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ABSTRACT A seismic hazard assessment is often thought of as a process that calculates the mean
annual rates of exceeding given ground-motion values on rock at a specific location.
However, in many applications this view is reductive. A more complete definition
should account for the hazard due to other effects induced by seismic activity at a
site, such as the effect of soil deposits (including cyclic mobility and liquefaction) and
topography on surface ground-motion, and for sites on slopes and for those straddle
by fault lines, the effects of slope instability and of possible tectonic movements along
faults. Moreover, for some coastal sites the effects of tsunami waves, not discussed in
this paper, should be taken into account. The aim of this article is to present an overview
of different probabilistic methods for advanced site-specific seismic hazard applications
based on an extensive literature review and authors’ experience. Application to real
cases is also presented and discussed.
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1. Introduction

The design of critical facilities like nuclear power plants (NPPs), nuclear waste repositories,
pipelines (e.g., oil and gas pipelines), offshore platforms, major bridges, and hydraulic dams
requires detailed geo-hazard studies in order to quantify the level of seismic risk to which
such facilities are exposed. For instance, estimation of potential fault displacement may be
fundamental for the design of pipelines, bridges and dams to prevent their failure due to
damage from tectonic movement that may occur during their operational life [e.g., Alyeska
pipeline (Alaska) that survived the 2002 Denali earthquake of magnitude 7.9 (e.g., Cluff et al.,
2003; Hall et al., 2003; Sorensen and Meyer, 2003)]. Similar considerations apply to landslide
movements and shaking levels induced by earthquake activity.

The term “Probabilistic Seismic Hazard Analysis” (PSHA) is commonly used to indicate
a method to assess the ground-motion level expected with different likelihood at a rock site
during a given period of time. This definition, however, is sufficient only in a relatively minor
number of applications. A more general definition of PSHA should take into account a variety
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of earthquake-induced effects, such as fault displacement, slope displacement, liquefaction
settlement, tsunami wave’s maximum amplitude and velocity, and the ground shaking at the
surface, both on flat ground conditions, which in most cases are represented by soil deposits,
and on steep hills and ridges. In many cases site-induced phenomena are indeed responsible
for a significant portion of the total damage and losses after earthquakes. The Indian Ocean
tsunami following the December 2004 Sumatra earthquake, which killed more than 200,000
people [e.g., EERI, 2005], the tsunami generated by the 2011 Tohoku (Japan) earthquake,
which caused more than 15,000 fatalities and was responsible for the Fukushima NPP
accident (e.g., Fujii ef al., 2011), and the extensive liquefaction caused by the February 2011
Christchurch earthquake (e.g., Cubrinovski et al., 2011; Mucciarelli, 2011), albeit rare, are
perfectly fitting examples. Other noteworthy examples are the destructive Huascaran avalanche
associated with the 1970 Peru earthquake (Ericksen et al., 1970) and the numerous land and
rock slides and debris flows triggered by the more recent Wenchuan (China) 2008 earthquake,
causing about 20,000 fatalities at over 15,000 sites (Yueping et al., 2009). Therefore, a PSHA
should be rather viewed as a process that calculates the rate of occurrence of an earthquake-
induced effect (e.g., level of shaking, fault displacement, slope displacement) at a site during a
given period of time (e.g., McGuire, 2004). Independently of the induced hazard, the temporal
occurrence of earthquakes can be modeled either as time-independent (e.g., Frankel et al.,
1996, 2002; Gruppo di Lavoro MPS, 2004; Petersen et al., 2008) or a time-dependent process
(e.g., Cornell and Winterstein, 1988; Working Group on California Earthquake Probabilities,
1995; Cramer et al., 2000; Matthews et al., 2002; Pace et al., 2006; Petersen et al., 2007,
Akinci et al., 2009). A schematic diagram illustrating the procedure for conducting a PSHA at a
site for a generic earthquake effect C is shown in Fig. 1. Mathematically, it can be summarized
as follows (McGuire, 2004):

A,(C>0)=v [[P[C>cl|Satl) P[5 atl] d5 dl (1)

where ﬂ.j (C > c¢) is the annual rate that an earthquake-induced effect C exceeds a value ¢ at
a given site from an event caused by source j, v, indicates the mean rate of occurrence of
earthquakes above a minimum magnitude of interest caused by source j, P [C>c |'s at ] is
the probability that ¢ is exceeded at the site conditional on an earthquake with properties 5 at
location / on source j, and P [s at [] indicates the annual probability that an earthquake with
source properties s occurs at location /.

The aim of this work is to review probabilistic approaches for a comprehensive evaluation of
the seismic hazard for the design and assessment of critical facilities. To this end, the following
earthquake-induced hazards should be taken into account and evaluated: ground-motion hazard
at site surface, slope displacement hazard, fault displacement hazard, and, for coastal sites,
tsunami wave hazard. Concerning ground-motion hazard, site effects cannot be neglected, as
the severity and frequency content of the ground shaking at a site are significantly dependent on
the soil characteristics and local geomorphological features. The quantification of these effects
is of primary importance for an accurate site-specific ground-motion hazard assessment [e.g.,
Costantino et al., 1993; EPRI, 1993; Field and Petersen, 2000; Field and the SCEC Phase III
Working Group, 2000; McGuire et al., 2001, 2002; Baturay and Stewart, 2003; Cramer, 2003;
Bazzurro and Cornell, 2004a, 2004b) that includes the linear/nonlinear response of soil and the
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1) This step divides earthquake threat into sources (faults
or areal sources) that generate earthquakes whose
uncertain locations in space lead to distributions of
distances. The uncertainty in source-to-site distance can
be described by a probability density function f(r|m) that
is conditional on magnitude.

3) This step calculates the conditional probability of
exceeding a specified value, y* of the interested
parameter (e.g., ground acceleration, fault displacement,
slope displacement), Y, for a given magnitude, m,
distance, r, and ¢ standard deviations away from the
median value predicted by an attenuation relationship for

2) This step characterizes the seismicity of each source by
specifying the distribution of earthquake magnitudes in a
given period of time (i.e., number of earthquakes, A, of
magnitude m,,, <= m <= M, per unit of time). The

probability distribution of magnitude can be expressed in
terms of a probability density function f, (m).
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4) This step calculates the probability of exceeding y*in a
given period of time, #, by integrating over m, r, and €. A
Poisson process is generally assumed to model the
occurrence of earthquake effects. Using alternative inputs
leads to alternative hazard curves that can be reduced to a
mean curve and a set of percentile curves.

that parameter.

log(P[Y > y*])

’ e log(y*)

Fig. 1 - Four steps of a generic PSHA (after McGuire, 2004).

influence of local geomorphology (e.g., topographic effects, basin effects). Note that, to some
extent, all hazards mentioned above have been considered in studies for critical facilities as far
back as the 1990s. However, some of them have been often addressed in a deterministic manner
rather than using fully probabilistic approaches. It should be noted, however, that this article
does not intend to discuss the merits and demerits of probabilistic and deterministic approaches
to seismic hazard assessment. The purpose, here, is simply to present a critical review of
existing probabilistic methodologies that may not always be required or even appropriate for
some hazard assessment applications.

In this article, we explore the multiple facets and criticalities of ground-motion hazard,
focusing on methodologies that allow for the effects produced by soil deposits and topography
on ground shaking. Slope displacement hazard will be also discussed in depth and a few words
will also be spent on fault rupture hazard. Due to space limitations, liquefaction hazard and
tsunami hazard will not be addressed here. Concerning liquefaction hazard, the interested
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reader is referred to studies such as Atkinson et al. (1984), Martin et al. (1999), Juang et al.
(2001, 2002, 2008), Kramer and Elgamal (2001), Hwang et al. (2005), Kramer and Mayfield
(2005, 2007), Finn and Wightman (2007), Goda et al. (2011). Regarding tsunami hazard,
readers are referred to the studies of Lin and Tung (1982), Rikitake and Aida (1988), Downes
and Stirling (2001), Geist and Parsons (2006), Annaka et al. (2007), Pacific Gas and Electric
Co. (2010). Besides methodologies, the article will also present various case studies, showing
applications of different approaches to handle specific induced effects within the wider PSHA
framework. Criticalities related to PSHA will be also addressed, highlighting the importance of
acknowledging and documenting sensitivity and uncertainty for a correct understanding and use
of PSHA results.

2. Ground-motion hazard

The fundamental concepts of modern Probabilistic Ground-Motion Hazard Analysis (PGMHA)
date back to 1968 when Cornell published his seminal work, introducing a method for evaluating
the likelihood of exceedance (or occurrence) of a given earthquake ground shaking level at a site
during a given period of time (Cornell, 1968). Although the original approach conceptually still
holds, substantial progress has been made to refine the methodology. Recent advances in PGMHA
have concerned the introduction of the logic tree formalism (Power et al., 1981) to account for
the epistemic uncertainty affecting input models and parameters as well as the introduction of
sensitivity and uncertainty analyses aimed at the identification of the models and parameter values
that have the highest influence on the hazard and its uncertainty (e.g., Rabinowitz and Steinberg,
1991; SSHAC, 1997; Griinthal and Wahlstr6m, 2001; Barani et al., 2007). Another important
contribution to the progress and refinement of the original methodology is related to the hazard
disaggregation process (e.g., Chapman, 1995; McGuire, 1995; Bazzurro and Cornell, 1999;
Barani et al., 2009) which provides insights into the earthquake scenarios driving the site hazard
at given ground-motion levels.

PGMHA has since become a diffuse practice both in the scientific and engineering communities.
Nowadays, many countries in the world have their national hazard map and many more which
currently lack one will have a seismic hazard map to adopt, should they desire to do so, when the
Global Earthquake Model (GEM: www.globalquakemodel.org/) will release its results in 2014.
Moreover, many national and international building codes [e.g., Eurocode 8 (EC8): CEN, (2003);
National Earthquake Hazard Reduction Program (NEHRP): BSSC, (2003); Italian building code:
Ministero delle Infrastrutture e dei Trasporti, (2008)] use probabilistic ground-motion values
(i.e., ground-motions with a certain probability of exceedance in a given time period) to define
the seismic forces and displacement values to be used during design. Similarly, seismic design
procedures and criteria for petroleum and natural gas platforms and other facilities (International
Standard Organization for Standardization, 2004) are based on ground-motion levels corresponding
to a specific mean return period (MRP which is defined as the reciprocal of the mean annual rate
of exceedance MRE). Hence, the demand for probabilistic ground-motion hazard evaluations
has significantly increased in recent years. However, it is noteworthy that many ground-motion
hazard studies are conducted for rock conditions (generally, the term “rock” is used to indicate

sites with average shear wave velocity, V, ;. in the top 30 m of a soil profile greater than 760 - 800
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m/s) and almost the totality of such studies implicitly assumes flat topography, thus neglecting the
influence of local geology and geomorphology. Although the assumptions of rock conditions and
flat topography are acceptable in the case of large-scale hazard mapping, they may not be when
a hazard analysis is used for the design of a critical facility. Indeed, neglecting site response may
result in a severe underestimation of the local hazard.

As conventional methodologies for rock ground-motion hazard assessment have been largely
described in the scientific literature (e.g., Kramer, 1996; McGuire, 2004, 2008), here we focus on
site-specific approaches that account for the effects of local soil properties and geomorphology
on the ground-motion.

2.1. Soil effects in PGMHA

The effect of local soil deposits on probabilistic hazard estimates of ground-motion at the
site surface is sometimes neglected or treated with little rigor. Two simple approaches are often
used. The first, which is typically applied in the case of noncritical facilities, consists of using one
or more ground-motion predictive equations (GMPEs) with parameter values tuned for specific
soils classes. In other words, this approach assumes that the soil conditions at the site resemble
those at the seismic stations in the database considered for the development of the GMPEs used
in the PGMHA. “This approach ignores virtually all site-specific information and, therefore,
produces only a broad, generic assessment of the hazard” (Bazzurro and Cornell, 2004b) and
likely results in an overestimation of the true but unknown site hazard. Another widely used
approach consists of multiplying the probabilistically evaluated hazard on rock by deterministic
oscillator-frequency-dependent (or, sometimes, independent) amplification functions (or factors)
derived, for example, from numerical soil response analysis. Although a suite of recorded or
synthetic seismograms is generally driven through a numerical model of the soil column to
extract the single deterministic value used, this approach essentially neglects the amplification
factor record-to-record variability and the negative correlation between the input ground-motion
intensity measure (IM) at the bedrock and the amplification factor, which is caused by the effects
of soil nonlinearity. Moreover, “it produces surface ground-motion levels whose exceedance
rates are unknown, non-uniform, inconsistent across frequency and generally nonconservative”
(Bazzurro and Cornell, 2004b). In many applications, deterministic amplification functions are
replaced by average amplification factors extracted from national building codes which, however,
may only be loosely representative of the actual local soil conditions and may embed a level of
conservatism that is, in general, unknown.

To the extent that soil amplification analyses provide an adequate representation of the dynamic
soil behavior under the impact of strong ground-motion, the method proposed by Bazzurro and
Cornell (2004a, 2004b; hereinafter called BC method or BC approach) overcomes the previous
limitations by accounting for local soil conditions and by incorporating the amplification
function variability and the correlation between bedrock input and amplification function,
Y = AF (f), which is defined as the ratio of the spectral acceleration at the surface Z =S (f) to
the rock-level spectral acceleration X = S (/). The BC method, which is based on convolution
(e.g., Benjamin and Cornell, 1970), consists of combining in a probabilistically robust way the
rock-hazard curve with the probability distribution of the amplification function obtained from
numerical soil response analyses:
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G, ()= P[Y > §|x}fx (D)dx =[Gy [i\x]fx (x)dx 2)

where G, (z) is the complementary cumulative distribution function (CCDF) of the spectral
acceleration at the soil surface S* (f) [in other words, G, (z) is the sought hazard curve for

S (I P[Y = E‘x} is the probability of exceeding a ground-motion amplification value z/x
X

conditional on a rock-level amplitude x, f, (x) is the probability density function of the spectral
acceleration on rock S’ (f) (it can be obtained by differentiating the rock-hazard curve), and
G, 1s the CCDF of the amplification function Y conditional on a rock-level amplitude x. More

specifically, G, is given by:

ny[i‘x] -0 bl ) 3)
X

Onyrx

where @ [] indicates the complementary standard Gaussian CDF. Estimates of the conditional
41y (¥, and the conditional standard deviation of In(Y), g, , ., can be found by driving
a suite of appropriately selected rock ground-motion recordings through a numerical model of the
soil column and then regressing, for each frequency f, the values of In(Y) on In(X). The earthquake
recordings used in the ground response analysis should be, to the extent possible, consistent with
the scenario events controlling the site hazard as identified via hazard disaggregation. Furthermore,
the definition of the IM of the input ground-motion should be consistent with that used by the
developers of the GMPE adopted for the rock PGMHA. More specifically, if one uses a standard
GMPE developed for the geometric mean of a ground-motion parameter, then the same geometric
mean of the two components should be used during the statistical regression performed for the
estimation of AF (f) (Baker and Cornell, 2006; Barani et al., 2010). A careless selection of
ground-motion records and the mismatch between the definition of the IM in the GMPE and the
IM used during regression would introduce potentially significant inaccuracies in the estimate of
the annual rates of exceeding given ground-motion values at the soil surface. Of course, the same
consistency of IM definition has to be assured also when the GMPE used in the rock PGMHA is
developed for the larger of the two horizontal components of the ground-motion.

Therefore, the BC method can be summarized in three major steps: 1) calculation of the rock-
hazard curve at the study site; 2) determination of AF' ( f) via regression analysis of data extracted
from analytical soil responses; 3) convolution of the hazard curve on rock with the soil response
function.

Concerning predictors in the regression model, S” (f) was found the single most helpful
parameter for the prediction of AF (f) at the same oscillator frequency. S’ () was found more
informative than peak ground acceleration (PGA) and/or the pair of magnitude and distance values
of the event that generated the rock input motion (Bazzurro and Cornell, 2004a). Therefore, a
single regression model in S (f) is sufficient to provide accurate and effective predictions of
AF (f) at a specific frequency, f. As an example, Fig. 2 shows the relationship between S’ ( f)

median of Y, i
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and AF (f) at an oscillator frequency of 3.5 Hz for a site in western Liguria characterized by
recent alluvial deposits (mainly composed of gravel, sand, and silty-sand) of approximately 70
m thickness [for details see Pelli ez al., (2006)]. For the same site, Fig. 3 compares the median
and 85" percentile uniform hazard spectra (UHSs) on rock for an MRP of 475 years with those
incorporating soil effects. The median UHS corrected by the EC8 type B-soil amplification
factor (S = 1.35) is also displayed for comparison (hybrid spectrum). The figure clearly shows
significant ground-motion amplification for oscillator frequencies between around 1 Hz and 4
Hz. In particular, at a frequency of 3.5 Hz, the median spectral acceleration hazard increases of
approximately 33%, from around 0.43 g on rock to 0.57 g at surface. At the same frequency, the
soil spectral acceleration resulting from the application (at each frequency) of the EC8 ground
factor to the median rock UHS is compatible with that obtained using the fully probabilistic
approach. However, for frequencies above 3.5 Hz, the hybrid spectral acceleration values are
significantly larger than those from the probabilistic method. Conversely, they are lower for
frequencies below 3.5 Hz. The lesson from this simple example is that the application of average
soil factors extracted from building codes to a rock UHS may yield response spectra that may
be either over-conservative or under-conservative (with respect to the soil UHS resulting from
the fully probabilistic approach) dependently of the frequency range. However, neglecting site
amplification may result in non-conservative hazard estimates, particularly in the frequency range
around the fundamental frequency of the soil deposit. In other words, critical facilities designed
neglecting local site effects within the framework of PGMHA may have lower and unknown
margin of safety than expected. Note that if the application at hand suggests that more than one
ground-motion parameter is deemed necessary for representing the ground-motion hazard at the
soil surface, then the scalar PGMHA can be replaced by its vectorized version (Bazzurro and
Cornell, 2002) and multiple regression of the analytical soil responses will be necessary to assess
the joint hazard at the soil surface (Bazzurro and Cornell, 2004b).

Besides the approach discussed above, Bazzurro and Cornell (2004b) proposed a more
straightforward (but approximate) method that consists of including AF(f) directly into an
existing rock GMPE for S” ( f), thus transforming it into a site-specific GMPE. This simplified
approach will be discussed in the next section when it will be applied for the surface ground-
motion hazard assessment of a rock site at the top of a ridge. Note that a probabilistic, albeit less
robust, methodology using site-amplification distributions to modify existing rock GMPEs into
site-specific relations was also proposed by Cramer (2003, 2005) but it will not be discussed
here.

2.1.1. Including soil property uncertainty into AF( f)

Careful readers may have noticed that the example presented in the previous section neglects
the AF ( f) variability produced by the uncertainty in the soil characteristics. Incorporating the soil
property uncertainty into a site-specific PGMHA can be achieved by Monte Carlo randomization
of the soil properties used in the ground response modeling and then by running numerical
simulations for all randomized soil columns (e.g., Bazzurro and Cornell, 2004a; Prieto and Ramos,
2006; Barani et al., 2008). On this subject, Barani et al. (2012a) point out the importance of
modeling the uncertainties affecting the local soil stratigraphy and the soil parameters. They found
that, for the case studies presented in their paper, the largest contribution to the total uncertainty
in the amplification function is due to the uncertainty in the soil characteristics rather than to the
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Fig. 4 - Families of amplification functions reflecting: a) the variability of the input motion alone and b) both the input
motion variability and the soil property uncertainty for a target site in northern Tuscany.

record-to-record variability of the input bedrock motions. This is visible in Fig. 4 where, for the
S2a site in northern Tuscany in the article of Barani et al. (2012a), a comparison is presented
between the uncertainty in AF (f) caused by the variability of the input motion alone (Fig. 4a)
and the uncertainty in AF(f) resulting from both the record-to-record variability and the soil
property uncertainty (Fig. 4b). These findings differ from those in Bazzurro and Cornell (2004a),
who analyzed two offshore sites characterized by different 100 m deep soil deposits (a saturated
sandy site and a saturated soft clayey site) and found the bedrock ground-motion variability to
have a larger impact on the AF(f) than the uncertainty in the soil parameters. Although the
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reasons of the difference have not yet been fully investigated, it can be observed that Barani
et al. (2012a) adopted a linear-equivalent soil response approach as opposed to the non-linear
soil response method used by Bazzurro and Cornell (2004a). Moreover, the analyses by Barani
et al. (2012a), unlike those by Bazzurro and Cornell (2004a), do not drive the soil columns to
high nonlinear responses. The suite of seismograms employed by Barani et al. (2012a) covers a
PGA range from 0.02 g to 0.54 g, inducing only minor nonlinear soil effects, while that used by
Bazzurro and Cornell (2004a) includes very strong motion recordings with horizontal PGA up to
1.5 g. This larger range of input motions may result in a larger record-to-record variability than
that found by Barani er al. (2012a). Perhaps more importantly, however, Barani et al. (2012a)
modeled the uncertainty in more aspects of their analysis than Bazzurro and Cornell (2004a)
did. They considered a more significant seismic impedance contrast between the bedrock and
the overlaying alluvial deposits and considered the bedrock stiffness and the soil column depth
as random variables (particularly important at one site where bedrock depth was unknown). An
exhaustive sensitivity analysis has revealed that, for the case studies analyzed by Barani et al.
(2012a), the shear wave velocity (V) is the dominant factor controlling the total uncertainty in
AF (f) and soil fundamental frequency. The uncertainty affecting the soil layer thickness (i.e.,
the uncertainty in the bedrock depth) may also contribute largely to the total AF (f) uncertainty,
especially in the case of profiles with very uncertain bedrock depth (Barani et al., 2012a). From
these early findings it appears that the uncertainty in the soil characteristics should be taken into
account in the assessment of surface hazard, especially in those cases where significant impedance
contrasts are present.

2.2. Topographic effects in ground-motion hazard analysis

The influence of topographic irregularities and, more generally, the effects of geomorphology
are virtually neglected in traditional PGMHA [however, they are considered in the simulation-
based seismic hazard studies at the Southern California Earthquake Center (SCEC) (e.g., Field
and the SCEC Phase III Working Group, 2000; Graves et al., 2010)]. However, it has long
been recognized that geomorphology (e.g., topographic irregularities and alluvial valleys) may
have a strong impact on the level and frequency content of the ground-motion induced by an
earthquake at a site (e.g., Davis and West, 1973; Geli et al., 1988; Kramer, 1996; Bard and Riepl-
Thomas, 1999; Paolucci, 2002; Bouckovalas and Papadimitriou, 2005; De Ferrari et al., 2010).
Therefore, site-specific PGMHA should not neglect the amplification effects related to particular
geomorphological features. To this end, Barani et al. (2012b) developed a method that allows
the inclusion of rock topographic irregularities in the framework of PGMHA. The method is
an extension of the original BC approach and, to the extent that the real response of the crest or
ridge is accurately represented by the 2D (or 3D) response computed by the software at hand, it is
applicable to any kind of rocky crests or ridges that may affect site response.

Compared to the original BC approach for 1D soil amplification, the method of Barani et
al. (2012b) does not require the convolution between a site-specific response function and
the reference hazard at the base of the topographic formation. Rocky ridges behave as perfect
linear bodies and, consequently, the ground-motion amplification at the top of a ridge does not
significantly vary with the input motion level and with its frequency content, which is controlled
by the magnitude of the causative event and, to a lesser extent, by the source-to-site distance. In
other words, if the ridge can be assumed to be a homogeneous rock system, then its resonance
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frequency is rather insensitive to the amplitude and frequency content of the input motion. As an
example, Fig. 5 shows the variation of AF ( f) as a function of magnitude, epicentral distance, and
spectral acceleration for f= 100 Hz (= PGA) at the top of the Narni ridge in the central Apennines
[details on calculations can be found in the article of Barani ez al. (2012b)]. Similar trends were
obtained at other frequencies. Hence, the site amplification estimated via numerical simulation
can be directly included into an existing rock GMPE for S (f) [Barani et al., (2012b), see also
Bazzurro and Cornell, (2004b)]:

In S:rm (f)=InS, (H)+ €5, (HOms, () T InAF(f)+ €1 ar (O maF(s) 4)

where S (f) is the spectral acceleration at the crest of the ridge, lnm is the median of
S (f) predicted by a GMPE given M and R (and, possibly, other characteristics such as the source
mechanism), In AF(f) can be estimated (for each frequency) by averaging over the In AF(f)
values resulting from 2D (or 3D) numerical simulations, o, SO ando, . .y are the standard errors
of In' § (f), conditional on M and R, and In AF(f), and ¢ and ¢ are standard normal

In S,(f) In AF(f)
variables.

The dispersion measure for In S (f) at the crest of the ridge can be simply calculated as:
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Note that, as the resonance of rocky crests and ridges displays only minor sensitivity to the
characteristics of the incoming seismic motion, sufficiently accurate estimates of In AF(f) and
O ar(p) CAN be obtained by using very few records in the numerical simulations.

Fig. 6 compares the PGA, 1.67 Hz and 6.67 Hz spectral acceleration hazard curves at the base
(dashed line) and top (solid line) of the Narni ridge (Barani et al., 2012b). Similarly to the example
in Fig. 3 for 1D soil amplification assessment, it is apparent that neglecting site amplification
produced by topographic irregularities may result in severe hazard underestimation, particularly
in the frequency range where larger amplification is observed [in this example, at approximately
1.6 Hz and between 5 Hz and 8 Hz (Massa et al., 2010)]. For instance, for an MRE of 0.0011/yr
(MRP of 1000 years), the PGA hazard increases by approximately 42%, from 0.19 g to 0.27 g.

Presumably, the method described above can be extended with some changes to non-
homogeneous ridges characterized by a soil cover at the surface or to alluvial valleys where basin
geometry and filling sediments contribute to the definition of site response. The key aspect of
this extension is whether the responses of these more complex irregularities can be considered
realistic. This validation would require a wealth of real recordings at the base and at a top of
ridges that, unfortunately, is currently unavailable. However, studies available from the literature
(e.g., Pischiutta et al., 2010; Lovati et al., 2011; Barani et al., 2012b) evidence that numerical
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analyses often yield an underestimation of the actual amplification measured via experimental
methods. Possible causes for this may be related to oversimplification of numerical modeling or
to analytical solutions, which could be unable to effectively reproduce the wave-field modified
by topographic irregularities. Assuming for the sake of this discussion that the software adopted
for the ridge response is reliable as well as the 2D or 3D model, a regression equation predicting
the soil amplification as a function of one or, possibly, more rock ground-motion parameters is
required. Again, the uncertainty affecting soil parameters could be taken into account through
Monte Carlo randomization (see previous section) if enough computing power is available for
performing many analyses using 2D or 3D models of the ridge. As in the case of flat soil sites, if
a linear predictive model for In AF'(f) in terms of In §_(f) is appropriate, then Eq. (4) becomes
[the complete mathematical formulation can be found in the article of Bazzurro and Cornell
(2004b)]:

lnSacrest(f):cO+(cl+l)lnSa(f)+(Cl+1)8 +& (o}

s, s ¥ Emarcr) Omarr) (6)
where ¢, and ¢, are coefficients obtained from the regression of In AF (f)onIn S (f).

As a consequence, the term o ¢ . in Eq. (5) will be multiplied by (¢, + 1)

Alternatively to this simplified approach, one may prefer to apply the more rigorous method

described in Section 2.1.

3. Slope displacement hazard

A further extension and refinement of the original probabilistic BC approach for 1D site
amplification assessment is that of Barani et al. (2010) for the evaluation of permanent slope
displacements induced by earthquake activity (the method is also applicable to embankments and
earth/rockfill dams). Basically, the method, which conceptually originated from an early work of
Bazzurro et al. (1994), uses a set of 2D (or 3D) numerical analyses to establish a probabilistic
relationship (soil response function) between one or more ground-motion parameters and the
permanent displacement at a specific location within the slope under study. Again, the soil
response function can be coupled with the rock-hazard curve to establish the MRE of permanent
slope deformations of different severity (Bazzurro et al., 1994; Rathje and Saygili, 2008).

Contrary to the previous sections, we do not focus here on theoretical and methodological
aspects of the procedure for probabilistic slope displacement hazard analysis (PSDHA), as
the method is very similar to that presented in Section 2.1 and, moreover, it is exhaustively
described in the article of Rathje and Saygili (2008). Rather, we turn the attention on advantages
and disadvantages of methods used to estimate the seismic performance of slopes and on the
effectiveness (i.e., predictive power) of different parameters in predicting soil displacement.

Seismic slope performance can be assessed in different ways, ranging from simple pseudo-
static procedures, which consider the seismic shaking as an additional force, to advanced non-
linear dynamic analyses. One of the most widely used procedures for evaluating earthquake-
induced slope displacements is the Newmark (1965) sliding-block method (e.g., Miles and Ho,
1999; Barani et al., 2007) that simplifies a potential failure mass as a rigid-block sliding on an
inclined plane. The permanent displacement of the sliding mass is calculated by double-integrating
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the parts of the block acceleration time history that exceed a critical acceleration value (i.e.,
critical acceleration) as a function of time. The main advantage of Newmark’s (1965) method is
its theoretical and practical simplicity. However, it presents some limitations that are the result
of several simplifying assumptions (Wartman et al., 2003). Chief among these is the assumption
that the landslide mass is hypothesized to behave in a rigid, perfectly plastic manner. While this
assumption is reasonable for relatively thin landslides characterized by stiff or brittle materials,
it may introduce significant bias as landslide masses become thicker and material becomes
softer (Jibson and Jibson, 2003). To avoid such limitations, Makdisi and Seed (1978) proposed a
decoupled procedure that, contrary to the Newmark (1965) rigid-block approach, accounts for the
dynamic response of the sliding mass. The method consists of first running a dynamic analysis
(generally 1D) of the slope assuming that no relative displacement occurs along the failure surface
and then of using the resulting acceleration time history as the input for a rigid-block calculation.
However, the decoupled analysis may not be very effective as it does not account for the effects
of slope slip on the resulting ground-motion (Lin and Whitman, 1983). A more advanced method
is the so-called “coupled procedure” in which the dynamic response of the sliding mass and the
permanent displacement are modeled together. We applied these three procedures to the Salcito
landslide [a detailed description of the analysis can be found in the article of Barani et al. (2010)]
which was re-activated following the October 31, 2002 Molise earthquake, M, = 5.8 (Bozzano
et al., 2008). Specifically, the coupled analysis was performed by applying the finite-element
computer program FLAC 5.0 (Itasca Consulting Group Inc., 2005) to a simple numerical model
that simulates an infinite slope. Non-linear constitutive relationships for the soil formations were
included in the slope model which also accounts for the pore pressure distribution through a
preparatory stationary ground flow analysis. Concerning the coupled analysis, the ground response
was evaluated through 1D numerical simulation performed using Shake91 (Idriss and Sun, 1993).
The same suite of rock input motions was used in both the coupled and decoupled analysis as well
as in the Newmark (1965) sliding block calculation. As a result of the comparison of the slope
displacement values calculated using these three alternative approaches (Fig. 7), the following
observations can be drawn:

1. double integrating acceleration time histories recorded on rock, without keeping into
account site amplification, may severely under-predict slope displacements (up to 50% or
more) and, consequently, should be avoided in the case of unstable masses characterized by
thick and/or soft soils;

2. the decoupled approach can provide displacements similar to those achieved by the coupled
procedure provided that the excess pore pressure (in case of saturated soil mass) is properly
estimated and taken into account.

Another important issue that deserves special attention within the framework of PSDHA
regards the predictors used in regressing soil response models. Here more than in other hazard
applications, distinction should be made between frequency-dependent and -independent ground-
motion IMs. Many studies (e.g., Jibson, 1993; Harp and Wilson, 1995) pointed out that ground-
motion IMs that capture the intensity of the motion across a range of frequencies, such as the
Arias intensity, I (Arias, 1970), and Housner intensity, S/ (Housner, 1952), correlate better with
landslide displacement than frequency-dependent IMs, such as PGA or spectral acceleration. In
particular, I was found to be the most efficient IM for stiff slopes while SI is preferable for
flexible slopes with initial fundamental period between 0.6 and 2.0 s (Makdisi and Seed, 1978;
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D, displacements obtained for the Salcito (southern Italy) landslide (after Barani et al., 2010).

Bray, 2007; Barani et al., 2010). Among period-dependent IMs, the spectral acceleration at the
slope fundamental period, S (T), or at a degraded period equal to 1.5 times 7, (the degradation
factor is introduced to account for soil nonlinearity) are generally the most informative IMs
(e.g., Travasarou and Bray, 2003; Bray, 2007; Barani et al., 2010). As a consequence, neglecting
frequency-dependent parameters that carry implicit information on the soil fundamental frequency
may result in a less accurate prediction of slope displacement. Generally, single regression models
in either I, S1, S (T), or S (1.5T) allow sufficiently accurate predictions. However, in the case of
complex resonance phenomena (e.g., landslide mass characterized by more than one resonant soil
layer above the bedrock), multiple regression models incorporating information about the natural
frequency of each resonant soil layer may yield a lower error in predicting soil displacement. In
these cases, ground response results must be coupled with a vectorized version of PSDHA rather
than its more conventional scalar counterpart. The mathematical formulations of both scalar and
vectorized PSDHA are presented in the article of Rathje and Saygili (2008) and are not reported
here for brevity.

4. Probabilistic fault displacement hazard assessment (PFDHA)

According to the definition by Coppersmith and Youngs (2000), “fault displacement hazard
is the hazard related to differential slip that occurs at the surface along a seismogenic fault or
along secondary faults triggered by the seismogenetic rupture”. While deterministic approaches
based on simple identification of active faults that may produce surface displacements are still
largely applied for the siting of critical facilities, probabilistic methods for fault displacement
hazard are rarely used due to their complexity, immaturity of analytical models [which leads
to greater uncertainty in the computed hazard (Youngs et al., 2003)] and, above all, to limited
availability of fault-specific information based on post-seismic and paleoseismic data. Thus, the
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design of facilities against surface fault rupture is often guided simply by common sense by
avoiding structures across active faults. Of course, this approach cannot be applied during the risk
assessment of existing facilities, where PFDHA is the only sound option.

Definition and characterization of active faults are critical aspects of both deterministic and
probabilistic techniques as they often require expensive site-specific investigations, particularly
in those cases of blind deep sources. In these cases, the analysis of epicentre and hypocentre
distributions resulting from the application of precise re-location techniques is a valuable tool for
constraining fault locations and orientations and for studying fault behavior (e.g., Shearer, 1998,
2002; Astiz et al., 2000; Waldhauser and Ellsworth, 2002; Grant and Shearer, 2004). Moreover,
definition of fault activity is fundamental in PFDHA as it often triggers code requirements for
special investigations or special design provisions (Kramer, 1996). Most definitions are based on
the elapsed time since the most recent fault movement. Although many definitions exist, none of
them assume elapsed periods larger than 100,000 years (e.g., Kramer, 1996). However, a typical
assumption is to consider as active faults all earthquake sources that have produced surface
displacement within the Holocene period (approximately, the past 10,000 years).

PFDHA has a relatively recent history. However, its formulation (Coppersmith and Youngs,
2000; Youngs et al., 2003; Trifunac and Todorovska, 2005), which was introduced within the
framework of the seismic hazard assessment for the nuclear waste repository at Yucca Mountain,
USA (CRWMS M&O, 1998), is essentially based on the original methodology for ground
shaking hazard assessment developed by Cornell (1968). Again, the final result is represented
by a hazard curve, here expressing the annual frequency of exceedance of specific fault
displacement amplitudes. The major difference with respect to the well-known ground-motion
hazard formulation stands on the computation of the conditional probability term P, [C>c s~ at []
in Eq. (1), which is expressed as (Coppersmith and Youngs, 2000; Youngs et al., 2003):

P.(D>d|m,r)="P,(slip| m,r)xP, (D >d|m,r,slip) (7

where the term P, (slip | m, r) defines the probability that some amount of slip occurs at site k
as a result of an earthquake (fault slip at depth) on source n of magnitude m at a distance r from
the site. The term P, (D > d | m, 1, slip) defines the conditional distribution of the amount of
fault displacement given that some slip occurs. This conditional probability is computed using a
continuous distribution whose parameter values, which are empirically derived, are functions of
m and r as in PGMHA. Probability models for “principal faulting” (i.e., rupture along the main
fault plane) and “distributed faulting” (i.e., rupture occurring on secondary faults in the vicinity of
the principal rupture) are presented in the articles of Coppersmith and Youngs (2000) and Youngs
et al. (2003).

Besides the previous approach (called “earthquake approach”), a further method has been
presented in the articles by Coppersmith and Youngs (2000) and Youngs et al. (2003). This
second approach, which is termed as “displacement approach” and is briefly summarized below,
quantifies the hazard by using the characteristics of fault displacement observed at the study site
without accounting for a specific causal mechanism. Thus, Eq. (1) reduces to:

vy (D>d)=hy, xP(D>d|slip) (8)
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where A is the frequency of displacement events (it can be directly estimated from recurrence
intervals derived from paleoseismic data or indirectly from fault slip rates) and P (D > d | slip) is
the conditional probability that the displacement D will exceed a value d in a single slip event at
a given site, which can be assessed using a gamma distribution with parameter values estimated
from site-specific displacement measures.

5. Discussion and conclusions

The article has presented a review of methodologies that are available for carrying out a
more holistic site-specific probabilistic seismic hazard assessment. These methodologies are
suitable mainly for the design and assessment of critical facilities and structures with extreme
high consequence potential. The article has explored theoretical and methodological aspects of
different procedures for conducting a comprehensive PSHA at a site accounting for different
earthquake-induced effects, such as ground-motion amplification due to soil and/or topographic
characteristics, slope displacement, and fault displacement. Based on authors’ experience, three
major observations can be made. The first observation is very practical and concerns the level of
effort that is required for the application of such a holistic PSHA approach for a critical facility.
Based on SSHAC (1997) recommendations, four levels of effort (Table 1), which represent
increasing levels of participation by technical experts in the development of a PSHA, can be
defined. The first three levels rely on a single technical expert [called Technical Integrator (TT)]
that is responsible for all aspects of the PSHA (however, other experts may be involved on a
consulting basis). SSHAC (1997) recommendations point out that most site-specific studies make
use of some type of TI approach. On the other hand, the most sophisticated level of study (Level
4) relies on the panel of experts (that coordinates the work of the Technical facilitator/Integrator,
TFI) that evaluating proposed models, and discussing the different views in the scientific and
technical community. Although SSHAC-Level 4 ensures the highest professional and regulatory
standards, it is also by far the most demanding in terms of time and costs. Therefore, it seems
suitable only for the design of NPPs and nuclear waste repositories. Two such cases are the
PEGASOS project in Switzerland (PEGASOS, 2004; Studer, 2010) and the Yucca-Mountain-
Project (CRWMS M&O, 1998) in the USA, which were the only two projects based on SSHAC-
Level 4 ever performed to year 2009 (Studer, 2010). Besides SSHAC (1997), further guidances
for performing a PSHA for an NPP can be found in Savy et al. (2002) and in the regulatory guide
of the U.S. Nuclear Regulatory Commission (NUREG, 2007).

A second observation relates to policy aspects, in that deals with the acceptable level of risk
that critical facilities should be designed for. In the customary design paradigm, this translates
into setting an adequate annual rate of exceedance of the ground-motion adopted for design.
This is a thorny issue that has been debated at length in the literature (e.g., Hank et al., 2006) and
cannot be given justice in this article. It suffices to say that the design of critical facilities requires
the quantification of the hazard of different earthquake effects to extremely low annual rates of
exceedance or, conversely, very long mean return periods that range from a few thousands of
years to more than a million years. For example, in the case of the Yucca Mountain Project, PSHA
results are provided for MREs as small as 10 ™ / yr (MRP of 10,000,000 years), corresponding
to PGA levels of around 11 g (Hanks ez al., 2006). As such, these values are often referred as
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Table 1 - PSHA levels following the SSHAC (1997) recommendations.

Issue Degree Decision Factors Study Level

A 1

Non-controversial; and/or Tl evaluates/weights
insignificant to hazard models based on literature

review and experience;
estimates community

distribution
B 2
Significant uncertainty e Regulatory concern Tl interacts with proponents
and diversity; e Resources available & resource experts to identify
controversial; and complex e Public perception issues and interpretations;
estimates community
distribution
C 3
Highly contentious; Tl brings together proponents
significant to hazard; and & resource experts for debate
highly complex and interaction; Tl focuses

debate and evaluates
alternative interpretations;
estimates community
distribution

4
TFl organizes panel of

experts to interpret and
evalutate; focuses discussions;
avoids inappropriate behaviour
on part of evaluators; draws
picture of evaluators’ estimate
of the community’s composite
distribution; has ultimate
responsibility for project

“extreme ground-motions”. Obviously this definition can be extended to other seismic hazards.
The level of safety required by regulators has very distinct implications on the level of effort
required during the design process. Regardless of the level selected, the methods presented here
provide the basic building blocks necessary for establishing the desired levels of hazard for the
different earthquake effects to be used in design.

As a final observation, we would like to stress the importance of uncertainty and sensitivity
analyses in PSHA. As stated in Section 2, uncertainty and sensitivity analyses have become
fundamental parts of PSHAs as they allow the identification of the models and parameter values
with the largest impact on the hazard and its uncertainty and ensure that sufficient effort is devoted
to developing a reliable representation of those models and parameter values before finalizing
the PSHA calculations. Without going through this process of examining alternatives and
sensitivities, “the PSHA results will have little credibility” (McGuire, 2004). Therefore, sensitivity
and uncertainty analyses should be used as a preliminary step for the construction of logic trees
focusing efforts on the parameters found to be most sensitive and excluding those unrealistic or
with a negligible influence on the hazard and its uncertainty. This step would provide a reduction
of the computation time, which in the case of logic trees with thousands of branches (these are
typical in the case of PSHAs for NPPs) may be extremely long. More important, the knowledge of
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the parameters that have the highest influence on the hazard and drive its uncertainty is valuable
in guiding focused research efforts to reduce such an uncertainty and in facilitating a correct
understanding and use of PSHA results.

Finally, we want to spend some words on recent developments in PGMHA. In the last few
years it has been recognized that some of the uncertainty in the PGMHA results and, in some
cases perhaps some bias, may have been introduced by the so-called ergodicity assumption
adopted in the derivation of GMPEs used in all hazard studies. In simple but somewhat loose
words, that assumption trades space for time and uses ground-motion records from many sites
and many earthquakes to predict the ground-motion at a single site. Hence, using traditional
GMPEs implies accepting that the ground-motion variability computed from a global data set
including recordings from multiple sites and from multiple earthquakes is an unbiased estimate of
the variability of ground-motions at a single site (Anderson and Brune, 2009; Al Atik et al., 2010;
Rodriguez-Marek et al., 2011). Repeatable and systematic effects of path and source and the
effects of the same soil site conditions make the ground-motion variability at a single site smaller
than that computed utilizing records from other sites with similar soil conditions affected by other
earthquakes with different paths and sources. Relaxing the ergodicity assumption comes at a steep
price, as is apparent from the study by Walling and Abrahamson (2012), but it is undoubtedly the
new frontier of the future efforts in PGMHA.

Acknowledgements. The authors are thankful to two anonymous reviewers for their thorough review and
helpful comments that have improved the article.

REFERENCES

Akinci A., Galadini F., Pantosti D., Petersen M., Malagnini L. and Perkins D.; 2009: Effect of time dependence on
probabilistic seismic-hazard maps and deaggregation for the central Apennines, Italy. Bull. Seismol. Soc. Am.,
99, 585-610.

Al Atik L., Abrahamson N., Bommer J.J., Scherbaum F., Cotton F. and Kuehn N.; 2010: The variability of ground-
motion prediction models and its components. Seismol. Res. Lett., 81, 794-801.

Anderson J.G. and Brune J.; 1999: Probabilistic seismic hazard analysis without the ergodic assumption. Seismol. Res.
Lett., 70, 19-28.

Annaka T., Satake K., Sakakiyama T., Yanagisawa K. and Shuto N.; 2007: Logic-tree approach for probabilistic tsunami
hazard analysis and its applications to the Japanese coasts. Pure Appl. Geophys., 164, 577-592.

Arias A.; 1970: A measure of earthquake intensity. In: Seismic design for nuclear powerplants, MIT Press, Cambridge,
MA, USA, pp. 438-483.

Astiz L., Shearer PM. and Agnew D.C.; 2000: Precise relocations and stress change calculations for the upland
earthquake sequence in southern California. J. Geophys. Res., 105, 2937-2953.

Atkinson G.M., Finn W.D.L. and Charlwood R.G.; 1984: Simple computation of liquefaction probability for seismic
hazard applications. Earthquake Spectra, 1, 107-123.

Baker J.W. and Cornell C.A.; 2006: Which spectral acceleration are you using? Earthquake Spectra, 22, 293-312.

Barani S., Spallarossa D., Bazzurro P. and Eva C.; 2007: Sensitivity analysis of seismic hazard for western Liguria (North
Western Italy): a first attempt towards the understanding and quantification of hazard uncertainty. Tectonophysics,
435, 13-35.

Barani S., De Ferrari R., Ferretti G. and Eva C.; 2008: Influence of soil property uncertainties on ground-motion
amplification. In: Proc. 31** Assembly Eur. Seismol. Comm. - ESCO08, Hersonissos, Greece, pp. 49-58.

35



Boll. Geof. Teor. Appl., 55, 17-40 Barani et al.

Barani S., Spallarossa D. and Bazzurro P.; 2009: Disaggregation of probabilistic ground-motion hazard in Italy. Bull.
Seismol. Soc. Am., 99, 2638-2661.

Barani S., Bazzurro P. and Pelli F.; 2010: A probabilistic method for the prediction of earthquake-induced slope
displacements. In: Proc. 5" Int. Conf. Recent Adv. Geotech. Earthquake Eng. Soil Dyn., San Diego, CA, USA,
Paper 4.31b.

Barani S., De Ferrari R. and Ferretti G.; 2012a: Influence of soil modeling uncertainties on site response. Earthquake
Spectra, accepted.

Barani S., Massa M., Lovati S. and Ferretti G.; 2012b: Topographic effects in probabilistic seismic hazard analysis: the
case of Narni, Central Italy. In: Proc. 15" World Conf. Earthquake Eng., Lisbon, Portugal, Paper No. 5823.

Bard P--Y. and Riepl-Thomas J.; 1999: Wave propagation in complex geological structures and their effects on strong
ground-motion. In: Kausel E. and Manolis G.D. (eds), Wave Motion in Earthquake Eng., Int. Ser. Adv. Earthquake
Eng., WIT Press, Southampton, Boston, MA, USA, pp. 37-95.

Baturay M.B. and Stewart J.P.; 2003: Uncertainty and bias in ground motion estimates from ground response analyses.
Bull. Seismol. Soc. Am., 93, 2025-2042.

Bazzurro P. and Cornell C.A.; 1999: Disaggregation of seismic hazard. Bull. Seismol. Soc. Am., 89, 501-520.

Bazzurro P. and Cornell C.A.; 2002: Vector-valued Probabilistic Seismic Hazard Analysis (VPSHA). In: Proc. 7" U.S.
Nat. Conf. Earthquake Eng., EERI, Oakland, CA, USA, pp. 1313-1322.

Bazzurro P. and Cornell C.A.; 2004a: Ground-motion amplification in nonlinear soil sites with uncertain properties.
Bull. Seismol. Soc. Am., 94, 2090-2109.

Bazzurro P. and Cornell C.A.; 2004b: Nonlinear soil-site effects in probabilistic seismic-hazard analysis. Bull. Seismol.
Soc. Am., 94, 2110-2123.

Bazzurro P, Pelli F., Manfredini G.M. and Cornell C.A.; 1994: Stability of sloping seabed.: seismic damage analysis:
methodology and application. In: Proc. 3™ Symp. Strait Crossings, Alesund, Norway, pp. 821-829.

Benjamin J.R. and Cornell C.A.; 1970: Probability, statistics, and decision for civil engineers. McGraw-Hill, New
York, NY, USA, 684 pp.

Bouckovalas G.D. and Papadimitriou A.G.; 2005: Numerical evaluation of slope topography effects on seismic ground-
motion. Soil Dyn. Earthquake Eng., 25, 547-558.

Bozzano F. Lenti L., Martino S., Paciello A. and Scarascia Mugnozza G.; 2008: Self-excitation process due to local
seismic amplification responsible for the reactivation of the Salcito landslide (Italy) on 31 October 2002. J.
Geophys. Res., 113, B10312.

Bray J.D.; 2007: Simplified slope displacement procedures. In: Pitilakis K.D. (ed), Earthquake Geotech. Eng., pp. 327-
353.

BSSC (Building Seismic Safety Council); 2003: NEHRP Recommended provisions for seismic regulations for new
buildings and other structures. Federal Emergency Management Agency (FEMA), Washington DC, USA, Report
No. 450.

CEN (Comite Europeen de Normalisation); 2003: prENV 1998-1 - Eurocode 8: Design of structures for earthquake
resistance. Part 1: General rules, seismic actions and rules for buildings, Draft No. 4. Brussels, Belgium.

Chapman M.C.; 1995: A probabilistic approach for ground-motion selection for engineering design. Bull. Seismol.
Soc. Am., 85, 937-942.

Cluff L.S., Page R.A., Slemmons D.B. and Crouse C.B.; 2003: Seismic hazard exposure for the Trans-Alaska pipeline.
In: Proc. 6" U.S. Conf. and Workshop on Lifeline Earthquake Eng., Long Beach, CA, USA, pp. 535-546.

Coppersmith K.J. and Youngs R.R.; 2000: Data needs for probabilistic fault displacement hazard analysis. J. Geodyn.,
29, 329-343.

Cornell C.A.; 1968: Engineering seismic risk analysis. Bull. Seismol. Soc. Am., 58, 1583-1606.

Cornell C.A. and Winterstein S.R.; 1988: Temporal and magnitude dependence in earthquake recurrence models. Bull.
Seismol. Soc. Am., 78, 1522-1537.

Costantino C.J., Miller C.A. and Heymsfield E.; 1993: Site specific seismic hazard calculations at deep soil sites. In:
Proc. 4" U.S. Dept. Energy Nat. Phenom. Hazards Mitigation Conf., LLNL CONF-9310102, pp. 199-205.

Cramer C.H.; 2003: Site-specific seismic-hazard analysis that is completely probabilistic. Bull. Seismol. Soc. Am., 93,
1841-1846.

Cramer C.H.; 2005: Erratum: site-specific seismic-hazard analysis that is completely probabilistic. Bull. Seismol. Soc.
Am., 95, 2026.

36



The multiple facets of PSHA Boll. Geof. Teor. Appl., 55, 17-40

Cramer C.H., Petersen M.D., Cao T., Toppozada T.R. and Reichle M.; 2000: A Time-dependent probabilistic seismic-
hazard model for California. Bull. Seismol. Soc. Am., 90, 1-21.

CRWMS M&O; 1998: Probabilistic seismic hazard analysis for fault displacement and vibratory ground motion at
Yucca mountain, Nevada. Report No. CRWMS M&O. ACC: MOL.19980619.0640.

Cubrinovski M., Bray J.D., Taylor M., Giorgini S., Bradley B., Wotherspoon L. and Zupan J.; 2011: Soil liquefaction
effects in the central business district during the February 2011 Christchurch earthquake. Seismol. Res. Lett., 82,
893-904.

Davis L.L. and West L.R.; 1973: Observed effects of topography on ground-motion. Bull. Seismol. Soc. Am., 63, 283-
298.

De Ferrari R., Ferretti G., Barani S. and Spallarossa D.; 2010: Investigating on the 1920 Garfagnana earthquake (M, =
6.5): evidences of site effects in Villa Collemandina (Tuscany, Italy). Soil Dyn. Earthquake Eng., 30, 1417-1429.

Downes G.L. and Stirling M.W.; 2001: Groundwork for development of a probabilistic tsunami hazard model for New
Zealand. In: Proc. Int. Tsunami Symp., Seattle, WA, USA, pp. 293-301.

EERI (Earthquake Engineering Research Institute); 2005: The great Sumatra earthquake and Indian ocean tsunami of
December 26, 2004. EERI Special Earthquake Report, March 2005, 8 pp.

EPRI (Electric Power Research Institute); 1993: Guidelines for site specific ground motions. Report TR-102293, Vol.
1-5, Palo Alto, CA, USA.

Ericksen G.E., Plafker G. and Concha J.F.; 1970: Preliminary report on the geologic events associated with the May
31, 1970, Peru earthquake. U.S. Geological Survey, United States Department of Interior, Washington, DC, USA,
Circular 639, 25 pp.

Field E.H. and Petersen M.D.; 2000: A test of various site-effects parametrizations in probabilistic seismic hazard
analysis of southern California. Bull. Seismol. Soc. Am., 96, 222-244.

Field E.H. and the SCEC Phase III Working Group; 2000: Accounting for site effects in probabilistic seismic hazard
analyses of southern California: overview of the SCEC phase III report. Bull. Seismol. Soc. Am., 90, 1-31.

Finn W.D.L. and Wightman A.; 2007: Logical evaluation of liquefaction potential using NBCC 2005 probabilistic
ground accelerations. In: Proc. 9" Can. Conf. Earthquake Eng., Ottawa, Canada, pp. 1984-1993.

Frankel A., Mueller C., Barnhard T., Perkins D., Leyendecker E., Dickman N., Hanson S. and Hopper M.; 1996:
National seismic-hazard maps: documentation June 1996. U.S. Geological Survey, Open File Report 96-532.

Frankel A.D., Petersen M.D., Mueller C.S., Haller K.M., Wheeler R.L., Leyendecker E.V., Wesson R.L., Harmsen S.C.,
Cramer C.H., Perkins D.M. and Rukstales K.S.; 2002: Documentation for the 2002 update of the national seismic
hazard map. U.S. Geological Survey, Open File Report 02-420.

Fujii Y., Satake K., Sakai S., Shinohara M. and Kanazawa T.; 2011: Tsunami source of the 2011 off the Pacific coast of
Tohoku earthquake. Earth Planet. Space, 63, 815-820.

Geist E.L. and Parsons T.; 2006: Probabilistic analysis of tsunami hazards. Nat.Hazards, 37, 277-314.

Geli L., Bard P.-Y. and Jullien B.; 1988: The effect of topography on earthquake ground-motion : a review and new
results. Bull. Seismol. Soc. Am., 78, 42-63.

Goda K., Atkinson G.M., Hunter J.A., Crow H. and Motazedian D.; 2011: Probabilistic liquefaction hazard analysis
for four canadian cities. Bull. Seismol. Soc. Am., 101, 190-201.

Grant L.B. and Shearer P.M.; 2004: Activity of the offshore Newport-Inglewood Rose canyon fault zone, coastal southern
California, from relocated microseismicity. Bull. Seismol. Soc. Am., 94, 747-752.

Graves R., Jordan T.H., Callaghan S., Deelman E., Field E.H., Juve G., Kesselman C., Maechling P., Mehta G., Okaya
D., Small P. and Vahi K.; 2010: CyberShake: a physics-based seismic hazard model for southern California. Pure
Appl. Geophys., Accepted for Publication March, 168, 367-391.

Griinthal G. and Wahlstrom R.; 2001: Sensitivity of parameters for probabilistic seismic hazard analysis using a logic
tree approach. J. Earthquake Eng., 309-328.

Gruppo di Lavoro MPS; 2004: Redazione della mappa di pericolosita sismica prevista dall’Ordinanza PCM 3274 del
20 marzo 2003, Rapporto conclusivo per il dipartimento di Protezione Civile. INGV, Milano - Roma, Italy, 65 pp.
+ 5 appendici.

Hall W.J., Nyman D.J., Johnson E.R. and Norton J.D.; 2003: Performance of the Trans-Alaska pipeline in the November
3, 2002 Denali fault earthquake. In: Proc. 6™ U.S. Conf. and Workshop on Lifeline Earthquake Eng., Long Beach,
CA, USA, pp. 1-13.

Hanks T.C., Abrahamson N.A., Board M., Boore D.M., Brune J.N. and Cornell C.A.; 2006: Report of the workshop

on extreme ground motions at Yucca Mountain, August 23-25, 2004. U.S. Geological Survey, Open File Report
06-1277.

37



Boll. Geof. Teor. Appl., 55, 17-40 Barani et al.

Harp E.L. and Wilson R.C.;1995: Shaking intensity thresholds for rock falls and slides: evidence from 1987 Whittier
narrows and Superstition hills strong-motion records. Bull. Seismol. Soc. Am., 85, 1739-1757.

Housner G.W.; 1952: Spectrum intensities of strong motion earthquakes. In: Proc. Symposium on earthquake and blast
effects on structures, EERI, Oakland, CA, USA, pp. 20-36.

Hwang J.-H., Chen C.-H. and Juang C.H.; 2005: Liquefaction hazard analysis: a fully probabilistic method. In: Proc.
GeoFrontiers 2005, ASCE, Austin, TX, USA, 15 pp.

Idriss .M. and Sun J.1.; 1993:User s manual for Shake91: a computer program for conducting equivalent linear seismic
response analyses of horizontally layered soil deposit. Center Geotech. Modeling, Dept. of Civil and Environ. Eng.,
University of California, Berkeley, CA, USA, 13 pp.

International Standard Organization for Standardization; 2004: Petroleum and natural gas industries - Specific

requirements for offshore structures - Part 2: seismic design procedures and criteria. ISO 19901-2, first edition,
Geneva, Switzerland.

Itasca Consulting Group Inc.; 2005: FLAC - Fast Lagrangian Analysis of Continua, Version 5.0 User’s Manual.
Minneapolis, MI, USA, 3058 pp.

Jibson R.W.; 1993: Predicting earthquake-induced landslide displacements using Newmark’s sliding block analysis.
Transp. Res. Rec., 1411, 9-17.

Jibson R.W. and Jibson M.W.; 2003: Java programs for using Newmark’s method and simplified decoupled analysis to
model slope performance during earthquakes. U.S. Geological Survey, Open File Report 03-005.

Juang C.H., Chen C.J. and Jiang T.; 2001: Probabilistic framework for liquefaction potential by shear wave velocity. J.
Geotech. Geoenviron. Eng., 127, 670-678.

Juang C.H., Jiang T. and Andrus R.D.; 2002: Assessing probability-based methods for liquefaction potential evaluation.
J. Geotech. Geoenviron. Eng., 128, 580-589.

Juang C.H., Li D.K., Fang S.Y., Liu Z. and Khor E.H.; 2008: Simplified procedure for developing joint distribution of
a, and M _ for probabilistic liquefaction hazard analysis. J. Geotech. Geoenviron. Eng., 134, 1050-1058.

max

Kramer S.L.; 1996: Geotechnical earthquake engineering. Prentice-Hall, Upper Saddle River, NJ, USA, 653 pp.

Kramer S.L. and Elgamal A.W.; 2001: Modeling soil liquefaction hazards for performance-based earthquake
engineering. Pacific Earthquake Eng. Res. Center, Berkeley, CA, USA, Report 2001/13, 165 pp.

Kramer S.L. and Mayfield R.T.; 2005: Performance-based liquefaction hazard evaluation. In: Proc. GeoFrontiers 2005,
ASCE, Austin, TX, USA, 18 pp.

Kramer S.L. and Mayfield R.T.; 2007: Return period of soil liquefaction. J. Geotech. Geoenviron. Eng., 133, 802-813.

Lin I. and Tung C.C.; 1982: A preliminary investigation of tsunami hazard. Bull. Seismol. Soc. Am., 72, 2323-2337.

Lin J.-S. and Whitman R.V.; 1983: Decoupling approximation to the evaluation of earthquake-induced plastic slip in
earth dams. Earthquake Eng. Struct. Dyn., 11, 667-678.

Lovati S., Bakavoli M.K.H., Massa M., Ferretti G., Pacor E., Paolucci R., Haghshenas E. and Kamalian M.; 2011:
Estimation of topographical effects at Narni ridge (central Italy): comparisons between experimental results and
numerical modelling. Bull. Earthquake Eng., 9, 1987-2005.

Makdisi FI. and Seed H.B.; 1978: Simplified procedure for estimating dam and embankment earthquake-induced
deformations. J. Geotech. Eng. Div., 104, 849-867.

Martin G.R., Lew M., Arulmoli K., Baez J.I., Blake T.F., Earnest J., Gharib F., Goldhammer J., Hsu D., Kupferman S.,
O’Tousa J., Real C.R., Reeder W., Simantob E. and Youd T.L.; 1999: Recommended procedures for implementation
of DMG special publication 117, guidelines for analyzing and mitigating liquefaction hazards in California.
Southern California Earthquake Center - SCEC, University of Southern California, Los Angeles, CA, USA, 63
pp-

Massa M., Lovati S., D’Alema E., Ferretti G. and Bakavoli M.; 2010: An experimental approach for estimating seismic
amplification effects at the top of a ridge, and the implication for ground-motion predictions: the case of Narni,
central Italy. Bull. Seismol. Soc. Am., 100, 3020-3034.

Matthews M.V., Ellsworth W.L. and Reasenberg P.A.; 2002: A Brownian model for recurrent earthquakes. Bull.
Seismol. Soc. Am., 92, 2233-2250.

McGuire R.K.; 1995: Probabilistic seismic hazard analysis and design earthquakes: closing the loop. Bull. Seismol.
Soc. Am., 85, 1275-1284.

McGuire R.K.; 2004: Seismic hazard and risk analysis. Earthquake Eng. Res. Inst., Oakland, CA, USA, 240 pp.

McGuire R.K.; 2008: Probabilistic seismic hazard analysis: Early history. Earthquake Eng. Struct. Dyn., 37, 329-
338.

38



The multiple facets of PSHA Boll. Geof. Teor. Appl., 55, 17-40

McGuire R.K., Silva W.J. and Kenneally R.; 2001: New design spectra for nuclear power plants. Nucl. Eng. Des., 203,
249-257.

McGuire R.K., Silva W.J. and Costantino C.J.; 2002: Technical basis for revision of regulatory guidance on design
ground motions: development of hazard- and risk-consistent spectra for two sites. U.S. Nuclear Regulatory
Commission, Washington, DC, USA, Report NUREG/CR-6769.

Miles S.B. and Ho C.L.; 1999: Rigorous landslide hazard zonation using Newmark’s method and stochastic ground-
motion simulation. Soil Dyn. Earthquake Eng., 18, 305-323.

Ministero delle Infrastrutture e dei Trasporti; 2008: Norme tecniche per le costruzioni - NTC. D.M. 14 Gennaio 2008,
Supplemento ordinario alla Gazzetta Ufficiale No 29, 4 Febbraio 2008.

Mucciarelli M.; 2011: Ambient noise measurements following the 2011 Christchurch earthquake: relationships with
previous microzonation studies, liquefaction, and nonlinearity. Seismol. Res. Lett., 82, 919-926.

Newmark N.M.; 1965: Effects of earthquakes on dams and embankments. Geotech., 15, 139-160.

NUREG (U.S. Nuclear Regulatory Commission); 2007: A performance-based approach to define the site-specific
earthquake ground motion. Regulatory Guide 1.208. Office of Nuclear Regulatory Research, Washington, DC,
USA, 24 pp.

Pace B., Peruzza L., Lavecchia G. and Bancio P.; 2006: Layered seismogenic source model and probabilistic seismic-
hazard analyses in central Italy. Bull. Seismol. Soc. Am., 96, 107-132.

Pacific Gas and Electric Co.; 2010: Methodology for probabilistic tsunami hazard analysis: trial application for the
diablo canyon power plant site. Submitted to the PEER Workshop on Tsunami Hazard Analyses for Engineering
Design Parameters, Berkeley CA.

Paolucci R.; 2002: Amplification of earthquake ground-motion by steep topographic irregularities. Earthquake Eng.
Struct. Dyn., 31, 1831-1853.

PEGASOS; 2004: Probabilistic seismic hazard analysis for Swiss nuclear power plant sites (PEGASOS Project), final
report. NAGRA, Switzerland, 362 pp.

Pelli F., Mangini M., Bazzurro P., Eva C., Spallarossa D. and Barani, S.; 2006: PSHA in northern Italy accounting for
non-linear soil behaviour and epistemic uncertainty. In: Proc. 1 Eur. Conf. Earthquake Eng. Seismol. - ECEES,
Geneva, Switzerland, Paper 1464.

Petersen M.D., Cao T., Campbell K.W. and Frankel A.D.; 2007: Time-independent and time-dependent seismic hazard
assessment for the state of California: uniform California earthquake rupture forecast model 1.0. Seismol. Res.
Lett., 78, 99-109.

Petersen M.D., Frankel A.D., Harmsen S.C., Mueller C.S., Haller K.M., Wheeler R.L., Wesson R.L., Zeng Y., Boyd
0.S., Perkins D.M., Luco N., Field E.H., Wills C.J. and Rukstales K.S.; 2008: Documentation for the 2008 update
of the United States national seismic hazard maps. U.S. Geological Survey, Open File Report 08-1128, 61 pp.

Pischiutta M., Cultrera G., Caserta A., Luzi L. and Rovelli A.; 2010: Topographic effects on the hill of Nocera Umbra,
central Italy. Geophys. J. Int., 182, 977-987.

Power M.S., Coppersmith K.J., Youngs R.R., Schartz D.P. and Swan R.H.; 1981: Seismic exposure analysis for the
WNP-2 and WNP-1/4 Site. Appendix 2.5K to amendment No. 18 final safety analysis report for WNP-2, Woodward-
Clyde Consultants, San Francisco, 63 pp.

Prieto J.A. and Ramos A.M.; 2006: Influence of uncertainty of soil damping and degradation shear modulus curves of
deep deposits on the earthquake mitigation cost. In: Proc. 8" U.S. National Conf. Earthquake Eng., San Francisco,
CA, USA, 10 pp.

Rabinowitz N. and Steinberg D.M.; 1991: Seismic hazard sensitivity analysis: a multi-parameter approach. Bull.
Seismol. Soc. Am., 81, 796-817.

Rathje L.M. and Saygili G.; 2008: Probabilistic seismic hazard analysis for the sliding displacement of slopes: scalar
and vector approaches. J. Geotech. Geoenviron. Eng., 134, 804-814.

Rikitake T. and Aida I.; 1988: Tsunami hazard probability in Japan. Bull. Seismol. Soc. Am., 78, 1268-1278.

Rodriguez-Marek A., Montalva G.A., Cotton F. and Bonilla F.; 2011: Analysis of single-station standard deviation
using the KiK-net data. Bull. Seismol. Soc. Am., 101, 1242-1258.

Savy J.B., Foxall W., Abrahamson N. and Bernreuter D.; 2002: Guidance for performing probabilistic seismic hazard
analysis for a nuclear plant site: example application to the southeastern United States. U.S. Nuclear Regulatory
Commission, Washington, DC, USA, Report NUREG/CR-6607, 138 pp.

SSHAC (Senior Seismic Hazards Analysis Committee); 1997: Recommendations for probabilistic seismic hazard
analysis: Guidance on uncertainty and the use of experts. U.S. Nuclear Regulatory Commission, Washington, DC,
USA, Report NUREG/CR-6372, 256 pp.

39



Boll. Geof. Teor. Appl., 55, 17-40 Barani et al.

Shearer PM.; 1998: Evidence from a cluster of small earthquakes for a fault at 18 km depth beneath Oak ridge,
southern California. Bull. Seismol. Soc. Am., 88, 1327-1336.

Shearer PM.; 2002: Parallel fault strands at 9-km depth resolved on the Imperial Fault, Southern California. Geophys.
Res. Lett., 29, 14, doi:10.1029/2002GLO15302.

Sorensen S.P. and Meyer K.J.; 2003: Effect of the Denali fault rupture on the Trans-Alaska pipeline. In: Proc. 6" U.S.
Conf. and Workshop on Lifeline Earthquake Eng., Long Beach, CA, USA, pp. 547-555.

Studer J.A.; 2010: Site amplification studies for NPP sites in Switzerland within the Project and PRP. In: Proc. 5" Int.
Conf. Recent Adv. Geotech. Earthquake Eng. Soil Dyn., San Diego, CA, USA, Paper SPL 1, 10 pp.

Travasarou T. and Bray J.D.; 2003: Optimal ground-motion intensity measures for assessment of seismic slope
displacements. Pacific Conf. Earthquake Eng., Christchurch, New Zealand.

Trifunac M.D. and Todorovska M.1.; 2005: Methodology for probabilistic assessment of permanent ground displacement
across earthquake faults for the transportation system. Metrans Project 03-27, 39 pp.

Waldhauser F. and Ellsworth W.L.; 2002: Fault structure and mechanics of the Hayward fault, California, from double-
difference earthquake locations. J. Geophys. Res., 107, 2054, doi:10.1029/2000JB000084.

Walling M.A. and Abrahamson N.A.; 2012: Non-ergodic probabilistic seismic hazard analyses. In: Proc. 15th World
Conf. Earthquake Eng., Lisbon, Portugal, Paper No. 1627.

Wartman J., Bray J.D. and Seed R.B.; 2003: Inclined plane studies of the Newmark sliding block procedure. J. Geotech.
Geoenviron. Eng., 129, 673-684.

Working Group on California Earthquake Probabilities; 1995: Seismic hazards in southern California: probable
earthquakes, 1994-2024. Bull. Seismol. Soc. Am., 85, 379-439.

Youngs R.R., Arabasz W.J., Anderson R.E., Ramelli A.R., Ake J.P., Slemmons D.B., McCalpin J.P., Doser D.I., Fridrich
C.J., Swan III FH., Rogers A.M., Yount J.C., Anderson L.W., Smith K.D., Bruhn R.L., Knuepfer P.L.K., Smith
R.B., De Polo C.M., O’Leary D.W., Coppersmith K.J., Pezzopane S.K., Schwartz D.P., Whitney J.W., Olig S.S.
and Toro G.R.; 2003: A methodology for probabilistic fault displacement hazard analysis (PFDHA). Earthquake
Spectra, 19, 191-219.

Yueping Y., Wang F. and Sun P.; 2009: Landslide hazards triggered by the 2008 Wenchuan earthquake, Sichuan, China.
Landslides, 6, 139-151.

Corresponding author: ~ Simone Barani
DISTAV, Universita degli Studi
Viale Benedetto XV 5, 16138 Genova, Italy
Phone: +39 010 3538097; e-mail: barani@dipteris.unige.it

40



