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Know the input - Bound the output...

Mitigate the difference...

the road to earthquake safety...



Any strategy for seismic risk reduction should be 
outlined trying to answer two basic questions: 

 When, where and how big we have to 
expect a strong earthquake to strike a region?  

 What should we expect when it occurs? 

The answer to the first question is matter for 
earthquake prediction, while the second one is matter 

for seismic hazard assessment... 
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Introduction - SHA

SHA dualism

Deterministic Probabilistic
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mitigation 
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anywhere
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Scope of the 
project

Regional risk
Multiple 

properties 
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Specific site

Modified from: Mc Guire, 2001

Qualitative Quantitative
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Introduction - SHA

SHA Dualism

Deterministic vs. probabilistic approaches to assessing earthquake hazards and 
risks have differences, advantages, and disadvantages that often make the use 

of one advantageous over the other. 

Probabilistic methods can be viewed inclusive of all deterministic events with a 
finite probability of occurrence. In this context, proper deterministic methods 
that focus on a single earthquake ensure that that event is realistic, i.e. that it 

has a finite probability of occurrence.

Determinism vs. probabilism is not a bivariate choice but 
a continuum in which both analyses are conducted, but 
more emphasis is given to one over the other. Emphasis 
here means weight in the decision-making process...

Modified from: Mc Guire, 2001
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Introduction - SHA

PBDE
SHA produces response spectral ordinates (or other intensity 

measures) for each of the annual probabilities that are specified 
for performance-based design.

In PBDE, the ground motions may need to be specified not only 
as intensity measures such as response spectra, but also by 

suites of strong motion time histories for input into      
time-domain nonlinear analyses of structures.

It is necessary to use a suite of time histories having phasing 
and spectral shapes that are appropriate for the characteristics 

of the earthquake source, wave propagation path, and site 
conditions that control the design spectrum.
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Introduction - SHA

Modern PSHA & DSHA dualism

PSHA
Waveform 
modelling

Accounts for all 
potentially damaging 

earthquakes in a 
region

Focus on selected 
controlling 

earthquakes

Single parameter Complete time series

Deeply rooted in 
engineering practice 
(e.g. building codes)

Dynamic analyses of 
critical facilities

Study of attenuation 
relationships

Deaggregation, 
recursive analysis

PSHA

DSHA
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Introduction - SHA

In many applications a recursive analysis, where 
deterministic interpretations are triggered by 

probabilistic results and vice versa, will give the 
greatest insight and allow the most informed 
decisions to be made. 

PSHA

DSHA

PEER
Report
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Problems in SHA-Site effects

SITE EFFECTS

Surface topography effects (convexity)
 sensitivity to:   
  a) type of wavefield
  b) angle of incidence
     c) shape and sharpness

Soft surface layering
 a) 1-D: trapping of waves for impedance  contrast  
  (vertical resonances)
  fn=(2n+1)β/4H
  A ≈ (ρ2 v2)/(ρ1 v1)
 b) 2-D 3-D: complex energy focusing
  for diffraction effects
  (basin edge waves)
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Rij = Soi(ω) ⋅Pij(ω) ⋅Sj(ω)

Problems in SHA-Site effects

Empirical 
techniques

for
Site effect 
estimation

Weak (and strong) motion
a) S/B spectral ratio 
 (Borcherdt, 1970) 
b) generalized inversion scheme
 (Andrews, 1986)
c) coda waves analysis
 (Margheriti et al., 1994)
d) parametrized source and path  inversion
 (Boatwright et al., 1991)
e) H/V spectral ratio (receiver function)
 (Lermo et al., 1993)

Microtremors
a) peak frequencies examination
b) S/B spectral ratio
c) H/V spectral ratio
 (Nagoshi, 1971; Nakamura, 1989)
d) array analysis
 (Malagnini et al., 1993)
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Problems in SHA-Site effects

Near surface effects: impedance contrast,  velocity

geological maps, v30, vl/4, ??

Basin effects

Basin-edge induced waves

Subsurface focusing

Important issues in SRE
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Figure 4. Particle-velocity seismograms (top) of a
1994 Northridge-earthquake aftershock recorded at
two sites in Santa Monica, California, located just 650
m apart (from Gao et al., 1996). The higher-amplitude
seismogram corresponds to a location that suffered
greater damage during the main shock. A cross sec-
tion (bottom) adapted from Graves et al. (1998) il-
lustrating how this difference may have resulted from
a constructive interference, or focusing, caused by the
subsurface basin structure (the rays are drawn for il-
lustrative purposes only).

CDMG, 2000), presumably due to basin-edge-induced
waves. This should not be surprising given the close juxta-
position of the Landers and Hector Mine ruptures. The rele-
vant question with respect to PSHA is whether this part of
the Coachella Valley will constitute a bright spot when the
earthquake is in an entirely different location.

Subsurface Focusing. Another important basin effect is
focusing caused by subsurface structure. Perhaps the most
dramatic example of this was observed in Santa Monica dur-
ing the Northridge earthquake sequence (Gao et al., 1996).
Aftershock recordings just 650 m apart exhibited peak-mo-
tion differences of up to a factor of 5 (Fig. 4). These differ-
ences generally correlate with the damage distribution of the
main shock (Gao et al., 1996). Such observations are at least
100 years old.

It is an easy matter to select two stations within 1,000
feet of each other where the average range of horizontal
motion at the one station shall be five times, and even
ten times, greater than it is at the other (Milne, 1898).

However, modern studies are providing the physical ex-
planation for this variability. A debate remains over whether
the damage in Santa Monica resulted from the deeper (Gao
et al., 1996) or shallower (Alex and Olsen, 1998; Graves et
al., 1998) wedge structure depicted in Figure 4. Both expla-
nations involve constructive interference, or focusing, of
waves traveling different paths. As such, they both imply
that the exact pattern of shaking will be sensitive to source
location, a fact born out by the aftershock observations (Gao
et al., 1996). With respect to PSHA, this raises the question
of whether the amplification pattern from the Northridge
earthquake, or any site-effect map that is dominated by this
earthquake (e.g., Fig. 1), is applicable to other events as well.
It also raises the question of how much effort is warranted
in determining the exact subsurface structure when the final
result will be sensitive to the unknown locations, and per-
haps even slip distributions, of future earthquakes.

Another case of subsurface focusing was documented
by Hartzell et al. (1997) in Sherman Oaks, California. In
fact, they concluded that “ . . . sedimentary structures in the
upper 1 to 2 km and topography on the sediment-basement
interface . . . can be the dominant factor in the modification
of local ground motion” (p. 1377). This also suggests that
the amplification pattern will be somewhat, perhaps even
largely, dependent on earthquake location.

Intrinsic Variability. The presence of basin-edge-induced
surface waves and focusing effects does not bode well for
predicting site effects in PSHA; it suggests that site response
will have a large intrinsic variability with respect to source
location. This would help explain several studies, in southern
California alone, that identify large differences in earthquake
shaking over hundred-meter distances (e.g., Steidl, 1993;
Field and Hough, 1996; Hartzell et al., 1996, 1997; Mere-
monte et al., 1996), and that find ground motion to be sen-

sitive to source location (e.g., Frankel, 1994; Hough et al.,
1995; Meremonte et al., 1996; Scrivner and Helmberger,
1999). In fact, from 3D finite-difference simulations for a
simplified San Andreas fault rupture, Frankel (1993) showed
that the amplification pattern in the San Bernardino Valley
is sensitive to the distribution of source asperities as well.
Thus, not only is the separation of path and site effects some-
what vague and arbitrary, but so is the separation of source
effects.

Average Behavior. Although an intrinsic variability of
basin response with respect to rupture location seems inev-
itable, there may be some systematic behavior on average.
Recall, for example, that Rogers et al. (1985) identified a
correlation between spectral-ratio amplitudes and basin
depth. In fact, this had been noted even earlier (e.g., Trifunac
and Lee, 1978; Rogers et al., 1979), and has been noted since
(e.g., Campbell, 1987; Hartzell et al., 1996; Hartzell et al.,
1998). For this reason, and as discussed below, considerable
effort has gone into understanding a possible basin-depth
effect in the Phase III collection of articles.

Nonlinear Site Effects

In the complications described previously, we have so
far ignored the issue of sediment nonlinearity. To the extent
that sediments yield at high levels of strain—a violation of
Hooke’s law resulting in a nonlinear response—amplifica-
tion factors can be dependent on the ground-motion level
(Reid, 1910). Because the vast body of literature on this topic
has been reviewed elsewhere (e.g., Beresnev and Wen, 1996;

Particle-velocity seismograms of a 1994 Northridge earthquake aftershock 
recorded at two sites in Santa Monica,California, located just 650 m apart
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Landers aftershock

Damaged during Hector Mine, 
but ...
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Amplification patterns may vary greatly among 
the earthquake scenarios, considering different source locations (and rupture ...)
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Peak Velocity Amplification from the 3D Simulations of Olsen (2000)
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Figure 9. Peak velocity amplification pattern for nine different 0–0.5 Hz 3D finite-
difference earthquake simulations (corrected for the 1D response at each site). The
earthquake simulated in each plot is indicated in the upper left-hand corner (NR, 1994
Northridge; LB, Long Beach; NI, Newport Inglewood; WN, Whittier Narrows; EP,
Elysian Park; SM, Santa Monica; PV, Palos Verdes; SAF (FROM SE) and SAF (FROM
NW), San Andreas with rupture initiating from the southeast and northwest, respec-
tively). The surface trace of the fault is plotted with a dashed white line (or dot), and
the minimum and maximum amplification factor is given on the lower left. Also shown
(upper right-hand plot) are predicted versus observed peak velocities for the 1994
Northridge earthquake. This figure is adapted from Figures 6 and 12 of Olsen (2000).

pointing in terms of predicting ground motion, the latter
lends support to the notion that basin depth may be a useful
parameter in earthquake hazard estimation.

Evaluation and Development of Attenuation
Relationships and Their Implications with Respect
to PSHA

We now focus on accounting for site effects in PSHA.
Again, in the context of the source and path effect model,
the question is how to appropriately modify an attenuation-
relationship prediction. Therefore the remainder of the Phase

III articles have concentrated on compiling new and relevant
data, evaluating existing attenuation relationships, develop-
ing new attenuation relationships for southern California,
and evaluating the implications of all relationships with re-
spect to PSHA. Following Field and Petersen (2000), differ-
ences in ground motion that exceed 10% are referred to here
as “important” because this is the threshold that typically
influences engineering design. Similarly, “significant” is re-
served for statistical statements at the one-sigma level (68%
confidence), which is also customary in earthquake engi-
neering.
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Problems in SHA-Site effects

Amplification patterns may vary greatly among 
the earthquake scenarios, considering different source locations (and rupture ...)

SRE and SHA

The convolutional model is sometimes artificial 
(e.g. fault rupturing along the edge of a deep basin)

SCEC
Phase 3
Report
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Problems in SHA-Site effects

In SHA the site effect should be defined as the 
average behavior, relative to other sites, given all 
potentially damaging earthquakes

This produces an intrinsic variability with respect to 
different earthquake locations, that cannot exceed the 
difference between sites

Site characterization:

which velocity? 

use of basin depth effect? Is it a proxy for 
backazimuth distance? 

how to reduce aleatoric uncertainty?

SRE and SHA
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Source effect

Fling

Ground acceleration, velocity and displacement, recorded at a strong-motion 
seismometer that was located directly above the part of a fault that 
ruptured during the 1985 Mw = 8.1, Michoacan, Mexico earthquake.

permanent tectonic deformation related to       
near field effect (“killer pulse”)
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A Theoretical Method for Computing Near-Fault Ground Motions in Layered Half-Spaces 1161

Figure 6. (a) Strike-slip model with surface faulting and 12 observation points;
(b) the slip distribution; and (c) the slip velocity function.

Figure 7. (a) Velocities and (b) displacements of the fault-parallel components at
12 observation points in Figure 6, using the first (dynamic; left), second (static; center),
and total (right) integrations of equation (11).

effects disappear for observation points away from the fault
(e.g., points 11 and 12). By contrast, the dynamic terms be-
come dominant far from the fault. Note that the static ve-
locities are always isosceles triangles, which to
slip velocity function with attenuation (see Fig. 6c).

To check the attenuation relations of the dynamic, static,
and total terms with distance, Figure 8 shows the relation
between r (the distance from the fault) and the maximum
amplitudes of the velocities (Fig. 8a) and displacements
(Fig. 8b). In each panel, the thin black lines, the thick gray
lines, and the thick black lines correspond to the dynamic,

static, and total terms, respectively. In addition, the dashed
line in Figure 8b represents the Fourier amplitudes of veloc-
ity at 0 Hz, which agrees with the thick gray line, that is, the
 demonstrates validity of
the results, as explained in the previous section. For small
r, the static terms are dominant over the dynamic ones, and
the maximum amplitudes are about half of the slip function,
that is, 100 cm/sec in velocity and 50 cm in displacement.
As the distance becomes large, say, 2–5 km (one-fifth to one-
half of the fault dimension), the static terms decrease as
1/r2. By contrast, since the dynamic terms are attenuated on

+directivity (Hisada&Bielak, 2003)
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Source effect

Directivity (near fault)
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Source effect

Directivity (near fault)

Particularly, in the case of forward rupture directivity 
most of the energy arrives in a single large pulse of motion 
which may give rise to particularly severe ground motion at 
sites toward which the fracture propagation progresses. 

it involves the transmission of large energy amounts to the 
structures in a very short time.

These shaking descriptors, strictly linked with energy 
demands, are relevant (even more than acceleration), 
especially when dealing with seismic isolation and passive 
energy dissipation in buildings.
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1156 Y. Hisada and J. Bielak

Figure 1. (a) Map of California with the site location; (b) the surface faults and the
epicenter of the 1992 Landers earthquake, together with the location of the observation
station at the Lucerne valley; (c) the velocities; and (d) the displacements at the station.
Panel (b) also shows the direction of the strike slip, the directions of the fault-normal and
-parallel components, and the directions of the maximum velocity and displacement.

Green’s functions with shallow source points. Therefore, the
second obstacle is that the integrands of wavenumber inte-
grations (equation 2) do not converge with wavenumber
when the depths of source points are close to or on the free
surface (e.g., Apsel and Luco, 1983; Hisada, 1993, 1995).
In particular, the convergence is extremely slow in the case
of the static Green’s function (x ! 0). Therefore, special
techniques are needed to overcome the two obstacles.

The purpose of this article is to propose a mathematical
methodology for computing near-fault ground motions ef-
fectively and to use it for investigating the effects of fling
and directivity in several simple situations. We first carefully
check the fault integration (equation 1) using the simplest
fault model: an axially symmetric circular fault in a homo-
geneous full-space. Based on the results from this simple
case, we will then propose a new form of the representation
theorem for calculating the fault integration efficiently for
more general cases, involving arbitrary kinematic faulting
models in layered half-spaces. In addition, we propose an
efficient method for calculating the wavenumber integration
(equation 2), considering the surface faulting. Finally, we
check the validity of the proposed method and investigate
the physical basis of the fling and directivity effects.

Efficient Methods for Computing Near-Fault Ground
Motions in Layered Half-Spaces

Near-Fault Ground Motions Using an Axially
Symmetric Fault Model in a Homogeneous
Full-Space

We first check the basic characteristics of the dynamic
and static Green’s functions in the fault integration (i.e.,
equation 1) to find efficient ways for computing the near-
fault ground motions. In this section, we use the simplest
fault model, that is, the axially symmetric circular fault
model in a homogeneous full-space. In addition, we will
check the attenuation relation of the static offset using this
model.

Figure 2 shows the fault model and the location of an
observation point. R is the radius of the circular fault model.
We assume a uniform slip, D, over the fault plane. The ob-
servation point is located at a distance, z, above the center
of the fault. The dynamic displacement, U, in the same di-
rection as D, is easily obtained by substituting Green’s func-
tion of the homogeneous full-space (e.g., Kane, 1994) into
equation (1),

Source effect
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Source effect

regression example...
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Source effect

Near fault ground motion
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Fig. 4.3.  Schematic diagram showing the orientations of fling step and directivity pulse for 
strike-slip and dip-slip faulting. 
 

 

 
 
Fig. 4.4.  Schematic diagram of time histories for strike-slip and dip-slip faulting in which 
the fling step and directivity pulse are shown together and separately. 
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Parameters extraction

Demand parameters
DAMAGE POTENTIAL OF

EARTHQUAKE GROUND MOTION

Damage depends on intensity of the various earthquake hazard 
parameters: ground motion accelerations levels, frequency content of 
the waves arriving at the site, duration of strong ground motion, etc.

Damage also depends on the earthquake resistance characteristics 
of the structure, such as its lateral force-resisting system, 

dynamic properties, dissipation capacity, etc.

A demand parameter is defined as a quantity that relates 
seismic input (ground motion) to structural response
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Parameters extraction

PGA…
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Figure 1 – Acceleration time history. Rocca NS record. 1971 Ancona earthquake (ML=4.7) 
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Figure 2 – Acceleration time history. Sylmar N360 record. 1994 Northridge earthquake (Mw=6.7) 
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Figure 3 – Velocity time history. Takatori 000 record. 1995 Kobe earthquake (Mw=6.9) 
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Parameters extraction

Response spectra

SDF SYSTEMS

k/2 k/2

c

)(tug )(tu m

A SDF system is subjected to a ground motion 
ug(t). The deformation response u(t) is to be 

calculated. 

The ground acceleration can be registered 
using accelerographs:

onaccelerati Pseudo

2 )()()( tu tutA n &&≠=ω

EQUIVALENT STATIC FORCE

)(tu

)(tfs

  tA m
tu  m

tu ktf

n

)(
)(

)()(

=

=

=
2ω

s

fs(t) is the force which must be applied 

statically in order to create a displacement u(t).

  

€ 

m (˙ ̇ u g + ˙ ̇ u )+ c ˙ u + k u = 0

˙ ̇ u + 2ξωn ˙ u +ωn
2

 u = −˙ ̇ u g(t)
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Parameters extraction

RESPONSE SPECTRA
A response spectrum is a plot of maximum response (e.g. displacement, velocity, 
acceleration) of SDF systems to a given ground acceleration versus systems 
parameters (Tn , ξ).

Example : Deformation response spectrum for El Centro earthquake  

)(max tuD
t

=
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Parameters extraction

Deformation, pseudo-velocity and 
pseudo-acceleration response spectra 
can be defined and plotted on the same 
graphs

COMBINED D-V-A SPECTRUM

ωn : natural circular frequency 
       of the SDF system.

D A   

D V            

tuD                   

n

n

2   

 

)(max 

ω

ω

=−

=−

=

onacceleratiPseudo Peak

velocityPseudo Peak

nDeformatio Peak
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Parameters extraction

EXAMPLE

A water tank is subjected to the El Centro 
earthquake. Calculate the maximum bending 
moment during the earthquake. 

srad/s.  T    
m
k

n
nn 22143 =

π
=→==
ω

ω







=⋅=

=⋅=

−28718191910

190425477

ms...

mm..

 A  

 D  

):obs(  D A   n
2ω=

Spectrum →

L=
10

 m m = 10000 kg
k = 98.7 kN/m

%2=ξ

When the equivalent static force has been 
determined, the internal forces and 
stresses can be determined using statics. 

kN.  Dkf 718=⋅=s

kNmmax  M 187=
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Parameters extraction

RESPONSE SPECTRUM CHARACTERISTICS

The spectrum can be divided in 3 period 
ranges :

region sensitive ntdisplaceme:s

region sensitive velocity:s.

region sensitive onaccelerati:s.

             T

    T

          T

n

n

n

3

350

50

>

<<

<

General characteristics can be 
derived from the analysis of response 

spectra. 

kmTn π= 2

Tn < 0.03 s : rigid system 

                    no deformation 
                    u(t) ≈ 0 → D ≈ 0  

Tn > 15 s : flexible system

                  no total displacement
                  u(t) = ug(t) → D = 

ugo
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Parameters extraction

ELASTIC DESIGN SPECTRUM

Problem: how to ensure that a 
structure will resist future 
earthquakes.

The elastic design spectrum is 
obtained from ground motions 
data recorded during past 
earthquakes at the site or in 
regions with near-s imi lar 
conditions

EXAMPLE
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Parameters extraction

EPA
The effective peak acceleration EPA is defined as the average spectral acceleration 
over the period range 0.1 to 0.5 s divided by 2.5 (the standard amplification factor 
for a 5% damping spectrum), as follows: 
 

5.2
S

EPA pa=  

where paS  is mean pseudo-acceleration value. The empirical constant 2.5 is essentially 
an amplification factor of the response spectrum obtained from real peak value  
records.  
 
EPA is correlated with the real peak value, but not equal to nor even proportional to 
it. If the ground motion consists of high f requency components, EPA will be obviously 
smaller than the real peak value.  
It represents the acceleration which is most closely rel ated to the structural 
response and to the damage potential of an earthquake. The EPA values for the two 
records of Ancona and Sylmar stations a re 205 cm/s2 and 774  cm/s2 respectively, 
and describe in a more appropriate way, than PGA values, the damage caused by the 
two earthquakes. 
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Parameters extraction

Duration
The bracketed duration  is defined as the time bet ween the fi rst and the last 
exceedances of a threshold acceleration (usually .05g). 
 
 Among the differ ent duration definitions that can be found in the literature, one 
commonly used is that proposed by Trifunac e Brady (1975): 
 

05.095.0D ttt −=  
 
where t0.05 and t0.95 are the time at which respectively the 5% and 95%, of the time 
integral of the hi story of squared accelerations are reached, w hich corresponds to 
the time interval b etween the points at which 5% and 95% of the tot al energy has 
been recorded. 
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Parameters extraction

Arias intensity
The Arias Intensity (Arias, 1969), IA, is defined as follows: 
 

  
IA =

π

2g
ag

2 t( )dt
0

t t

∫  

 
where tt and a g are the to tal duration and ground acceleration of a ground motion 
record, respectively.  
The Arias intensity has units of velocity. IA represents the sum of the total energies, 
per unit mass, stored, at the end of the earthquake ground motion, in a population of 
undamped linear oscillators.  
 
Arias Intensity, which is a measure of the global energy transmitted to an elastic 
system, tends to overestimate the intensity of an earthquake with long duration, high 
acceleration and broad band frequency content. Since it is obtained by integration 
over the entire duration rather than over the duration of strong motion, its value is 
independent of the method used to define the duration of strong motion. 
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Parameters extraction

Housner intensity
Housner (1952) defined a measure expressing the relative severity of 
earthquakes in terms of the area under the pseudo-velocity spectrum between 
0.1 and 2.5 seconds. Housner’s spectral intensity IH is defined as: 
 

  
IH = Spv T,ξ( )dT

0.1

2.5

∫ =
1

2π
Spa T,ξ( )TdT

0.1

2. 5

∫  

 
where Spv is the pseudo-velocity at the undamped natural period T and dampin g 
ratio , and Spa is the pseudo-acceleration at the undamped natural period T and 
damping ratio .  
 
Housner’s spectral intensity is the first moment of the area of Spa (0.1<T<2.5) 
about the S pa axis, implying that the Housner spectral intensity is larger f or 
ground motions with a significant amount of low frequency content.  
The IH parameter captures importa nt aspects of the amplitude and frequency 
content in a single parameter, ho wever, it does not provide information on the 
strong motion duration which is important for a structural system experiencing  
inelastic behaviour and yielding reversals. 
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Parameters extraction

Destructiveness potential
Araya & Sa ragoni (1984) proposed the destructiveness potential factor, P D, that 
considers both the Arias Intensity and the rate of zero cro ssings, 0 and agrees with 
the observed damage better  than other parameters. The destructiveness potential 
factor, which simultaneously considers the effect of the ground motion amplitude, 
strong motion duration, and  frequency content on the relative destructiveness of 
different ground motion records, is defined as: 

  
PD =

π

2g
ag

2 t( )dt
0

t 0

∫
ν0

2 =
IA

ν 0
2   

0

0
0 t

N
=ν  

where t is the time, a g is the ground acceleration, 0 = N0/t0 is the numbe r of zero 
crossings of the acceleration time history  per unit of time , N0 is the number of the  
crossings with the time axis, t0 is the total duration of the examined record 
(sometimes it could be a particular time-window), and IA is the Arias intensity. 
 
 
 
 
 
 
 
 

 

 

 Evaluation of the parameter 0. 

ag 

t 

t0 

Number of zero crossings N0 
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Parameters extraction

Yielding resistance
Linear elastic response s pectra recommended by seismic codes have been proved to 
be inadequate by recent seismic events, as they are not directly related to structural 
damage. Extremely impo rtant factors such as the duration of the strong  ground 
motion and the sequence of acceleration pulses are not taken into account adequately.  
 
Therefore response parameters based on the inelastic behaviour of a structure 
should be considered with the ground motion characteristics. 
 
In current seismic regulations, the displacement ductility ratio  is generally used to 
reduce the elastic design forces to a leve l which implicitly considers the po ssibility 
that a certain degree of inelastic deformations could occur. To this purpose, 
employing numerical methods, constant ductility response spectra were derived 
through non-linear dynamic analyses of viscously damped SDOF systems by defining 
the following two parameters: 

mg
R

C y
y =

( ) ( ) gu
C

um
R

maxg

y

maxg

y

&&&&
==η  

where Ry is the yielding resistance, m i s the mass of the system, and ( )maxgu&&  is the 
maximum ground acceleration.  
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Parameters extraction
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mg
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y ==
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u
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Ry

R

Shear Base Force
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Parameters extraction

Yielding resistance 2
The parameter Cy represents the structure’s yielding seismic resistance coefficient 
and  expresses a system’s yield strength relative to the maximum inertia force of an 
infinitely rigid system and reveals the st rength of the system as a fr action of its 
weight relative to the peak ground acceleration expressed as a fraction of gravity.  
Traditionally, displacement ductility was used as the main parameter to measure the  
degree of damage sustained by a structure. 

One significant disadvantage of se ismic resistance (Cy) spectra is that the effect of 
strong motion duration is not considered. An example of constant ductility Cy spectra, 
corresponding to the 1986 San Salvador earthquake (CIG record) and 1985 Chile 
earthquake (Llolleo record):it seems tha t the da mage potential of these ground 
motions is quite  similar, even though the CIG and Llolleo are r ecords of t wo 
earthquakes with very different magnitude, 5.4 and 7.8, respectively. 
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Parameters extraction

Input energy
Introduction of appropriate parameters defined in terms of energy can lead to more 
reliable estimates, since, more than others, the concept of e nergy provides tools 
which allow to account rationally for the mechanisms of generation, transmission and 
destructiveness of seismic actions.  
 
Energy-based parameters, allowing us to characterize properly the different types of 
time histories (impulsive, peri odic with long durations pulses, etc.) which may 
correspond to an  earthquake, could provid e more insight into th e seismic 
performance. 
The most promising is the Earthquake Input Energy (EI) and a ssociate parameters 
(the damping energy E  and the plast ic hysteretic energy EH) introduced by Uang & 
Bertero (1990). This parameter considers the inelastic behavior of a str uctural 
system and depends on the  dynamic features o f both the strong m otion and the 
structure.  
The formulation of the energy parameters derives from the following balance energy 
equation (Uang & Bertero, 1990): 

HskI EEEEE +++= ξ  
where (EI) is the input energy, (E k) is the kinetic energy, (E ) is the damping energy,  
(Es) is the elastic strain energy, and (EH) is the hysteretic energy. 
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Parameters extraction

Input energy
EI represents the work done by the total base shear at the foundation displacement. 
The input energy can be expressed by: 

€ 

EI

m
= ˙ ̇ u tdug∫ = ˙ ̇ u t ˙ u gdt∫  

where m is the mass, u u ut g= +  is the absolute displacement of the mass, and ug is the 
earthquake ground displacement. Usually the input energy per unit mass, i.e. EI/m, is 
simply denoted as EI.  
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Comparison between constant ductility input energy EI spectra. (a) 1986 San Salvador 
earthquake (CIG record); 1985 Chile earthquake (Llolleo record) 
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Definition of seismic input

A proper definition of the seismic input for PBD at a given 
site can be done following two main approaches:

know the input...

The first approach is based on 
the analysis of the available 
strong motion databases, 

collected by existing seismic 
networks, and on the grouping 
of those accelerograms that 
contain similar source, path 

and site effects 

The second approach is based 
on modelling techniques, 

developed from the knowledge 
of the seismic source process 

and of the propagation of 
seismic waves, that can 
realistically simulate the 

ground motion 
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Definition of seismic input

They are used to extract a measure, representing adequately:

Magnitude, distance

Source characteristics (fling, directivity)

Path effects (attenuation, regional heterogeneities)

Site effects (amplification, duration)

Time histories selection

The groundshaking scenarios have to be based 
on significant ground motion parameters

 (e.g. velocity and displacement). 

...to bound the output!
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Definition of seismic input

The ideal procedure is to follow the two 
complementary ways, in order to validate the 
numerical modelling with the available recordings.

Validation and calibration should consider intensity 
measures (PGA, PGV, PGD, SA, etc.) as well as other 
characteristics (e.g. duration).

The misfits can be due to variability in the physical 
(e.g. point-source) and/or the parameters models 
adopted.

Validation
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Definition of seismic input

The result of a simulation procedure should be a set of 
intensity estimates, as the result of a parametric study 
for different “events” and/or for different model 
parameters

The modeling variability, estimated through validation, can 
be associated to “models” or “parameters”

Prediction

Epistemic
Modeling

(point source, 
1D-2D-3D)

Parametric
(incomplete data)

Aleatory
Modeling

(scattering, 
rupture)

Parametric
(rupture)

e.g. Stewart et al., 2001
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Definition of seismic input

Particularly, in the case of forward rupture directivity most 
of the energy arrives in a single large pulse of motion which 
may give rise to particularly severe ground motion at sites 
toward which the fracture propagation progresses.

it involves the transmission of large energy amounts to the 
structures in a very short time.

These shaking descriptors, strictly linked with energy 
demands, are relevant (even more than acceleration), 
especially when dealing with seismic isolation and passive 
energy dissipation in buildings.

Parameters extraction
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VAB Project (EC)

Effects on bridge seismic response of 

asynchronous motion at the base of bridge piers

ADVANCED METHODS FOR ASSESSING 
THE SEISMIC VULNERABILITY 

OF EXISTING MOTORWAY BRIDGES

ARSENAL RESEARCH, Vienna, Austria; ISMES S.P.A,. Bergamo, Italy; 
ICTP, Trieste, Italy; UPORTO, Porto, Portugal; CIMNE, Barcelona, Spain; 

SETRA, Bagneaux, France; JRC-ISPRA, EU.
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Case study

Warth bridge
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The bridge was designed 

for a horizontal 
acceleration of 0,04 g 
using the quasi static 

method. 

According to the new Austrian 
seismic code the bridge is 
situated in zone 4 with a 

horizontal design acceleration 
of about 0,1 g: a detailed 

seismic vulnerability 
assessment was necessary.
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Case study

Examples from EU project
Databank of geological, geophysical and seismotectonic data

SEISMIC SOURCES
1) Database of focal mechanism

2) Parametric study on focal mechanism:
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Definition of str. models

STRUCTURAL MODELS
Bedrock model

1) EUR-I Data set

2) updated on the basis of the geological 
informations collected by CIMG

Local LHET model

1) available Warth bridge section plan

2) updated on the basis of the refraction 
surveys by CIMG

Databank of geological, geophysical and seismotectonic data
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Definition of str. models

Initial regional model
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Definition of str. models

Initial LHM - Warth bridge - model
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Definition of str. models

LHM - Warth bridge - model
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Definition of seismic input

Hybrid method: MS-FD

Reference layered model

Zone of high attenuation, where
Q is decreasing linearly toward
the artificial boundary.

Artificial boundaries, limiting
the FD grid.

Adjacent grid lines, where the wave
field is introduced into the FD grid. The
incoming wave field is computed with
the mode summation technique. The
two grid lines are transparent for
backscattered waves (Alterman and
Karal, 1968).

Site

Source
A

Distance from the source

A

Local heterogeneous model

Free surface
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Case study: initial scenario

Initial synthesis - radial
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Case study: initial scenario

Synthetic accelerations and diffograms

0.18 g 0.18 g0.18 g

Previ ous First
radial
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Case study: initial scenario

Synthetic accelerations and diffograms

vertical

0.09 g

Previous First

0.09 g010 g
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Case study: initial scenario

Synthetic accelerations and diffograms

transverse

0.02 g

Previous First

0.02 g

0.01 g
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Case study: initial scenario

Synthetic accelerations and diffograms

S3 - radial0.02 g

Previo us First

0.02 g0.02 g
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Parametric study 1 - FP

PARAMETRIC STUDY 1 
Focal Parameters towards MCE

All the focal mechanism parameters of the original source model have been 
varied in order to find the combination producing the maximum amplitude of 

the various ground motion components.

Longitude (°) Latitude (°) Focal Depth
(km)

Strike
(°)

Dip
(°)

Rake
(°)

Magnitude
Ms (Mb)

16.120 47.730 18 190 70 324 5.5 (4.9)

1) Strike angle (Depth=5km)

2) Rake angle

3) Strike-Rake angles variation (Dip=45°)

4) Strike-Rake angles variation (Dip=70°)

5) Strike-Rake angles variation (Dip=90°)

6) Depth-Distance variation 

    (Strike=60°, Dip=70°,Rake=0, 90°)
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Parametric study 1 - FP

PARAMETRIC STUDY 1 
Focal Parameters towards MCE

All the focal mechanism parameters of the original source model have been 
varied in order to find the combination producing the maximum amplitude of 

the various ground motion components.

Longitude (°) Latitude (°) Focal Depth
(km)

Strike
(°)

Dip
(°)

Rake
(°)

Magnitude
Ms (Mb)

16.120 47.730 18 190 70 324 5.5 (4.9)

1) Strike angle (Depth=5km)

2) Rake angle

3) Strike-Rake angles variation (Dip=45°)

4) Strike-Rake angles variation (Dip=70°)

5) Strike-Rake angles variation (Dip=90°)

6) Depth-Distance variation 

    (Strike=60°, Dip=70°,Rake=0, 90°)
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Parametric study 1 - FP

PARAMETRIC STUDY 1 
Focal Parameters towards MCE

All the focal mechanism parameters of the original source model have been 
varied in order to find the combination producing the maximum amplitude of 

the various ground motion components.

Longitude (°) Latitude (°) Focal Depth
(km)

Strike
(°)

Dip
(°)

Rake
(°)

Magnitude
Ms (Mb)

16.120 47.730 18 190 70 324 5.5 (4.9)

1) Strike angle (Depth=5km)

2) Rake angle

3) Strike-Rake angles variation (Dip=45°)

4) Strike-Rake angles variation (Dip=70°)

5) Strike-Rake angles variation (Dip=90°)

6) Depth-Distance variation 

    (Strike=60°, Dip=70°,Rake=0, 90°)0
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PARAMETRIC STUDY 2 - Fp towards 1Hz
Another parametric study has been performed in order to find a seismic source-

Warth site configuration providing a set of signals whose seismic energy is 
concentrated around 1 Hz, frequency that corresponds approximately to that of the 

fundamental transverse mode of oscillation of the bridge.

 

4

6

8

10

12

14

16

18

20

0 10 20 30 40 50 60 70 80 90 100

fo
ca

l d
ep

th
 (k

m
)

source-site distance (km)

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

64



PARAMETRIC STUDY 2 - Fp towards 1Hz
Another parametric study has been performed in order to find a seismic source-

Warth site configuration providing a set of signals whose seismic energy is 
concentrated around 1 Hz, frequency that corresponds approximately to that of the 

fundamental transverse mode of oscillation of the bridge.
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The results show that, in order to reach a relevant value of PGA (e.g. greater 
than 0.1g) in the desired period range (i.e. 0.8-1.2 s), an alternative and suitable 

configuration is a source 
12 km deep at an epicentral distance of 30 km.
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Parametric study 2 - DD

Parametric study 2  - FS & RSR

The results show that, the local structure beneath the Warth bridge greatly amplifies the 
frequency components between 3 and 7 Hz, i.e. a frequency range not corresponding to the 

fundamental transverse mode of oscillation of the bridge (about 0.8 Hz)
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Parametric study 3 - LM 

Parametric study 3 - LMp towards 1Hz

Local geotechnical 
models of Warth 
bridge section 
obtained lowering 
successively the 
S-wave velocities 
of the uppermost 
units

a)

b)

c)
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Parametric study 3 - LM 

Fourier Amplitude spectra 
M=5.5; d=8.6km; h=5km
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M=6.5; d=30.0km; h=12km
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Parametric study 3 - LM 
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Site response estimation 
M=5.5; d=8.6km; h=5km
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Case study

Synthetic accelerations and diffograms

70
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Implementation of PSD tests
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Case study examples

Implementation of PSD tests

(a) physical piers in the lab, (b), schematic representation 
(c) workstations running the PSD algorithm and controlling the test 
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Case study examples

Damage pattern after the end of the High-Level Earthquake PSD test, 
short pier A70. 

Force-displacement for Low-level earthquake - 
experimental results Pier A40 

Identification of insufficient seismic 
detailing. tall pier A40, buckling of 

longitudinal reinforcement at h = 3.5m 

74



Seismic input for a critical facility
Parametric studies

Focal mechanism
Site effects
Directivity

Outline

75

Fabio Romanelli
Directivity



Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

Rupture model: bilateral at 3 positions
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Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

Rupture model: bilateral at 3 positions
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Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

Rupture model: bilateral at 3 positions
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Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

Rupture model: bilateral at 3 positions
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Parametric study 4 - ES 

Parametric study - ESp towards directivity

Rupture model: unilateral at 3 positions
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Parametric study 4 - ES 

Parametric study - ESp towards directivity

Rupture model: unilateral at 3 positions
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Parametric study 4 - ES 

Parametric study - ESp towards directivity

Rupture model: un. different v
r
 at 3 positions
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Parametric study 4 - ES 

Parametric study - ESp towards directivity

Rupture model: un. different v
r
 at 3 positions
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Parametric study 4 - ES 

PGV - PGA and directivity
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Parametric study 4 - ES 

PGV - PGA and directivity
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Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

response spectra
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Parametric study 4 - ES 

Parametric study 4 - ESp towards directivity

response spectra
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