate the residual term of the primary 
IM at site j (εijIM1) from earthquake Mi. 

o Calculate the conditional mean and variance of IM2, using Eq. (5.21) 

o Sample εijIM2 from a Gaussian distribution with mean RMIMIM ,,1|log2log 1010
  and variance 

1|log2log 1010 IMIM and update IM2 

This approach has several practical advantages that make it suitable for application here. 
The first is that the computational effort required for co-simulation is not significantly greater 
than that for correlated simulation of one field. The LU decomposition need only be 
performed once for the primary IM at the initiation of the simulation, and only one spatially 
correlated field generated per event. The second advantage is that the sequential approach 
avoids making explicit assumptions about the nature of the cross-correlation structure 
between two IM fields. Instead the spatial simulation can be conditioned upon the IM for 
which the spatial correlation model is best constrained, with secondary IMs conditioned upon 
the basis of their correlation to the primary IM. This latter correlation between two IMs for a 
given location is also well-constrained by the existing spectral correlation models. It may also 
be noted here that the primary IM does not necessarily have to be one of the IMs required as 
an output, although it is perhaps more convenient for it to be so. For example, fields of 
spectral acceleration at different periods may be conditioned upon the spatial correlation 
structure of PGA or PGV, even if neither PGA nor PGV are required for the output. Likewise, 
field of PGA, PGV or a short period spectral acceleration can be conditioned upon a long 
period spectral acceleration primary IM, even if that long period spectral acceleration is not 
necessarily required for the vulnerability analysis.  

From a geophysical and statistical perspective, there are some shortcomings to this 
methodology. Arguably the greatest of these is that in not preserving the cross-correlation 
structure of two or more IM fields, the operation is not commutative. This means that the 
correlation structure of the output fields will vary with the choice of primary IM. Similarly, for 
co-simulation of three or more IM fields, the correlation structure between secondary IMs is 
not explicitly preserved. There will be a certain degree of cross correlation between 
secondary IMs, but this is based on the indirect correlation via their conditioning upon the 
primary IM. The difference in cross-correlation between secondary IMs is difficult to quantify 
a priori and may vary according to the spatial distribution of the co-simulation points and the 
selection of IMs. 

The choice of primary IM is a decision that is left to the user, but there are some 
considerations in its selection. It is expected, and established by observation in the previous 
discussion, that the correlation length of a spatially distributed IM increases with spectral 
period. Consequently the selection of a long period spectral acceleration as the primary IM 
will result in a stronger spatial correlation, compared to that of a shorter period spectral 
acceleration. Conversely, if a shorter period IM is chosen as the primary IM, the strength of 
the spatial correlation of longer period IMs will be underestimated. Depending on the degree 
of conservatism desired by the user, it may be more appropriate to select a longer period 
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spectral acceleration as the primary IM, and in doing so accepting an overestimation of the 
correlation structure of the shorter period IMs. However, it must also be recognised that the 
uncertainty in the spatial correlation structure of longer period IMs is substantially greater 
than those of shorter period accelerations due to the lower number of acceleration records 
available to constrain long period motion. Depending on the source spectrum of the 
earthquake, the instrumental frequency range and the site conditions, it is not uncommon for 
many records in the strong motion database to have a usable long period limit below 2 – 3 s, 
sometimes even less for analogue records. Consequently it may be more appropriate to 
condition upon a short period acceleration (or even an energy dependent IM such as CAV or 
Ia). 

5.5.2 Extended Matrix Decomposition 

This approach is an extension to two fields of the LU decomposition presented previously for 
simulation of a single field. To recap, a multivariate Gaussian random field can be defined 
as: 

11IM11 ZLμY   (5.23) 

where μIM1 is the mean of the field (assumed here to be zero-vector for the ground motion 
residuals), Z1 is a vector of independently Gaussian distributed random variables (ε) and L1 
is the root of the positive-definite covariance matrix (C11) such that 11

T
11 CLL  . 

To co-simulate a second field with mean μIM2 and auto-covariance matrix C22 the following 
relation is used (Oliver, 2003): 

 2
2

2,12,1 1 ZZLμY 12IM22 IMIMIMIM    (5.24) 

where Z2 is a vector of independently Gaussian distributed random variables and ρIM1,IM2 the 
cross-covariance between fields Y1 and Y2. This formulation can be expanded further to 
consider multiple IMs. To do so, Eq. (5.23) and Eq. (5.24) can be expressed in terms of the 
matrix equation: 
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where the total covariance L is determined from: 
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Using the shorthand ji , to denote the cross-IM correlation coefficient IMjIMi , , Eq. (5.26) 

can be extended to denote the more general full-block cross correlation matrix: 
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To implement full co-simulation, Eq. (5.25) becomes: 

ZZLμμYY   (5.28) 
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and L is determined from Cholesky factorization of the full block cross-correlation matrix LLT. 
Assuming the autocovariance structure of each of the fields (Cii) is real-valued and positive-
definite, L will be real. If the correlation between the strong motion residuals is assumed to 
be isotropic, an assumption largely supported by the analysis of Jayaram and Baker (2008), 
then Cii will be positive-definite. It should be noted that application of this particular 
methodology assumes that the autocorrelation and cross-correlation structure is dependent 
only on the choice of IM. If, for a particular application, it is recognised that the correlation 
structure is dependent on a particular property of each event (e.g. the magnitude) then L is 
no longer constant for each simulation. For a small number of simulations the necessity to 
re-compute L for each event may be tolerable, but this comes at a substantial computational 
cost that is impractical to implement for large-scale stochastic simulations. In such 
circumstances the sequential simulation approach may be preferable. 

It is clear from the extension to multiple IMs results in a rapid increase in complexity, and in 
number of factorisations to be undertaken, in addition to the computation effort required to 
implement a factorisation of the matrix on the order of NSITES × NIMS. Application of this 
method may be best when considering only a small number (two or three) IMs. This may be 
appropriate if simulating a single spectral acceleration and an alternative IM (e.g. PGV, CAV 
or Ia).  

A possible simplification could be made to the extended LU decomposition if the number of 
sites is very large. Instead of assuming the full cross-correlation between all IMs, it may be 
preferable to allocate a primary IM and secondary IMs, as for the sequential simulation 
method. The ground motion fields for the secondary IMs may be conditioned only upon that 
of the primary IM in the manner described by Eq. (5.24). This would result in each IM being 
treated in turn, thus requiring factorisation of matrices on the order of NSITES. As with the 
sequential simulation approach, the selection of the primary IM will influence the final output 
and would therefore need to be considered carefully. However, this particular approach may 
better preserve the autocorrelation structure of each IM in the simulations than if the 
sequential simulation approach is used. This may be a compromise between the two 
approaches, whilst generally being compatible with either. An example of three spatially 
cross-correlated, unconditional random fields of strong ground motion residuals 
(corresponding to Sa 0.2 s, 0.5 s and 1.0 s respectively) is shown in Fig. 5.3. 
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Fig. 5.3. Example of an unconditional random co-simulation of strong ground motion 
residuals using the Extended LU Decomposition method, for spectral accelerations at 

0.2 s, 0.5 s and 1.0 s respectively. 
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6 Generating Hazard Input for Analysis of Multi-

systemic Seismic Risk 

The “Shakefield” procedure outlined in section 2 represents a common methodology that can 
be applied to generate ground motion fields from potential scenario events. The use of 
Monte Carlo based random simulations of seismicity it is also extensible to probabilistic 
seismic hazard analysis. For the purposes of the current project, a general methodology is 
developed that allows for both to be considered. The following describes the general hazard 
methodology is used to generate seismic hazard input for multi-system analysis of seismic 
risk. 

6.1 DATA NEEDS AND INPUTS 

 
Fig. 6.1 Overview of Hazard Input Data Needs (*indicates context-specific input) 

One of the most important considerations in the development of a general methodology is 
the adaptability to different degrees of data information and quality, depending on the case 
study in question. A multi-tiered approach, particularly with respect to the characterisation of 
the site and the geotechnical hazard, is necessary in order to allow for application to larger 
regions. The characterisation of the seismic source and the ground motion attenuation is 
consistent with that required for regional scale probabilistic seismic hazard analysis. When 
taking into consideration spatial correlation and cross-correlation between different intensity 
measures, further adaptability is also necessary. 

It is noted in section 5 that there exists little consensus in the published literature to indicate 
that the models of the spatial correlation residual are dependent on the choice of GMPE. As 
a means of compromise, it is suggested here that the user may be given the option to 
implement correlation models specific to the region or to the selected GMPE. However, if 
such models are not available, it should be the case that existing correlation models from the 
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literature (described in section 5) become the default. The Baker and Cornell (2006) and 
Baker (2007) models are proposed for this purpose. 

The greatest degree of data variability from application to application will most emerge from 
the characterisation of the site. A minimum requirement is that the site can be classified 
according to either the NEHRP or Eurocode site characterisation schemes. For compatibility 
with many existing GMPEs, VS30 would also be an important parameter, although “expected” 
Vs30 values may be assigned according to site class for all but very soft soil sites. More 
detailed characterisations of the sites are necessary in order to estimate, accurately, the 
expected permanent ground displacement, but the quality of such information may be highly 
variable even across a relatively small region. The general hazard methodology attempts to 
optimise the use of available input information, but consistency of application across a case 
study region is the overriding objective here.   

6.1.1 Seismic Source 

Two types of seismogenic source are considered: uniform area zone and simple fault model. 
Each source requires the following input: 

o Type: “polygonal” (Area zone), “planar” (simple fault geometry) 

o Geometry: Coordinates of the vertices of the zone boundaries in two-dimensions (for 
area zones) or three dimensions (for fault zones). 

o Minimum and Maximum Magnitude 

o Seismicity rate and b-value 

o Mesh spacing (in km) for discretisation 

o Characteristic Rake (in degrees) 

o Fault Mechanism (Reverse, Strike Slip, Normal or Unspecified) 

 

The input assumes that the seismic source is described by an area or by a planar fault. 
Magnitude recurrence is assumed to be represented by a Gutenberg and Richter (1944) 
model, truncated at a minimum and maximum magnitude (see 6.2.1). Other distributions 
may be considered, if necessary, elsewhere. A general mechanism describing the style of 
earthquake faulting is necessary for correct implementation of the GMPEs. This can be a 
representative mechanism for a given area zone or the characteristic mechanism of a fault 
plane. If the rake is not known, an arbitrary rake corresponding to the characteristic 
mechanism will be assigned to the source. This parameter may be required for some 
GMPEs; hence its inclusion here. 

6.1.2 Ground Motion Prediction Equations GMPEs 

The selection and implementation of GMPE within the simulation process should be 
relatively flexible. This is to allow for new models to be incorporated with relative ease, in 
accordance with user requirements. For this purpose a GMPE class is created within the 
toolbox, which allows for the specification of the model itself, an associated correlation 
structure and means of characterising the site amplification.  
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The inputs for ground motion modelling are generally more limited, and need to be 
consistent with both the seismic source models and the GMPEs implemented. The 
necessary inputs are: 

o GMPE Name: The name of the function used in the analysis 

o PrimaryIM: The name of the primary IM used for the simulation of spatial correlation 

o Coefficients File: File containing the coefficients of the GMPE 

o Correlation File: File containing the correlation model for the GMPE (if absent, a 
generic correlation model is assigned to the GMPE) 

6.1.3 Site Amplification and Geotechnical Hazard 

As outlined in section 2 of this report, the characterisation of geotechnical hazard is heavily 
conditional upon the inputs of geotechnical information. At present, the methodologies for 
characterising both the site amplification and geotechnical hazard assume inputs consistent 
with those of the HAZUS methodology. For practical computational implementation a degree 
of flexibility is needed when considering how best to model multiple forms of geotechnical 
hazard. We therefore assign three classes of geotechnical input requirements: 

A. Minimum site amplification requirement. A basic parameter needed for any 
geotechnical analysis to be undertaken. The absence of any such parameter for any 
site will result in omission of any site amplification or geotechnical hazard 
considerations from the analysis. 

B. Minimum geotechnical characterisation requirement. Omission of this parameter will 
result in no further consideration of the particular geotechnical hazard (e.g. 
liquefaction or landsliding). 

C. Additional parameter: Inclusion of this parameter may allow for use of additional 
model of geotechnical hazard characterisation beyond that of the simple HAZUS 
approach  

For each site, therefore, the following information is needed: 

o Location (Latitude and Longitude) - ESSENTIAL 

o Site Classification Scheme: “NEHRP” (will use the NEHRP amplification factors) or 
“EC8” (will use Eurocode 8 amplification model) – Class A 

o Site Classification Parameter must be one or more of the following– Class A: 

o Eurocode/NEHRP Site Class 

o Vs30  

o NSPT  

o Liquefaction Susceptibility Class – Class B 

o Depth to Groundwater – Class C (Depth assumed to be 5 feet, if parameter is 
absent) 

o Landslide Susceptibility Class – Class B 

o Slope displacement yield acceleration – Class C 
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The scheme implemented here attempts to retain functionality of methodology even if the 
quantity of information to characterise the site is limited. The minimum input requirements 
are the location and site class. If Vs30 or NSPT are input then the corresponding Eurocode or 
NEHRP site class is determined, similarly if the code site class is specified then an assumed 
Vs30 value is allocated to the site. The minimum level of information required to characterise 
liquefaction or slope displacement is the corresponding susceptibility class. If this information 
is missing then the site is assumed to have no risk of liquefaction and/or landsliding and 
geotechnical analysis for such sites is not undertaken. 

6.2 SIMULATION OF SEISMIC EVENTS AND ANALYSIS 

An overview of the procedure for generating the hazard input into the analysis of systemic 
vulnerability is shown in Fig. 6.2. Much of this schematic is common to both single 
Shakefield simulation, multiple Shakefields for a single rupture, and a full stochastic seismic 
hazard analysis. For the latter, the iteration may be perceived as an increment in time in a 
synthetic catalogue of events, such as one year. The time increment should correspond to 
the period for which the rate of earthquakes on each seismic source is determined. As is the 
underlying theory of PSHA by Monte Carlo simulation approaches, over a sufficient length of 
time (or number of iterations) the uncertainty in the source, site and GMPE should be 
sampled sufficiently as to be able to fully characterise the aleatory variability in the hazard.  

The process is essentially divided into four separate stages: generation of the seismic 
source, calculation of the expected ground motion on rock, calculation of the cross-
correlated ground motion residual and modification of the expected ground motion, and 
finally site and geotechnical characterisation (if applicable). The particulars of each of these 
stages will be addressed in turn. 

6.2.1 Generating a Seismic Source 

The seismic source needs to be defined in terms of magnitude, geographical extent and 
mechanism. The latter may refer only to a parameter describing the fault type (normal, 
strike-slip, reverse) or may be a focal mechanism (strike, dip and rake) characteristic to the 
source in question. As indicated in section 6.1, only two types of seismogenic source model 
are considered here: uniform area zones and simple finite planes. In both cases the 
epicentre of the source is sampled as a point within each model, with every location 
assumed equally probable. In these cases it is relatively efficient to define each source as a 
grid or mesh of points prior to the simulation process and sample each point randomly with 
replacement from the mesh.  

For many of the GMPEs in current use, and most of those considered here, it is necessary to 
define the Joyner-Boore and/or rupture distance from the source to the sites. Both distance 
metrics require the definition of a finite rupture plane. For a finite fault source, many of the 
geometrical properties of the plane (i.e. trace, strike and dip) are given within the model. This 
provides a surface from upon which smaller ruptures can be floated. This requires certain 
assumptions regarding the magnitude scaling of the area of the rupture, the length to width 
ratio and the location of the hypocentre within the rupture plane.  
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Fig. 6.2 Overview of Stochastic Seismic Hazard Simulation Procedure. Inputs (Yellow), 
Processes (Green), Decisions (Blue), Outputs (Red) 

 

For the purposes of generating stochastic rupture events an alternative approach is adopted 
here. The following is a simplified cellular automaton based approach to stochastically 
generate rupture planes that do not violate the geometrical boundaries of the rupture source. 
From the definition of the geometry, a mesh of evenly spaced points is rendered across the 
fault surface in three dimensions. Note that in using a mesh of points there are no 
geometrical restrictions on the rupture surface, which can be arbitrarily complex. The 
process of simulating the rupture is described as follows: 
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o For each seismic source, with a given earthquake occurrence rate and magnitude 
recurrence relation, the occurrence of an earthquake within a fixed time window (or 
iteration) is determined using a uniformly distributed random variate (K). If K < 
P(Earthquake | Time (T)) then an earthquake occurs within the source, otherwise the 
simulation proceeds to the next source. 

o If the earthquake occurs within the source, the magnitude is randomly sampled from 
the magnitude recurrence relation, which in this case is the double truncated 
Gutenberg and Richter (1944) law: 

 
  
  minmax
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exp

mm
mm
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 (6.1) 

 where  10lnb , mmax and mmin are the maximum and minimum magnitudes 
respectively and b is the b-value of the source 

o Using the expected magnitude, a rupture area is sampled from an existing 
magnitude-area model. Here the Wells and Coppersmith (1994) model is preferred. If 
the sampled rupture area exceeds that of the area of the fault source, then the full 
fault is assumed to rupture. Similarly, if the rupture area is smaller than the square of 
the discretisation spacing used to generate the mesh, the rupture is assumed to be a 
point.  

o To generate the finite rupture, an initiation point is sampled randomly from the 
discrete mesh on the fault surface. This point is considered “active”. An iterative 
procedure is then implemented in which a mesh point becomes “active” on a 
subsequent iteration if any immediately neighbouring point is presently active. This 
process is based on a 2D forest fire cellular automata procedure using the Moore’s 
neighbourhood of a cell, and without “healing” (i.e. a return to passivity) of any active 
points. As the mesh is evenly spaced in three dimensions each point represents an 
area equal to the square of the mesh spacing. Consequently the total area of the 
rupture is known, and is increasing on each iteration. The iteration continues until the 
numerical approximation of the area of the rupture (i.e. the product of the number of 
active points and the area represented by each point) is greater than or equal to the 
expected rupture area. The rupture is then represented as a discrete mesh of points. 
The process is illustrated for a California rupture in Fig. 6.3 

In the example illustrated in Fig. 6.3, several properties of this process emerge. The first 
property is that the simulated rupture is constrained within the source geometry. If the edge 
of the source is reached, then the rupture will continue to propagate in the other directions. 
The expansion of the rupture is assumed isotropic (i.e. length to width ratio is unity) with the 
hypocentre defined as the initiation point at the centre. The effect of trapping the automata 
simulation within a bounded geometry means that the hypocentre will not necessarily occur 
at the centroid of the final rupture, if the rupture propagation has been constrained by the 
geometry. Consequently, the final hypocentre is less likely to be found at the centre of the 
rupture if the initiation point is closer to the edge of the fault geometry. This means that some 
degree of hypocentre variation is accounted for in the rupture simulation.  
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Fig. 6.3 Example application of the rupture simulation procedure for a M 6.7 
earthquake on the Newport-Inglewood fault. Blue circles indicate locations at which 
ground motion can be calculated, the green dots describe the mesh across the fault 

rupture, and the red dots indicate the “active” cells after each iteration. 

The cellular automata procedure implemented here is generally simple, and a relatively 
efficient means of defining a random finite rupture surface within a bounded plane. Isotropy 
is assumed as a simple first-order approximation. Anisotropic propagation (e.g. length to 
width ratio greater than 1) could be implemented by adaptation of the automata rule. 
Furthermore, the cellular automata procedure is essentially deterministic, as for a given 
initiation point, expected area and automata rule, the final rupture will remain the same. This 
can allow for all the possible ruptures on a fault surface, for a given magnitude recurrence 
model, to be rendered prior to the stochastic sampling process. The sampling would then 
select the rupture from the defined set to avoid having to perform the rupture simulation 
repeatedly. This option may be preferable for very active fault sources. The methodology 
can also be used to generate multiple rupture planes for a given scenario event, thus 
sampling uncertainty in the seismic source for a fixed scenario. 

If the seismic source zone is assumed to be a uniform area zone rather than a fault source, 
the earthquake source is assumed to be a point within the zone. For small earthquakes (M < 
6) this may be a sufficient characterisation of the seismic source. 
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For the characterisation of source to site distances, four main metrics (epicentral, 
hypocentral, Joyner-Boore and rupture distance) are needed for implementation in most 
current GMPEs. For the extended fault source, these metrics are calculated directly from the 
finite rupture. For uniform sources, equivalence between epicentral and Joyner-Boore 
distance, or hypocentral and rupture distance can be assumed for small events. For larger 
events it is suggested that empirical scaling relations are used to derived Joyner-Boore 
distance or rupture distance from epicentral or hypocentral distance. The preferred empirical 
scaling model is derived from regressions of site metrics for European data (Ambraseys and 
Bommer, 1991; Montaldo et al., 2005): 

 0,8845.05525.3max EPIJB RR   (6.2) 

6.2.2 Calculating Ground Motion on Rock 

In accordance with the description of the Shakefield procedure given in section 2, the strong 
ground motion is attenuated away from the source using existing GMPEs such as those 
listed in section 3.2. Initially the model of Akkar and Bommer (2010) is used to give 
estimates of PGV, PGA and Sa up to 3 s. Other models can be added subsequently in 
accordance with the GMPE class given within the simulation software. In order to implement 
an analysis of spatial correlation, the GMPE class is assigned four attributes: 

1. “rangeIM1”: The range of the primary IM, assuming an exponential model of the 
spatial correlation 

2. “C11”: The total standard deviation of the primary IM, as defined by the GMPE. 

3. “C21”: A column vector from the covariance partition ClnIM1,lnIMn 

4. “C22given1”: The conditional covariance matrix of the secondary IMs given the 
primary IM. 

 

The conditional covariances are components of the matrix: 
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The standard deviations of each IM are taken from the GMPE, with interpolation used for 
spectral periods not described by the GMPE directly. A matrix of correlation coefficients may 
be defined explicitly for each particular GMPE, if desired. Alternatively, the correlation 
coefficients may be determined from one of several models described in section 4. By 
default the correlation models of Baker and Cornell (2006) and Baker (2007) are included 
within the software. 
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For each site the expected value of the logarithm of the primary IM is calculated and the 
residual sampled from a vector of spatially correlated Gaussian variables. The spatial 
correlations are defined using the standard unconditional LU decomposition methodology 
described in section 5. For each IM a conditional mean and conditional covariance of the 
logarithm of each IM are calculated using the formulations in Eq. (5.21). The secondary IMs 
are then determined by sampling a vector of independent Gaussian variates described by 
the conditional mean and covariance of each IM upon the primary IM. The resulting ground 
motions correspond to a “rock” site, which we define here as having a Vs30 of 800 m/s, 
corresponding to Eurocode 8 class A and NEHRP Class B.  

6.2.3 Site Amplification and Geotechnical Hazard 

The third stage of the process is to determine the hazard at the soil site, given the hazard for 
the assumed rock condition that has been calculated by the previous stage. To scale the 
hazard to the site condition an amplification factor needs to be applied. The amplification 
factor can be determined in several different ways, depending on the user requirements. The 
general process of estimating site amplification and geotechnical hazard is shown in Fig. 6.4. 

As indicated in the data needs, the site may be characterised by either Eurocode or NEHRP 
classification, or according to Vs30. The option may also be added to define the amplification 
factors for a site explicitly from nonlinear analysis of amplification assumed specifically for a 
site. In such circumstances it may be the case that the amplification factors may be binned 
according to PGA or magnitude, to allow for nonlinearity to be taken into consideration. 
There are three potential measures to determine amplification factors: Eurocode 8 site class, 
NEHRP class and/or Vs30. From one or more of these parameters it is possible to define the 
others (assuming a characteristic Vs30 for each NEHRP or Eurocode 8 site class). 

As discussed in section 2, there are advantages and disadvantages to the use of code 
specified amplification factors and those inherent within particular GMPEs. There is also a 
significant limitation in applying the GMPE site amplification function after the application of 
the aleatory variability term, which applies to models where the aleatory variability term may 
be dependent on the level of ground motion at a site. This applies to some of the NGA 
models such as Chiou and Youngs (2008) and Abrahamson and Silva (2008). These models 
are not implemented in this analysis, but consideration of this particular issue may be 
necessary in future. In practice, it may be preferable to apply a more generic model of site 
amplification such as that of Walling et al. (2008) or Choi and Stewart (2005), rather than 
include the amplification function defined within the GMPE.  

For consideration of geotechnical hazard, the modelling approach of HAZUS has been 
largely adopted. It is expected that where liquefaction or slope displacement is considered, 
the liquefaction or landsliding susceptibility class, respectively, is known. The classification 
scheme defined in the HAZUS Technical Manual is shown in Appendix A. The extent of 
permanent ground displacement from each of the potential geotechnical hazards is 
determined from the procedure outlined in Fig. 6.4. The probability of liquefaction or 
landsliding is determined for each site using, given the susceptibility class, PGA and 
magnitude, using Eq. (2.26) and Eq. (2.25) respectively. For each site a random variate (Z) 
is drawn from a uniform distribution. If  gLandslidinonLiquefactiPZ ,  then displacement 
occurs at the site, otherwise no permanent displacement is considered. If displacement 
occurs then the displacement is calculated from the Youd and Perkins (1987) and Tokimatsu 
and Seed (1987) models for lateral spreading and volumetric settlement, respectively (in 
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accordance with the HAZUS methodology). For slope displacement, the critical acceleration 
is determined for each susceptibility class using the HAZUS classification. However, we 
prefer to implement the Saygill and Rathje (2008) empirical models to determine the 
expected displacement and its uncertainty. Transient strain is estimated directly from either 
horizontal PGA or PGV. The empirical model suggested for this purpose is that of Paolucci 
and Smerzini (2008), given by Eq. (2.33) and Eq. (2.34). 

 
Fig. 6.4 Overview of the process of defining site amplification and geotechnical hazard 
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It should be noted that the formulation given in Fig. 6.4 does not describe the hazard from 
coseismic fault rupture. Consideration of this particular phenomenon should be undertaken 
on a case by case basis. The general approach described in HAZUS should be sufficient to 
characterise the hazard from coseismic rupture, although different magnitude-displacement 
scaling relations could be used. For linear systems such as pipelines it may be suggested 
that all segments that traverse the surface fault trace be allocated as potential elements for 
displacement, and that an expected displacement is taken as equal to half the peak 
permanent ground displacement estimated from Eq. (2.36).  

One issue that may yet be unresolved when modelling geotechnical hazard for applications 
such as this, is how to define PGDf where multiple effects are possible? In this application it 
is assumed that, for a given site, permanent displacement due to liquefaction and permanent 
displacement due to slope displacement are mutually exclusive. Depending on the nature of 
the models used to characterise PGDf, this assumption may be valid for many sites or 
applications. For liquefaction, however, it is possible that both liquefaction and volumetric 
settlement may be observed at a particular site. This raises the question as to how best to 
define PGDf for input into fragility models. It is suggested here that PGDf should refer to the 
maximum of all possible types of permanent displacement at a site. Alternatively, it is 
possible that the user may prefer to combine the displacements in some other form, such as 
taking the resolved component of lateral spread and vertical settlement. This issue is not 
widely addressed in relevant literature on the subject, and may therefore need to be 
explored further in the case study applications. 
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7 Conclusions 

7.1 SUMMARY 

The methodology for generating the seismic hazard input outlined in this report presents 
several key developments for application to multi-system analysis. The primary development 
introduced here is the consideration of spatial cross-correlation and co-simulation of ground 
motion residuals to generate stochastic fields for multiple intensity measures. This is a 
crucial step forward for application to multi-system seismic risk analysis. It allows for the 
generation of ground motions defined by particular intensity measures that have been shown 
to be more efficient for different elements within the system at risk. Such an approach can be 
readily extended in seismic risk modelling beyond the existing PGA-based or 
macroseismically intensity-based methods used in the past. It also demonstrates how the 
methodology could be used to define the response spectrum input for each event, being 
better constrained by multiple spectral periods rather than anchored to one or two ground 
motion measures, as is commonly assumed in seismic design codes. 

The “Shakefield”-style approach provides the most flexible means of applying these 
techniques to hazard analysis. Characterisation of the seismic hazard via stochastic sets of 
events lends itself naturally to both probabilistic and deterministic analyses of the seismic 
risk. Scenario events can be treated deterministically as they correspond to a single 
“Shakefield”, but can also be used to generate a distribution of ground motions 
corresponding to multiple fields from a single event. For a single source and expected 
magnitude, the uncertainty in the ground motion, in its subsequent impact on seismic losses 
across a region, can be reasonably well-characterised. The extension to probabilistic hazard 
analysis is simple in concept, and consistent with the key underlying assumptions of the 
conventional PSHA approach.  

The greatest shortcoming of the “Shakefield” application illustrated here is the considerable 
computational cost in terms of time and memory. Co-simulation of multiple IMs for large 
numbers of sites (on the order of several thousand), is likely to exceed the present memory 
limits of current personal computers. Implementation on a high performance cluster would 
likely overcome this problem, and is recommended for application to risk analysis for very 
large inventories. A key focus for future development will likely be placed on methods for 
improving the efficiency of the simulation and on data reduction. A recent study by Jayaram 
and Baker (2010a) applies Monte Carlo importance sampling and K-means cluster analysis 
to reduce the number of “Shakefields” that need to be considered without substantial 
information loss. The importance sampling and clustering approach is explained in further 
detail in SYNER-G Deliverable 2.1. It should be recognised, however, that the importance 
sampling and clustering approach introduced by Jayaram and Baker (2010a) is applied only 
for analysis of a single system (a road network) and for a single intensity measure, and 
excludes consideration of site or geotechnical hazard. Future developments in the 
application of such data reduction methods will need to take into consideration the issue of 
cross-correlation of multiple intensity measures, and spatial correlation of geotechnical 
properties in order to better constrain the risk to multiple systems. 
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Several outcomes of this material are particularly relevant to the development and 
application of risk analysis for multiple systems: 

o Introduction of methods for co-simulation of multi-variate Gaussian fields to the 
seismic risk analysis  

Section 5.5 outlines two potential methodologies for simulating spatially correlated 
and cross correlated fields. Both are capable of characterising spatial correlation via 
existing models and are adaptable to different and more complex functional forms. 
The first approach is a sequential conditional simulation approach, whereby a 
spatially correlation is applied only to the residuals of the ground motion for the 
primary IM. Secondary IMs are then generated by sampling from the joint probability 
distribution function, conditioned upon the primary IM. The second approach requires 
development of the full cross-correlation matrix, which is subsequently factorised to 
give correlated conditioning matrices for all IMs. This approach is more 
computationally expensive; however, it retains the spatial correlation structure for 
each IM and the full cross-correlation structure of the IMs. A “reduced” version of this 
method is also feasible, in which a primary IM is identified and all secondary IMs are 
conditioned only upon the correlation with the primary IM. This retains the spatial 
correlation structure of each IM, but does not preserve the cross-correlation structure. 
However, it is more computationally efficient and less memory intensive, making it 
more appropriate for larger inventories.  

o Development of models of spatial correlation and cross-correlation from European 
strong motion records 

The summary of ground motion correlation models presented in sections 0 and 5 
illustrate evolution of this particular topic of strong motion research. It should be 
recognised, that many models of spatial correlation are developed from either a small 
number of very well-recorded earthquakes (e.g. Northridge, Chi-Chi) or dense 
national strong motion networks (e.g. K-Net). Whilst many strong motion records are 
available for Europe there are very few events that provide a spatial density of 
recordings sufficient to adequately constrain spatial correlation models, particularly at 
short distances. The methodology presented here and in Esposito et al. (2010) 
illustrates how spatial correlation models can be constrained using regional ground 
motion data sets from multiple events.  

o Update of the HAZUS methodology to consider more recent models of permanent 
ground displacement 

The HAZUS approach to characterisation of geotechnical hazard represents a good 
baseline for application to multi-system risk analysis. It can be easily adapted to the 
stochastic event set approach outlined here, making full use of the probabilistic 
element of the geotechnical hazard. A small number of minor adaptations have been 
made here for the purposes of implementing more recent empirical models of 
permanent displacement and transient strain. One particular advantage of the new 
co-simulation approach is that it is a relatively simple matter to implement empirical 
models of permanent displacement that utilise vector IMs, such as that of Saygill and 
Rathje (2008) for slope displacement (Eq. 2.30). This is particularly relevant as many 
displacement phenomena are associated with both the strength and duration of 
strong motion. Consequently it may be expected that future models of permanent 
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ground displacement may use more efficient IMs rather than the largely PGA-based 
approach implemented in HAZUS. The new methodology should be readily adaptable 
to these new models.  

o Outline of a multi-tier system for characterisation of site amplification and 
geotechnical hazard for urban and regional-scale analyses of seismic risk  

The corollary to the previous outcome is that the introduction of more sophisticated 
models of geotechnical hazard increases the need to define a multi-tiered system for 
characterisation, which is dependent on the application. This is particularly relevant 
for application to regional scale analysis, where spatial consistency may only be 
possible for the simplest means of characterisations (e.g. seismic code site classes, 
Vs30). For some of the more advanced models of site amplification or permanent 
ground deformation, detailed site profiles, such as those obtained from geotechnical 
boreholes, may be the only means by which certain parameters can be obtained. 
Detailed microzonation studies assist in defining the spatial variation in particular 
geotechnical data and it should be an objective of any urban scale seismic risk 
analyses to incorporate this information where it is available.  

7.2 CONSIDERATIONS FOR APPLICATION TO CASE STUDIES 

The three cases studies considered within SYNER-G provide important test applications for 
the general methodology. The following outlines some of the general considerations in each 
of the case studies, in addition to expected data availability. 

7.2.1 Thessaloniki 

 In the case of Thessaloniki detailed microzonation has been undertaken for the city 
(Anastasiadis et al. 2001), the results of which have already been applied to analysis of 
lifeline risk in previous projects (e.g. Pitilakis et al., 2006), including liquefaction hazard 
analysis. It is therefore, expected that as a minimum requirement, it is possible to 
characterise the study region in terms of NEHRP/Eurocode 8 Site class and liquefaction 
susceptibility index. It may also be anticipated that sound estimates of VS30 can be provided 
for much of the city. Extensive geotechnical borehole investigation has been undertaken by 
Anastasiadis et al. (2001), which provided a set of 1D profiles for representative sites across 
Thessaloniki. These have been used previously to implement nonlinear and equivalent linear 
analysis of site amplification, which may provide a basis for developing context specific 
amplification factors for use in the manner described in section 2.2.4. The primary focus of 
hazard in the Thessaloniki case study will be on strong shaking and site amplification, with 
liquefaction hazard being considered in the harbour region. 

7.2.2 Vienna 

The Vienna case study region covers a much smaller geographical extent than either the 
Thessaloniki or the L’Aquila case studies. Inventory and analysis is mostly confined to the 
20th district of the city. The small geographical area, extending no more than 2 km, clearly 
results in high spatial correlation (even for very short period motion) for all of the locations 
considered. As has been shown in section 5, spatial correlation models at very short 
distances are not very well constrained by observed data. In most cases the bin widths used 
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to sample the distances are on the order of 2 to 4 km. Consequently, it may be preferable to 
assume perfect correlation for all but the most peripheral sites of the test case.  

The 20th district of Vienna is located in very soft soil sediments between the Danube and the 
Danube canal. Given the proximity to the river, it is expected that the ground may have high 
or very high liquefaction susceptibility, and that site amplification will need to be considered 
very carefully. 

Whilst much of Austria may be considered a moderate seismicity region, several potentially 
active sources can be found in very close proximity to the city (Hinsch et al. 2005). The 
active sources are generally characterised by very low slip rates, on the order of 0.05 – 0.5 
mm/yr, which would typically suggest small recurrence rates for the various faults The 
largest historical earthquakes in this region have generally been on the order of 5.5 ≤ M ≤ 6, 
although recent studies have suggested the some segments could be capable of 
earthquakes greater than M 6 (e.g. Decker and Hintersberger, 2010). 

7.2.3 L’Aquila 

The potential seismic hazard to L’Aquila and the surrounding regions has been well-
illustrated by the 2009 earthquake (MW 6.3). Following the earthquake, detailed seismic 
microzonation analyses have been undertaken for the region (Compagnoli et al., 2011), with 
a particular focus on L’Aquila itself, where the earthquake was most destructive. 
Geotechnical observations from the L’Aquila earthquake, and investigations undertaken in 
the aftermath, indicate significant site amplification in parts of the region and a potential 
hazard from liquefaction and slope displacement.  

7.3 FUTURE RESEARCH DIRECTIONS 

The development of a broad methodology for generating the hazard input for multi-system 
analysis of seismic risk presents has presented several new challenges. It is clear that there 
will continue to be a need to constrain accurate models of spatial correlation and cross-
correlation of strong ground motion residuals, particularly at short separation distances. The 
application of the semivariogram approach to databases of strong motion records, rather 
than just records from a single event, extends the modelling of spatial correlation to regions 
where dense strong motion networks are not available. Furthermore, it also allows for spatial 
correlation and cross-correlation models to be developed in accordance with a particular 
GMPE, which may improve the consistency of application to different regions. This may help 
to elucidate any regional differences that may emerge in the spatial correlation models, in 
addition to better constraining “global” models of correlation and cross correlation.  

A second important issue that this material raises is the need for further development of data 
reduction techniques, such as those presented by Jayaram and Baker (2010a). It needs to 
be understood how the incorporation of spatial cross-correlation may influence importance 
sampling process, and what impact this may have on analyses of multi-system seismic risk.  

The incorporation of geotechnical information into the systemic analysis presents new 
modelling challenges. New models of permanent ground displacement, both analytical and 
empirical, are frequency limited in their application to spatial systems due to the detailed 
specification of the geotechnical input. In many cases, disparity between theory and 
application of geotechnical hazard analysis is largely attributable to deficiencies in the 
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geotechnical inventory. It is expected that more data will be assimilated and made available 
over time to better constrain the inputs needed for detailed geotechnical hazard analysis. 
When considering the use of empirical models of permanent ground displacement, however, 
it may be of great relevance to analyse the impact of spatial correlation, in addition to the 
modelling done via the strong motion residuals. It is recognised that site characteristics may 
show significant correlation over shorter distances. It may therefore be expected that the 
degree of site amplification or the probability or extent of permanent deformation will display 
spatial dependence. This particular issue has been addressed by Baker and Faber (2008), 
who implement a spatial simulation approach to generate spatially correlated random field of 
soil properties conditioned on a set of geotechnical observations. This is directly analogous 
to the conditional simulation methodology described in section 5. Such an approach could be 
integrated into the seismic hazard simulation model implemented in this work, although the 
feasibility may be determined largely by the quality and density of geotechnical observations. 
Application is best implemented on a case-by-case basis for a given region. 

The final issue that needs to be addressed in the implementation of multi-system analysis of 
seismic risk is that of model evaluation and validation. The impact of considering spatial 
cross correlation (as in the present work), or even geotechnical correlation (in future) 
remains to be tested for urban scale analysis. The case study applications that follow on 
from this deliverable may also bring to light deficiencies in the existing modelling and 
simulation process that may form the basis for future research in seismic risk analysis.  
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Appendix A 

A Site and Geotechnical Classifications 

A.1 EUROCODE 8 (CEN, 2004) 

Table A.1 Site Classification According to Eurocode 8 (expected VS30 for each class 
shown in parenthesis) 

Class Stratigraphy Vs30 (m/s) NSPT  Cu 

A Rock or rock-like geological formation, 
including at most 5m of weaker material at 

the surface. 

> 800 
[850] 

- - 

B Deposits of very dense sand, gravel or very 
stiff clay, at least several tens of metres in 

thickness, characterised by gradual increase 
of mechanical properties with depth 

360 – 800 
[550] 

> 50 > 250 

C Deep deposits of dense or medium-dense 
sand, gravel or stiff clay with thicknesses 
several tens to many hundreds of metres 

180 – 360 
[270] 

15- 50 70 – 250 

D Loose-to-medium cohesionless soil (with or 
without some soft cohesive layers), or of 
predominantly soft-to-firm cohesive soil. 

< 180 
[150] 

< 15 < 70 

E A soil profile consisting of a surface alluvium 
layer with Vs values of type C & D, and 

thicknesses varying between about 5m and 
20m, underlain by stiffer material with Vs30 > 

800 m/s 

- 
[300] 

- - 

S1 Deposits consisting of, or containing a layer 
at least 10 m thick, of soft clays/silts with high 

plasticity index (PI > 40) and high water 
content 

< 100  
[100] 

- 10 – 20 

S2 Deposits of liquefiable soils, of sensitive 
clays, or any other soil profile not included in 

types A – E or S1 

- - - 
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A.2 NEHRP (FEMA 450) 

Table A.2 Site Classification according to FEMA 450 and HAZUS (NIBS, 2004) 

Site 
Class 

Soil Profile 
Name 

Average Properties to 30 m (100 ft) 
VS30 (m/s) NSPT Cu (kPa) 

A Hard Rock  1500 [1500] N/A N/A 
B Rock  760 – 1500 [800] N/A N/A 
C V. Dense soil & 

soft rock 
 360 – 760 [550]  N > 50 Cu ≥ 100 

D Stiff soil profile  180 – 360 [270] 15 – 50   50 – 100 

E Soft soil profile  180 [150]   
E (b) - Any profile with the following: 

N < 15 
Cu ≤ 50 

Or with more than 3 m of soft clay, defined as soil with: 
Plasticity Index > 20 

Moisture Content > 40 % 
Undrained Shear-Strength Cu < 25 kPa 

F Requires site-
specific 

evaluations 

Any profile with the following characteristics: 
Soils vulnerable to failure under seismic loads (e.g., 

liquefiable soils) 
Peats & Organic Clays (H > 3 m) 

Very High Plasticity Clays (H > 25ft & PI > 75 
Very thick soft medium clays (H > 120 ft) 
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A.3 HAZUS GEOTECHNICAL CLASSIFICATION & PARAMETERISATION 

A.3.1 Liquefaction 

Table A.3 HAZUS Classification for Liquefaction Susceptibility Category 

Type of 
Deposit 

General 
Distribution 

of 
Cohesionless 

Sediments 

Likelihood that Cohesionless Sediments when 
Saturated would be Susceptible to Liquefaction (by 

Age or Deposit) 
< 500 year 
(Modern) 

Holocene 
(< 11 ka) 

Pleistocene 
11 – 2 Ma 

Pre-
Pleistocene 

> 2 Ma 
(a) Continental Deposits 

River Channel Locally 
Variable Very High High Low Very Low 

Flood Plain Locally 
Variable High Moderate Low Very Low 

Alluvial fan 
and plain Widespread Moderate Low Low Very Low 

Marine 
terraces and 

planes 
Widespread --- Low Very Low Very Low 

Delta and fan 
delta Widespread High Moderate Low Very Low 

Lacustrine and 
playa Variable High Moderate Low Very Low 

Colluvium Variable High Moderate Low Very Low 
Talus Widespread Low Low Very Low Very Low 
Dunes Widespread High Moderate Low Very Low 
Loess Variable High High High Unknown 

Glacial Till Variable Low Low Very Low Very Low 
Tuff Rare Low Low Very Low Very Low 

Tephra Widespread High High ? ? 
Residual soils Rare Low Low Very Low Very Low 

Sebka Locally 
Variable High Moderate Low Very Low 

(b) Coastal Zone 
Delta Widespread Very High High Low Very Low 

Esturine Locally 
Variable High Moderate Low Very Low 

Beach  
High Wave 

Energy Widespread Moderate Low Very Low Very Low 

Low Wave 
Energy Widespread High Moderate Low Very Low 
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Lagoonal Locally 
Variable High Moderate Low Very Low 

Fore shore Locally 
Variable High Moderate Low Very Low 

(c) Artificial 
Uncompacted 

Fill Variable Very High --- --- --- 

Compacted Fill Variable Low --- --- --- 

 

Table A.4 Proportion of Map Unit for Liquefaction Susceptibility Class (NIBS, 2004)  

Mapped Relative Susceptibility Proportion of Map Unit (Pml) 
Very High 0.25 

High 0.2 
Moderate 0.1 

Low 0.05 
Very Low 0.02 

None 0 

 

Table A.5 Probability of Liquefaction for Each Susceptibility Category (NIBS, 2004) 

Susceptibility Category P [Liquefaction | PGA = a] 
Very High 0 ≤ 9.09a - 0.82 ≤ 1 

High 0 ≤ 7.67a - 0.92 ≤ 1 
Moderate 0 ≤ 6.67a – 1.0 ≤ 1 

Low 0 ≤ 5.57a – 1.18 ≤ 1 
Very Low 0 ≤ 4.16a – 1.08 ≤ 1 

None 0 

 

Table A.6 Threshold PGA (g) for each Susceptibility Category (NIBS, 2004) 

Susceptibility Category PGA (t) 
Very High 0.09 g 

High 0.12 g 
Moderate 0.15 g 

Low 0.21 g 
Very Low 0.26 g 

None N/A 
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Table A.7 Liquefaction Settlement for each Susceptibility Category (NIBS, 2004) 

Relative Susceptibility Settlement (inches) 
Very High 12 

High 6 
Moderate 2 

Low 1 
Very Low 0 

None 0 

 

A.3.2 Landsliding 

Table A.8 HAZUS Landsliding Susceptibility Classification (NIBS, 2004)  

Geologic Group Slope Angle (Degrees) 
0 – 10 10 – 15 15 – 20 20 - 30 30 – 40 > 40 

DRY (groundwater below level of sliding) 
A Strongly Cemented 

Rocks (Crystalline rocks 
and well-cemented 

sandstone 

None None I II IV VI 

B Weakly Cemented Rocks 
and Soils (sandy soils 
and poorly cemented 

sandstone) 

None III IV V VI VII 

C Argillaceous Rocks 
(shales, clayey soil, 
existing landslides, 

poorly compacted fill) 

V VI VII IX IX IX 

WET (groundwater above level of sliding) 
A Strongly Cemented 

Rocks (Crystalline rocks 
and well-cemented 

sandstone 

None III VI VII VIII VIII 

B Weakly Cemented Rocks 
and Soils (sandy soils 
and poorly cemented 

sandstone) 

V VIII IX IX IX IX 

C Argillaceous Rocks 
(shales, clayey soil, 
existing landslides, 

poorly compacted fill) 

VII IX X X X X 
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Table A.9 Lower bounds for slope angle and critical accelerations for landsliding 
susceptibility categories (NIBS, 2004) 

Group Slope Angle, degrees Critical Acceleration (g) 
Dry Conditions Wet Conditions Dry Conditions Wet Conditions 

A 
B 
C 

15 10 0.20 0.15 
10 5 0.15 0.10 
5 3 0.10 0.05 

 

Table A.10 Critical accelerations and map area proportions for each landsliding 
susceptibility category (NIBS, 2004) 

Susceptibility 
Category 

None I II III IV V VI VII VIII IX X 

Critical 
Acceleration 

(g) 
None 0.60 0.50 0.40 0.35 0.30 0.25 0.20 0.15 0.10 0.05 

Map Area 0 0.01 0.02 0.03 0.05 0.08 0.10 0.15 0.20 0.25 0.30 
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Appendix B 

B Considered GMPEs for Application to Europe 

Region Reference IM NR NEQ R 
(Range) 

M 
(Range) 

T 
(Range) 

NT Soil Fault 

Europe 
& Mid 
East 

Ambraseys 
et al (1996) 

SaMAX  
(H & V) 

422 157 RJB 

(0 – 200) 
MS 

(4 – 7.5) 
0.1 – 2.0 46 R, SA, 

SS 
/ 

Ambraseys 
et al 

(2005a,b) 

SaMAX  
(H & V) 

595 138 RJB  
(0 – 100) 

 

MW  
(5 – 7.6) 

0 – 2.5 62 R, SA, 
SS 

SS, N, T, 
O 

Bommer et 
al (2007) 

SaGM (H) 997 289 RJB  
(0 – 100) 

MW  
(3 – 7.6) 

0 – 0.5 11 R, SA, 
SS 

SS, N, R 

Akkar & 
Bommer 
(2007a) 

PGVGM,MAX 532 131 RJB  
(0 – 100) 

MW 
(5 – 7.6) 

/ / R, SA, 
SS 

SS, N, R 

Akkar & 
Bommer 
(2007b) 

SdGM, 
PGAGM 

532 131 RJB  
(0 – 100) 

MW 
(5 – 7.6) 

0.05 – 4 
 

80 R, SA, 
SS 

SS, N, R 

Akkar & 
Bommer 
(2010) 

SdGM, 
PGAGM 

532 131 RJB  
(0 – 100) 

MW 
(5 – 7.6) 

0.05 – 4 
 

80 R, SA, 
SS 

SS, N, R 

Tromans & 
Bommer 
(2002) 

PGVMAX 249 51 RJB 

(1 – 359) 
MS 

(5.5 – 
7.9) 

/ / R, SA, 
SS 

SS, N, R 
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Bommer et 
al (2003) 

SaMAX, 
PGAMAX 

422 157 RJB 

(1 – 100]  
Mw  

(5 – 7.6) 
0.05 - 2 45 R, SA, 

SS 
SS, N, R 

 
France Berge-

Thierry et 
al. (2003) 

SaIND  

(H & V) 
965 (H), 
485 (V) 

/ RHYP 
(4 – 330) 

MS 
(4 – 7.9) 

0.002 - 
10 

 Rock, 
Alluvium 

/ 

 
Italy Sabetta & 

Pugliese 
(1996) 

SaMAX, 
PGVMAX, 
PGAMAX, 
PSVMAX, 

IAMAX 

95 17 REPI;RRUP 
(0 – 100)  

MS 
(4.6 – 
6.8) 

0.5 - 4 14 Stiff soil; 
shallow 

alluvium; 
deep 

alluvium 

/ 

Bragato & 
Slejko 
(2005) 

PGAVEC, 
PGVVEC, 
SaVEC, 

PSVVEC, IA 

1402 
(hor), 
3169 
(ver) 

246 REPI; RJB 

(0 – 130) 
ML 

(2.6 – 
6.3) 

0.1 – 2 46 Rock; 
stiff soil; 
soft soil 
(H/V) 

/ 

Frisenda et 
al (2005) 

PGA, PGV 14000 / RHYP 
(0 – 200) 

ML 
(≤ 4.8) 

/ / Rock; 
soil 

/ 

Massa et al. 
(2008) 

PGAMAX, 
PGVMAX, 
SaMAX, 

SvMAX, IA, SI, 
Td 

624 82 REPI 
(0 – 100) 

ML; MW 
(3.5 – 

6.3, ML) 

0.04 – 
2[4 - SV] 

12 [14] Rock; 
Stiff Soil; 
Soft Soil 

/ 

Bindi et al 
(2006) 

PGAMAX, 
PGVMAX, 

SaMAX 

 45 RHYP 
(1 – 100) 

ML 
(4 – 6) 

0.5 – 4 14 Rock; 
Soil 

/ 

Bindi et al. 
(2010) 

PGAMAX, 
PGVMAX, 

SaMAX 

561 107 REPI RJB  
(0 – 115) 

MW 
(4 – 6.9) 

0.03 - 2 21 Rock; 
shallow 

alluvium; 
Deep 

alluvium 

SS, N, R 
– Not 

significant 
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Greece Danciu & 
Tselentis 
(2007) 

Sa, EI, 
PGV, Ia, 

CAV, Ic, If, 
arms, SI – all 

GM 

335 151 REPI 

(1 – 150) 
Mw 

(4.5 – 
6.9) 

0.1 - 4 31 Rock, 
Soft Soil, 
Stiff Soil 

SS/N, R 

Skarlatoudis 
et al (2003) 

PGAARB, 
PGVARB, 
PGDARB 

619 225 REPI  
(1 – 160) 

MW 
(4.5 – 
7.0) 

/ / Rock, 
Soft Soil, 
Stiff Soil 

SS/N, R 

Boore et al. 
(2009) 

PGA, PGV, 
Sa, FAS 

92 1 RHYP 
(60 – 
500) 

/ [MW] 0.01 - 10 21 Rock, 
Stiff Soil, 
Soft Soil 

/ 

 
Turkey Kalkan & 

Gulkan 
(2004) 

 112 57 RJB 
(1.2 – 
250) 

MW 
(4 – 7.4) 

0.1 – 2.0 46 Rock, 
Stiff Soil, 
Soft Soil  

/ 

 
Spain Douglas et 

al (2006) 
   RJB MW     

Mezcua et 
al. (2008) 

PGA 250 149 REPI  
(5 – 100) 

MW 
(3 – 6.3) 

/ / Firm soil / 

 
Global Boore et al 

(1997) 
PGAGM, 

SaGM 

112 14 RJB 
(0 – 109) 

MW 

(5.3 – 
7.7) 

0.1 – 2.0 40 VS30 SS,R,U 

Boore & 
Atkinson 
(2008) 

PGAGMRotI50, 
PGVGMRotI50, 

SaGMRotI50 

1574 58 RJB 
(0 – 280) 

MW 
(4.3 – 
7.9)  

0.02 – 10  20 Vs30 SS, N, R, 
U 

Campbell & 
Bozorgnia 

(2008) 

PGAGMRotI50, 
PGVGMRotI50, 

SaGMRotI50 

1561 64 [RRUP| 
RJB] 

(0 – 200) 

MW 
(4.3 – 
7.9) 

0.02 - 10 20 Vs30, Z2.5 SS, R, N, 
HW 
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Cauzzi & 
Faccioli 
(2008) 

PGA, SaGM-

H, SaGM-V, 
Saζ 

1,164 60 RHYP 

(10 – 
150_  

MW 
(5.0 – 
7.2) 

0.05 - 20 400 CEN A, 
B, C and 

D 

SS, N, R 

Chiou & 
Youngs 
(2008) 

PGAGMRotI50, 
PGVGMRotI50, 

SaGMRotI50 

1950 125 RRUP 
(0 – 70) 

MW 
(4.3 – 
7.9) 

0.02 - 10 21 Vs30, Z1.0 SS, N, R, 
HW, AS 

Bozorgnia 
et al. 

(2010)1 

Sai 
1As Campbell & Bozorgnia (2008) 

 

Campbell & 
Bozorgnia 

(2010)1 

CAVGM, 
CAVS, IJMA 

1As Campbell & Bozorgnia (2008) 
 

Travasarou 
et al (2003) 

Ia 1208 75 RRUP 
(0.1 – 
250) 

MW 
(4.7 – 
7.6) 

/ / Rock, 
Stiff Soil, 
Soft Soil 

SS, N, R, 

Stafford & 
Bommer 
(2009) 

NEQ 2406 114 RRUP
 

(0.1 – 
100) 

MW 
(4.8 – 
7.9) 

/ / Vs30 / 

Bommer et 
al (2009) 

Td, Tb 2406 114 RRUP
 

(0.1 – 
100) 

MW 
(4.8 – 
7.9) 

/ / Vs30 R, SS 

 


