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Abstract

An assessment of uncertainties for ground motion predictions with the aid of the empirical Green’s function (EGF)
technique is presented. The main input parameters were identified, and their respective uncertainties were assessed
by means of an international expert inquiry. The repercussion of these ‘input uncertainties’ on the final ground
motion estimates were investigated by means of the Latin Hypercube Sampling technique. The mean ground mo-
tion estimates (response spectra) and their standard deviations were compared with results obtained from empirical
‘attenuation laws’. The most sensitive input parameter turned out to be the seismic moment corresponding to the
EGF. In general, if the source parameters are well determined, equivalent uncertainties, statistically speaking, can
be expected from the EGF technique and from the application of attenuation laws. Therefore, if EGFs with well
known source parameters are available, the EGF technique seems to be preferable: site effects are automatically
taken into account, and physically realistic acceleration time histories can be obtained. However, further investiga-
tions on the reliability of the EGF technique should be performed, and finally, it is recalled that the EGF technique
is based on the assumption of linearity. If conditions are such that this assumption cannot be maintained, the EGF
technique should be combined with non-linear geotechnical methods.

Introduction

The empirical Green’s functions (EGF) technique is
known essentially in the seismological community, as
a tool for studying the source process ofpast large
earthquakes using records from both mainshock and
aftershocks (e.g., Mueller, 1985; Courboulex et al.,
1998). It is far less known in the engineering com-
munity, where its potential to predict theexpected
strong ground motion duringfuture large events has
not yet been sufficiently exploited.

A key feature of the EGF technique is its capability
to synthesize physically realistic, site specific acceler-
ation time histories. This is of particular interest for the
seismic analysis of critical facilities. Non-linear struc-
tural behaviour is more and more taken into account
in order to reduce conservativisms, particularly in the

case of reassessment of seismic margins or retrofitting
of existing facilities. However, non-linear structural
calculations should be based on realistic time histor-
ies of ground motion. Although artificially generated
time-histories, corresponding as closely as possible to
given design response spectra, are still widely used
in the engineering practice, it is commonly accepted
today that they often lead to unrealistic results. These
are mostly too conservative, without being, however,
necessarilyconservative in the high frequency range,
which is important for light equipment. Moreover,
artificial time histories generally do not adequately re-
produce the non-stationary nature of seismic motion,
an important feature for non-linear systems.

Since critical facilities should withstand strong
earthquakes with long return periods, typically of the
order of 10 000 years or more, it is common that no
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recording of such an event is available for the facility’s
site. This lack of appropriate time histories can eleg-
antly be overcome with the aid of the EGF technique.
Its basic idea is to interpret recordings of small seismic
events at the site of interest as reasonable approx-
imations of Green’s functions and to convolute them
suitably, using earthquake scaling laws, in order to
simulate time histories that correspond to larger earth-
quakes. The EGF technique was first put forward by
Hartzell (1978) and has since been further developed
by numerous scientists (see section 2 for references).
Its main interest is that the true propagation and site
effects are automatically accounted for; its main dis-
advantage is that it cannot, on its own, account for
non-linear soil behaviour. If non-linear soil behaviour
cannot be neglected, the EGF technique should be
combined with geotechnical methods, as outlined by
Heuze et al. (1995).

The aim of the present study was to address the
issue of prediction reliability: this implied first an
identification of the main parameters used by the EGF
technique, then an assessment of their respective un-
certainties, and a sensitivity study to investigate the
repercussion of these ‘input’ uncertainties on the final
ground motion estimates.

The EGF technique, as it was implemented for the
present study, will be outlined in section 2. An es-
timation of the uncertainty of the relevant parameters,
based on an international inquiry involving known ex-
perts, is given in section 3. The next sections present
the repercussion of those input uncertainties on the fi-
nal ground motion estimates: First, through a simple
sensitivity study aiming at the identification of the
key parameters, and then through an uncertainty ana-
lysis based on the ‘Latin Hypercube Sampling’ (LHS)
method. This is a kind of ‘light’ Monte Carlo simu-
lation which allows to consider the combined effects
of all input uncertainties without running too heavy
computations. These analyses were performed on two
specific examples from Switzerland corresponding to
earthquake pairs (mw = 3.4, Mw = 6.5, D = 14 km)
and (mw = 3.8, Mw = 6.5, D = 63 km) which may be
considered as typical for at least most of the European
Alps area. The noise level was below the recorder res-
olution, since 12 bit instruments were used. In section
6, the mean estimates and their standard deviations
are compared with the ‘classical’ ground motion es-
timations derived from standard empirical ‘attenuation
laws’. Finally, rather optimistic conclusions as to
the practical usefulness of the EGF technique are

drawn, accompanied with some recommendations for
a reliable ground motion prediction.

Outline of the method

There are, roughly speaking, two different families
of EGF techniques. In both cases, the EGF is taken
at several times and added up so that a larger earth-
quake, referred to as the ‘target’ event, of the same
focal mechanism is synthesized. The difference lies
in the way how the summing up of the EGF is per-
formed: with or without kinematic modelling of the
target event’s rupture process.

Irikura (1983, 1986), Hutchings (1994) and Irikura
and Kamae (1994) are all representatives of the fam-
ily of kinematic modelling techniques. The devel-
opment of the computer code used for the present
study followed closely these publications, in particu-
lar Hutchings (1994). The other family of techniques
uses essentially statistical tools that allow to sum up
the EGFs in a way that the relevant earthquake scaling
laws will be respected. An overview on this ‘family’
is given by Tumarkin and Archuleta (1994). Since it
is neither the scope of the present article to give a full
introduction to the EGF technique nor to retrace the
history of its development, the reader is referred to
these publications, among many others.

Scaling laws

With kinematic modelling, repeated small events cor-
responding to the empirical Green’s function (hence-
forth referred to as ‘Green’s’ events), are thought to be
distributed over a hypothetical fault whose size cor-
responds to what would be expected for the target
event. Time delays are introduced between the re-
peated events that roughly simulate a physically real-
istic rupture process across the hypothetical fault. The
number of added events as well as the way the sum-
mation is done are deduced from the scaling relations
of source parameters and scaling laws between earth-
quakes of different size. A schematic representation is
given in Figure 1.

Assumptions have to be made with regard to the
source function of the target event. Its spectral content
is usually deduced from the so-calledω−2-spectral
scaling model (Aki, 1967), which is empirically well
established for the magnitude range of about∼2.5<
Ml < ∼7.

For constant stress drop, Aki (1967) proposed a
scaling law of the form M0 ∼ L3, where M0 is the
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Figure 1. Schematic representation of the different sources of time delays in the summation of the EGF: path length, finite rupture velocity and
dislocation rise time (after Bour, 1993).

seismic moment and L a characteristic linear dimen-
sion of the fault, e.g., its length. This leads to a linear
scaling factor N between a large (‘target’) and a small
(‘Green’s’) event of

N = [M0(target)/m0(Green)]1/3(1) (1)

i.e., the length and width of the fault as well as the
average final slip are assumed N times larger for the
target event than for the Green’s one. If both events
show aω−2-decay of the Fourier displacement spec-
tra, as is usually assumed, then the following spectral
ratios result (see Figure 2): M0/m0 for f < Fc (Fc:
corner frequency of the target event), [M0/m0]1/3 for f
> fc (fc: corner frequency of the Green’s event), with a
ω−2-decay in between. Henceforth, capital and lower
case letters will refer to the target and the Green’s
events, respectively, and the different frequency ranges
will be referred to as low (f< Fc), intermediate (Fc <
f < fc) and high (f> fc) frequencies.

Differences in stress drop between the Green’s
and the target event are easily accounted for by
simply multiplying the EGFs by a corresponding
scalar (Irikura and Kamae, 1994) and adjusting the
number of summations as to keep the seismic moment
of the target event unchanged.

Source modelling

Hutchings (1994) has shown that a Kostrov crack
model for the target fault automatically leads to the de-
siredω−2-spectral fall-off. With M0/m0 summations,
the desired spectral ratio of Figure 2 is reasonably well
respected up to or close to fc, the corner frequency of
the Green’s event.

The computer code developed for the present study
uses a rectangular source model derived from the crack
model. The final slip at the end of the rupture is max-
imum in the centre of the crack, and vanishes with an
ellipsoidal dependence on crack edges, while the slip
function exhibits a sharp square-root discontinuity at
the slip onset (corresponding to the passage of the rup-
ture front), and a shorter total rise-time close to crack
edges (see Figure 3). This model was implemented
so as to approximate, as closely as possible, an ideal
crack source time function at every source point: Con-
stant slip steps corresponding to the slip of the Green’s
event were added up with suitably adjusted time delay
steps. More details may be found in Pavic (1997).

Suppression of high-frequency artefacts

High-frequency artefacts are a well known ‘tech-
nical’ shortcoming of the EGF technique. Despite
the aforementioned non-regular time sampling of the
source function at each point on the fault plane, high-
frequency artefacts appeared above fc and sometimes
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Figure 2. Theoretical displacement spectra of Green’s and target events under the hypothesis ofω−2-spectral decay; theoretical spectral ratio
R(ω) = S(ω)/s(ω) (after Bour, 1993).

Figure 3. Dislocation time functions, sketched for different locations, for the case of crack nucleation at the centre of the fault: (1) centre, (2)
general location, (3) location close to the border.

even slightly below. In particular, the high frequency
level of the source function spectra tends to scale as
(M0/m0)1/2 instead of (M0/m0)1/3. Therefore, a spe-
cial processing was applied on the high-frequency part
of the source function in order to recover the theoret-
ical ratio, (M0/m0)1/3, between the complex Fourier
spectra of the target simulation and the EGF. This
processing consisted of:

i) low-pass filtering of the original source function
below fc;

ii) computation of the time-domain envelope of the
high-frequency content, based on the assumption
that the high frequencies are uniformly generated
all over the fault plane;

iii) iterative generation of a synthetic random noise
having the specified time domain envelope, and
an imposed high-frequency spectrum (for f>

fc) equal to (M0/m0)1/3 times the high-frequency
modulus of the EGF spectrum;

iv) high-pass filtering of that noise beyond fc;

v) superposition of the low-frequency signal of step
i) and the high-frequency ‘noise’ of step iv).

The physical meaning of this procedure is limited to
the high-frequency phase information. In fact, within
the context of the EGF technique, it seems illusory to
build a more sophisticated source model for the high
frequency range, since it would be hard, if not im-
possible, to determine the – physical – parameters that
would characterise this model. This is particularly true
if small events, with corner frequencies beyond about
5 Hz, are used as EGFs, as was the case in the present
study.

Figures 4 and 5 show an example of simulating
an earthquake with Mw = 6, without and with high
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Figure 4. Simulation of an Mw = 6 event (L = 11.9 km, W = 7.8 km, NT = 22), based on a mw = 3.4 recording, without high frequency
processing. Top: EGF and target time histories (difference in acceleration scale: factor 10); middle: spectral ratio and displacement spectra;
bottom: response spectra.
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Figure 5. Same as Figure 3, but with high frequency processing.
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frequency processing, respectively (EGF: mw = 3.4,
from Swiss station SLAE, see Table 2). Its effect is
immediately evident on the spectral ratios between the
target and the Green’s event. A clear difference is also
observable in the acceleration response spectra which
would be overestimated at frequencies around fc and
above.

Estimation of parameter uncertainty: an
international inquiry

Three different sources of errors or uncertainties may
be distinguished:
i) modelling errors caused by simplifications (e.g.,

fault assumed to be plane and rectangular), incor-
rect approximations or insufficient understanding
of physical processes;

ii) errors and uncertainties related to the Green’s
event(s) due to a lack of precision in the determ-
ination of the characterizing parameters;

iii) uncertainties related to the target event, because
its characteristics cannot be known a priori, some-
times called parametric uncertainties.

Many seismologists (see, for instance, Kamae et al.,
1998) have checked the EGF technique by applying
it to pairs of aftershocks of different size. A pos-
teriori, they were usually able to find a plausible
rupture process that lead to an astonishing resemb-
lance between the synthesised and the recorded large
aftershock. Although some modelling errors might
have been compensated by ‘incorrect’ parameter ad-
justments, it seems reasonable to conclude that the
EGF would lead to very realistic results if only all rel-
evant parameters were sufficiently well known – as far
as soil behaviour remains linear. Therefore, modelling
errors have not been further investigated in the present
study. It should also be kept in mind that accepting
modelling errors is the very basis of engineering inso-
far as the use of more sophisticated – and hopefully
better – models is often not feasible.

The use of the EGF technique requires the know-
ledge of parameters that characterize the Green’s
event. However, these parameters are often known
with considerable uncertainties only. As a con-
sequence, the results of EGF simulations will inevit-
ably show uncertainties, too, either larger or smaller,
depending on the sensitivity with respect to each para-
meter. The question is how large the resulting uncer-
tainties will be in realistic, practical situations, par-

ticularly with respect to the uncertainties of classical
attenuation laws.

In order to obtain a sound estimate of the un-
certainties corresponding to the Green’s event, an
international inquiry was carried out with seismolo-
gical experts, involved either in seismological network
operation, or in strong ground motion prediction. They
were asked to estimate the uncertainties of the char-
acterizing parameters of a magnitude 3 to 4 event
recorded by a ‘typical’ European network (about 8 to
10 short-period stations within a radius of 100 km,
with reasonable azimuthal coverage, including one or
two sensitive accelerometers or broad-band stations).

The procedure, usually called ‘Delphi’ inquiry,
was as follows: The experts were asked to give an
‘optimistic’ as well as a ‘pessimistic’ estimate for
the standard deviation of the determination of seis-
mic moment, static (Brune’s) and dynamic stress drop,
fault size (characteristic length), dip and strike angles.
The errors of seismic moment, stress drop and fault
size were suggested to be log-normally distributed;
consequently, error factors were asked in these cases
(these factors correspond to the standard deviations of
the logarithms of the physical quantities). The answers
were put together in an anonymous way and commu-
nicated back to the same experts, who were then asked
to confirm or correct their first estimates. Despite the
wide disparities from one expert to another, most of
them maintained their original estimates.

Out of a total of 27 requests, 18 answers were ob-
tained. A list of the experts that participated is given in
Appendix 1. The final ‘average’ uncertainty estimates
are listed in Table 1, together with the extreme values
that were given by the experts (for the log-normally
distributed quantities, the ‘averages’ correspond to
geometrical mean values).

This inquiry thus exhibits a very wide variety of
opinions amongst experts, with in some extreme cases
uncertainty factors spanning several orders of mag-
nitude. The source parameters most difficult to be
determined appears to be, at least for small to moder-
ate events, the stress drop. Average values (geometric
mean for log-normally distributed errors) between the
optimistic and pessimistic estimates were mainly used
for the sensitivity and uncertainty studies presented in
the following.

For the parametric (physical) uncertainties related
to the target event, a procedure was adopted that
seemed most analogous to what is done when attenu-
ation laws are used. In fact, an objective of the present
study was to compare the response spectra uncertain-
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Table 1. Optimistic and pessimistic estimates (averages and extrema) of the
errors in the determination of the parameters characterizing a magnitude 3 to
4 event in Europe, as seen by 18 experts

Parameter ‘Optimistic’ estimate ‘Pessimistic’ estimate

of the error of the error

Average Extrema Average Extrema

Local Magnitude ML ± 0.2 0.1–0.3 ± 0.45 0.2–1.0

Seimic moment ×÷ 1.7 1.2–2.5 ×÷ 3.95 1.6–10

Fault length ×÷ 1.6 1.2–3 ×÷ 3.5 1.3–10

Brune’s stress drop ×÷ 3 1.5–10 ×÷ 15.6 2–1000

Dynamic stress drop ×÷ 2.4 1.2–5 ×÷ 9.8 2–100

Fault strike angle ± 10◦ 2.5◦–20◦ ± 27◦ 10◦–60◦
Fault dip angle ± 10◦ 5◦–20◦ ± 30◦ 15◦–90◦

Note:± stands for a normal distribution, x÷ for a log-normal distribution.

ties resulting from the application of the attenuation
laws on the one hand and the EGF technique on the
other hand. Therefore, the common engineering para-
meters, size and location, were fixed a priori and kept
constant. The target event’s size was defined by its
seismic moment, and the centre of the target fault
area was assumed to be identical with the location
of the (single) Green’s event that was used. However,
parameters a priori badly constrained and usually un-
specified in engineering hazard studies, as stress drop,
strike, dip, S-wave velocity in the fault area, rupture
velocity, the shape factor (length over width) of the
fault (assumed rectangular) as well as the relative point
of nucleation within the fault area, were all varied.
This was done within bounds that were thought to be
physically realistic by the authors.

Sensitivity with respect to individual parameters

The EGF technique needs many input parameters.
Usually, those related to the Green’s event are only
known with considerable uncertainties, and those re-
lated to the target event are badly constrained. A key
question therefore is which parameters most influence
the uncertainties of the ground motion synthesized
with the aid of the EGF technique.

A hierarchisation of the importance of the indi-
vidual parameters with respect to their proper uncer-
tainties was attempted. To this aim, the sensitivity to
each individual parameter was investigated by looking
at the change in the results when varying the given
parameter around its best estimate reference value,
while keeping all the other parameters unchanged
at their respective reference values. Each parameter

variation corresponded either to plus or minus one
standard deviation for parameters assumed to be nor-
mally distributed, or to the division and multiplication
with the error factor (corresponding to the standard de-
viation of the logarithms) for the parameters assumed
to be lognormally distributed.

Only variations of independent parameters were
considered. Seismic moment Mo, fault length L and
Brune’s stress drop16 are related by

Mo ∝ L316. (2)

Concerning the Green’s event, it seemed most natural
to use seismic moment mo and fault size l as inde-
pendent parameters. They can directly be determined
from the low frequency Fourier spectral level and from
the observed corner frequencies, respectively, whereas
stress drop1σ is much less straightforward to be de-
termined. Consequently, each time that either mo or l
was changed,1σ was adjusted accordingly.

As for the target event, however, it seemed phys-
ically more obvious to try to estimate a priori a stress
drop rather than a fault size. This was based on the
hypothesis that (average) stress drop might vary much
less for large events than for small ones.

The sensitivity analysis was performed for two
EGF recordings taken from the Swiss strong mo-
tion network (Smit, 1993; Smit, 1996), see Table 2.
At Laupen-Eigerweg (SLAE), the EGF was recorded
close to the prolongation of the fault plane (angle
between strike and source-recording station below
20◦), and at Basel-Tropenhaus (SBAT), completely
out of the fault plane. The characteristics of the cor-
responding events were taken from Deichmann (1997)
and Bonjer & Onescu (1994), respectively. In both
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Table 2. Main characteristics of the empirical Green’s functions used in the present study

Green’s event Fribourg, Switzerland Wut¨oschingen, Germany

Date 17/09/1995 30/12/1992

Moment magnitude 3.4 3.8

Focal depth 14 km 22 km

Strike 175◦ 160◦
Recording station (Swiss net) SLAE (Laupen-Eigerweg) SBAT (Basel-Tropenhaus)

Epicentral distance 14 km 61 km

Azimuth source-rec.stat. 14◦ 254◦

Table 3. Parameters used for the sensitivity and the first two uncertainty studies with
‘mean’ uncertainty estimates (1σ is given for information only and was not considered
as an independent parameter)

Parameter Type of Standard Reference Reference

distribution deviation (mean) value (mean) value

SLAE/Fribourg SBAT / Wutöschingen

mo log-normal factor 2.6 1.5 1014 Nm 5.5 1014 Nm

l log-normal factor 1.9 340 m 510 m

1σ log-normal factor 1.93 64 bar 71 bar

φ normal ± 20◦ 175◦ 160◦
δ normal ± 20◦ 88◦ 63◦
Mo fixed – 7.1 1018 Nm 7.1 1018 Nm

16 log-normal factor 2 30 30

vs log-normal factor 1.1 3.5 km/s 3.5 km/s

(vs -vr)/vs log-normal factor 2 0.2 0.2

L/W log-normal factor 1.3 1.3 1.3

X/L uniform: 0< X/L < 1 0.5 0.5

Y/W uniform: 1/3< Y/W < 1 ∗ 2/3 2/3

∗ assumption: no rupture nucleation in the upper third of the fault plane.

cases, a Mw = 6.5 event was simulated, which might
correspond, roughly, to a Maximum Credible Earth-
quake in the northern foreland of the Alps. The ground
motion predictions have been characterized by the ac-
celeration response spectra, for a damping value of
5%.

The parameter values that were used for the sens-
itivity study at Laupen-Eigerweg, together with the
assumed statistical distributions, are identical to those
given in Table 3; the reference case led to fc = 6 Hz and
Fc = 0.13 Hz. A square fault was always assumed for
the Green’s event; the standard deviation of its ‘length’
l was inferred from the third root of the experts estim-
ates for the standard deviation of the Green’s stress
drop.

Figure 6 presents the resulting sensitivities as a
function of frequency. The synthesized ground motion

turns out to be most sensitive to the seismic moment
mo of the Green’s event, and this holds true for the
whole frequency range. The second important para-
meter seems to be the target event’s stress drop16;
the sensitivity is again rather frequency independent.
Third comes the fault size of the Green’s event; the
sensitivity with respect to this parameter is as import-
ant as for mo, but limited to the high frequency range.
The seemingly non symmetric behaviour (large vari-
ation for a larger fault length, but no variation for a
smaller fault length) could be shown (Pavic, 1997) to
be due to some interference that is particular for the
chosen reference value of the rupture velocity.

Looking at Figure 2, one might expect a strong
sensitivity of the simulated ground motion, particu-
larly in the intermediate frequency range, to the fault
length l, since a smaller l corresponds to a higher
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Figure 6. Sensitivity of resulting response spectra with respect to the variation by one standard deviation of different individual input
parameters.
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Figure 6. Continued.

corner frequency fc. If no correction were made for
a difference in stress drop between the Green’s and
the target event, the higher corner frequency would
indeed shift the whole branch ofω−2 decay in the
spectral ratio (see Figure 2) to the right, resulting in
considerably higher ground motion within the inter-
mediate frequency range, usually of primary import-

ance to structural engineering. In fact, identical stress
drop between target and Green’s event was a rather
common hypothesis in the ‘early days’ of the EGF
technique (e.g., Irikura, 1983). However, in the present
study, the target event, its stress drop16 as well as
its fault size, is kept unchanged. A higher fc means a
higher1σ of the EGF, which in turn will be reduced
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correspondingly in order to simulate the unchanged,
fixed stress drop16 of the target event. Thus, the
1σ -correction more or less compensates the effect of
the variation of l (or fc) at intermediate frequencies.
However, since the spectral ratio ‘starts’ itsω−2 decay
at a fixed Fc linked to the unchanged target fault length
L, the decaying branch extends further and ultimately
reaches lower values. This explains why, at high fre-
quencies, a larger fc and thus lower l, inferred from a
given EGF, leads to a weaker ground motion, and vice
versa.

The rupture process, here characterized by its nuc-
leation point (and hence, the predominant direction of
propagation) and rupture front velocity, influences the
final results as much as the target stress drop16 –
except for the low frequencies and the lower end of
the intermediate frequencies, where the sensitivity re-
mains rather modest. Owing to Doppler (directivity)
effects, rupture propagation towards the site of consid-
eration as well as a higher rupture velocity both cause
higher spectral accelerations, particularly at the upper
end of the intermediate frequency range. The sensitiv-
ity to other parameters (dip and strike angles, S-wave
velocity in the crust, and target fault shape) were found
to be less important.

An analogous study was performed at Basel-
Tropenhaus, where the EGF was recorded nearly 90◦
out of the fault plane. Principally, very similar sensit-
ivities resulted. However, the variation of the Green’s
fault size by plus and minus one standard deviation
showed now a symmetrical sensitivity that was even
stronger than the sensitivity to mo, but, as before,
limited to the high frequency range. Furthermore, the
sensitivity with respect to the rupture process paramet-
ers has sensibly diminished, with respect to the case
of Laupen-Eigerweg, because of the quasi absence of
Doppler (directivity) effects.

The following conclusions, in order of decreas-
ing importance, can be drawn for practical predictive
applications of the EGF technique:
i) In order to get a reliable estimate of the target event

for a given seismic moment Mo, it is crucial to
first reliably determine the seismic moments of the
Green’s events;

ii) The target event’s stress drop16 strongly influ-
ences the resulting strong motion, and more efforts
should be undertaken by the seismological com-
munity to better constrain stress drops of major
events a priori;

iii) The reliable estimate of the fault size l or stress
drop1σ of the Green’s event is not very important

as long as the frequency range of interest is limited
to f < fc, but of primary importance for f> fc;

iv) Rupture velocity and direction give rise to pro-
nounced ‘directivity effects’ as far as the site of
interest lies close to the prolongation of the target
fault ‘plane’;

v) The sensitivity with respect to other parameters,
although not necessarily negligible, is of lesser
importance.

Uncertainty assessment with the aid of Latin
Hypercube Sampling

Ten independent input parameters with their respective
uncertainties were considered to assess the final uncer-
tainty of predictive applications of the EGF technique.
A Monte Carlo simulation with ‘stratified’ sampling,
called ‘Latin Hypercube Sampling’ (LHS), was per-
formed for two specific examples from Switzerland.
Using the LHS technique, considering N different val-
ues for Q input parameters only needs N computations
for providing a reliable estimate of the actual uncer-
tainty in the final results. This method was mainly
developed in the field of nuclear safety, where indi-
vidual runs to simulate the accidental system beha-
viour needed exorbitant computer time; it was there-
fore crucial to reduce the number of computations as
much as possible. The reader is referred to McKay et
al. (1979) and McKay (1988) for a detailed discussion
of the merits and limitations of LHS in Monte Carlo
simulations. Only an outline of the method, which was
also used by Hwang et al. (1997) in the engineering
seismology field, is given in what follows.

The cumulative distribution (cumulative probabil-
ity density) function Fi(qi) is assumed to be known
for each of the Q parameters. The probability interval
[0,1] is divided into N sub-intervals with equal length
1/N, and a number Uj, is drawn randomly in each
of these sub-intervals: the inverse of the cumulative
distribution function is then used to derive, for each
parameter i, a set of N values qij (j = 1,N) fitting its
probability density function (see Figure 7). Then, for
each parameter, a random permutation { j′ = pi(j), j =
1,N } is applied, leading to a set of permuted values
q’ij = qij ′ . The modified set of QxN values q′ij is then
used to perform the N computations, the permutation
allowing to avoid the coincidence of extrema. It has
been shown (McKay et al., 1979) that, when N is large
enough (several times Q), the distribution of the results
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Figure 7. Determination of the values of an input parameter according to the LHS technique, for N = 3 (from McKay, 1988).

of these N computations tends to a reliable estimate of
theexactprobability density function of the output.

The LHS technique, with N = 50, was first applied
to the same two simulations of Mw = 6.5 events that
served in chapter 4 to determine individual parameter
sensitivities (see Table 2 for EGF characteristics). The
following input parameters were varied: seismic mo-
ment mo, fault length l (1σ changing accordingly),
stress drop16, strike angleφ, dip angle δ, S-
wave velocity vs, normalized rupture velocity vr/ vs,
fault shape factor L/W, and relative rupture nucleation
coordinates X/L and Y/W (see Table 3). The corres-
ponding input uncertainties are believed to cover the
unprecise knowledge of the Green’s event as well as
the a priori unknown characteristics of the target event
– besides its seismic moment Mo and its distance from
the site of interest, both kept at an a priori fixed value
(cf chapter 2).

The output response spectra for 5% of crit-
ical damping were calculated and characterized, for
each frequency, by their mean values and standard-
deviation, assuming a log-normal distribution.

Since the normal and lognormal distributions of the
input parameters were not truncated, their tails could
lead to extreme, unrealistic values (e.g.,1σ exceeding
104 bars) This undoubtedly resulted in an overestim-
ation of the final uncertainty. Therefore, the analysis
for the case SBAT/Wutöschingen was repeated after
the outermost values on both ends of the distribution

(i.e., qi1 and qiN) had been eliminated for each para-
meter, leaving 48 instead of 50 parameter variations.
This corresponded to truncations at about two standard
deviations below and above the reference values. Fur-
thermore, since it was felt that the so far used ‘mean’
expert estimates were rather pessimistic, the optimistic
estimates from Table 1 were finally taken for the para-
meters related to the EGF, whereas the uncertainties of
the other input parameters (16,vs, L/W, X/L, Y/W)
remained as given in Table 3. The only exception was
the rupture velocity vr, which was now assumed to be
uniformly distributed between 0.7 and 0.95 vs.

The 48 response spectra that resulted from this
‘optimistic’, but probably more realistic uncertainty
analysis are presented on the left hand side of Fig-
ure 8. On the right hand side, the mean and the mean
plus one standard deviation spectra are shown together
with the spectrum stemming from the individual run
with best estimate input parameters. There is a clear
difference between the mean and the best estimate run
spectra, and very similar differences were observed
for all three uncertainty analyses. This matter of fact
– though not astonishing from a theoretical point of
view – might somewhat surprise engineers who tend
to assume that best estimate input parameters would
automatically lead to a best estimate ‘mean’ result. In
fact, this is not true, even for linear systems. How-
ever, in the present context, the observed differences
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Figure 8. ‘Optimistic’ uncertainty analysis with truncated input parameter distributions (Mw = 6.5, simulated from a mw = 3.4 recording at
SBAT station).

seem to remain rather modest with respect to all other
uncertainties of seismic hazard assessment.

The results of all uncertainty analyses are sum-
marized in Table 4. The standard deviations of the
spectral ordinates are listed for several frequencies.
This is done for the three uncertainty analyses presen-
ted here as well as for a similar study of Hutchings et
al. (1996).

Two main comments may be done at this point:

i) Eliminating the distribution tails and considering
optimistic estimates leads to a significant reduc-
tion of the final uncertainty (by a factor between
1.5 and 2.0), which results in standard-deviation
factors ranging between 2 and 3. The uncertainties
found by Hutchings et al. (1996) (limited to f<
fc.) lie in between the present results;

ii) The uncertainties resulting from the present study
increase with increasing frequency, despite the
high-frequency processing that was introduced:
this is a consequence of the large stress-drop un-
certainties, which mainly affect the high frequen-
cies, i.e., f> fc.

Since a merit of the EGF technique is to give phys-
ically realistic time histories, it is interesting to look
at the strong motion duration, too. Table 5 presents

Table 5. Uncertainty analyses: strong motion duration
with factors corresponding to a log-normal standard devi-
ation

Analysis Strong motion factor of standard

case duration deviation

SLAE 1 (EGF) 6.9 s 1.8

SBAT 1 (EGF) 12.6 s 1.2

SBAT 2 (EGF) 12.5 s 1.2

the duration according to the conventional definition
based on a 90% energy content (Trifunac and Brady,
1975); the mean values as well as the factors cor-
responding to a log-normal standard deviation are
given.

The results are very plausible: Firstly, the strong
motion turns out to last a much shorter time for a
moderate hypocentral distance (SLAE) than for a far
field event (SBAT). Secondly, owing to the Doppler
effect, the standard deviation is considerably larger
in the case of a site close to the prolongation of the
fault (SLAE) than for a site completely out of the fault
‘plane’ (SBAT).
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Table 4. Uncertainty factors for acceleration response spectra (5% of critical damping)

Frequency [Hz] 0.1 0.5 1.0 2.0 5.0 10 20 40

SLAE 1 (EGF) 2.6 3.5 3.8 3.8 4.1 4.4 4.1 4.4

SBAT 1 (EGF) 3.0 3.3 3.0 3.3 4.7 5.5 5.5 5.9

SBAT 2 (EGF) 1.9 2.3 2.3 2.1 2.6 3.3 2.8 2.8

Hutchings et al., 1996 (EGF) 2.7 2.7 2.7 2.6

Empirical attenuation laws 2.4 2.4 2.4 2.1 2.1 1.9

Comparison with attenuation laws

The present routine way of estimating strong ground
motion is based on empirical spectral attenuation laws.
However, in many countries of moderate seismicity,
there are not enough strong motion data to derive spe-
cific regional attenuation laws, and therefore, one has
to use some from other areas with preferably similar
seismo-tectonic conditions. Furthermore, since signi-
ficant differences exist between attenuation laws from
different areas and authors (and since regional attenu-
ation laws tend to change with each new major event
that happens. . .), several different laws should be used.

The standard deviations of individual attenuation
laws generally correspond to a factor of about 2. The
use of several laws further adds to the standard devi-
ation or uncertainty. In fact, the total uncertainty can
be estimated as the square root of the sum of two
contributions, namely the mean of the standard de-
viations belonging to the individual attenuation laws,
and the standard deviation due to differences between
different mean attenuation laws.

For the present study, 8 different attenuation laws,
most of them based on European data, were applied
to elaborate response spectra for the two Swiss cases
considered so far. These laws were:
– Ambraseys, Simpson and Bommer (1996)
– Caillot and Bard (1993)
– Dahle, Bungum and Kvale (1990)
– Joyner and Boore (1988)
– Petrovski (1986)
– Pugliese and Sabetta (1989)
– Tento, Franceschina and Marcellini (1992)
– Theodulidis and Papazachos (1990)

In conformity with the sites of consideration, the
relationships for ‘soil’ were used, when available.

For the example of SLAE (Mw = 6.5, epicentral
distance 14 km), Figure 9a presents the mean spec-
tral accelerations, for each individual attenuation law,
and Figure 9b the spectral accelerations according to

the attenuation laws for the mean plus one standard
deviation. Figure 9c shows

– the mean of the mean spectral accelerations;

– the mean of the mean spectral accelerations, plus
the standard deviation due to the fact that different
attenuation laws were applied;

– the mean of the spectral accelerations according to
the attenuation laws for the mean plus one standard
deviation;

and finally

– a curve corresponding to the mean of the mean
spectral accelerations plus the total standard devi-
ation or uncertainty.

The same exercise was carried out for SBAT (Mw =
6.5, epicentral distance 61 km). The total uncertainty
factors range from 1.9 to 2.4. As can be seen from
Table 4, this is very similar to the ‘optimistic’ estimate
of uncertainties resulting from applications of the EGF
technique.

If conditions are met to support the ‘optimistic’
uncertainty assumption, i.e., if the seismological net-
works are dense enough, it is felt that the EGF ap-
proach is to be preferred, because it is site specific. In
fact, for the two Swiss examples of the present study,
the acceleration response spectra estimates provided
by each approach exhibit significant differences (i.e.,
larger than the standard-deviation). Figure 10 shows
a comparison of the response spectra, once elabor-
ated by means of 8 attenuation laws, once with the
aid of the EGF technique. For a given site, the differ-
ences may change from one frequency band to another,
whereas for two different sites and the same target
event, they may vary from one site to another in the
same frequency band. This is certainly, at least in part,
related to the specific site conditions accounted for by
the EGF approach.
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Figure 9. Acceleration response spectra, based on 8 attenuation laws, for the example of SLAE (Mw = 6.5, epicentral distance 14 km).
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Figure 10. Comparison of acceleration response spectra and their respective uncertainties, case SLAE1 (left) and SBAT2 (right); dotted lines:
results from attenuation laws, continued lines: results from EGF technique.

Conclusions

The uncertainty of strong ground motions predicted
with the aid of the EGF technique has been assessed.
The following main conclusions and recommenda-
tions can be drawn from this study:
i) If the source parameters corresponding to the EGF

are reasonably well determined, equivalent uncer-
tainties, statistically speaking, can be expected
from the EGF technique and from the application
of attenuation laws;

ii) If EGFs with well known source parameters are
available, the EGF technique should be preferred:
firstly, site effects are automatically taken into
account, and secondly, physically realistic acceler-
ation time histories can be obtained. Furthermore,
an appealing aspect of the EGF technique is a
considerable gain of physical insight;

iii) The most sensitive input parameter is the seis-
mic moment that corresponds to the EGF. This
emphasizes the need for dense seismological net-
works, allowing to perform detailed and precise in-
vestigations on the source parameters of moderate
to small events;

iv) The target event’s stress drop16 also strongly in-
fluences the synthesised strong motion, and more

efforts should be undertaken by the seismological
community to better constrain (average) stress
drops of major eventsa priori;

v) The application of EGF techniques for strong mo-
tion predictions should, whenever possible, in-
clude an explicit uncertainty analysis; the LHS
approach is a simple and elegant method for that
purpose.

These encouraging conclusions should be balanced,
however, with the need to carry on further investiga-
tions on the reliability of the EGF technique:
i) Further similar studies should be carried out in or-

der to see whether the average final uncertainty
factors of about 2 to 3 are representative for the
EGF technique. In particular, the sensitivity with
respect to different EGFs with the same hypo-
centre (for instance stemming from an aftershock
series) should be investigated. Furthermore, the in-
fluence of the source-receiver orientation with re-
spect to the fault ‘plane’ should be studied in more
details with the aid of Green’s events recorded by
a dense network;

ii) Some tests with a composite source model, based
on Zeng et al. (1994), but with Kostrov type cracks
(Lachet and Bard, 1996), were performed, where a
tendency to overestimate the intermediate and high
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frequencies was observed. However, these tests
were still far from being conclusive, and further
investigations should be done;

iii) As shown by Bour and Cara (1997), and possibly
others, the EGF technique, as implemented by
most authors, looses its validity in the near field,
and further studies should be undertaken to better
circumscribe the validity of the EGF technique.

Finally, it is recalled that the EGF technique is based
on the assumption of linearity. If conditions are such
that this assumption cannot be maintained, the EGF
technique has to be completed by geotechnical meth-
ods, as was, for instance, proposed by Heuze et al.
(1995).
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