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The empirical Green’s functions (EGF) technique is used to investigate two methods
for predicting ground motion in a sedimentary basin for a future earthquake, including
variability assessment. This study focuses on the Grenoble basin (French Alps). The
basic principle of both methods is to generate a variety of source parameter sets based
on a grid testing approach. Next, these sets are used to compute a population of ground
motions by means of a kinematic EGF method and to estimate ground-motion vari-
ability. The first method tried, called the direct-parameter-input approach, selects input
parameter combinations from assumed source parameter probability density func-
tions. It is demonstrated that this approach leads to overestimated variability. More-
over, these simulation results are not calibrated. A new (screened-parameter-input)
procedure is therefore proposed: (1) reference rock site response spectra are simulated
for fractiles of several orders using empirical ground-motion prediction equations;
(2) a large population of rock site response spectra is generated by means of the
EGF method with varying rupture parameter combinations; (3) the spectra that do
not fit the empirical motion for the chosen fractiles are screened out and sets of per-
missible source parameter combinations are thus obtained; (4) sediment site response
spectra are computed with this EGF procedure and with these permissible parameter
combinations; and (5) for each frequency median spectral acceleration and standard-
deviation values are derived.

Introduction

The prediction of realistic ground motion produced by
a hypothetical future earthquake is a fundamental stage in
anticipating potential damage. This is particularly the case
in European alpine valleys where moderate potential earth-
quakes may have serious consequences caused by major site
effects. However, in such areas, the lack of detailed knowl-
edge of the properties of the in situmedium makes it difficult
to use numerical methods for estimating ground motion
above 1–2 Hz, that is, in the relevant frequency range for
earthquake engineering (0.1–20 Hz). Moreover, empirical
ground-motion equations are not able to account for complex
2D/3D site effects properly. An alternative approach is the
empirical Green’s functions (EGF) method, which automati-
cally includes specific site effects assuming a linear soil re-
sponse. However, some input parameters still remain difficult
to estimate. In addition, ground-motion variability needs to
be assessed, especially for an application in probabilistic es-
timations. The goal of this article is thus to present a proce-
dure for providing reliable site specific blind ground-motion
predictions with the EGF method, including ground-motion
variability.

This article consists of two parts called the direct-
parameter-input approach and the screened-parameter-input

approach, respectively, presenting two different ways of as-
sessing the ground-motion variability. Both approaches are
based on grid testing to explore the EGF summing-up para-
meter space (referred to as the input parameter space). Each
of the procedures introduces a specific constraint to define
the parameter space grid and permissible parameter combi-
nations. These parameter sets lead to a variety of EGF simu-
lations that are used to derive the ground-motion variability.
The first part investigates a method (Latin hypercube sam-
pling [LHS]) in which the input source parameters are de-
scribed using a priori probability density functions. The
ground-motion variability is then directly derived with the
constraint of the assumed input parameter uncertainties.
The second part presents a new procedure (the screened-
parameter-input approach), the principle of which is to cali-
brate rock EGF predictions with empirical ground-motion
equations. This method involves screening out source para-
meter combinations that do not provide results in agreement
with the chosen reference empirical equations. In this way it
will be possible (1) to calibrate EGF simulations on soil
with rock values obtained with empirical ground-motion
equations and (2) to obtain a variability of site specific
ground-motion predictions in agreement with that given
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by empirical rock ground-motion equations. This study fo-
cuses on the Grenoble basin (Fig. 1), which is a deep sedi-
mentary basin (>500-m deep). The Grenoble area is a
typical example of an alpine valley: (1) the seismic history
shows the possibility of M 5.5 earthquakes in the vicinity of
the city (Chamonix, 1905 and Corrençon, 1962) and (2) large
site effects (amplification factors equal to 10–15) have been
underlined (Lebrun et al., 2001). Response spectra due to a
hypotheticalM 5.5 earthquake occurring 15 km from the city
are predicted on two stations (rock and sediment).

Direct-Parameter-Input Approach

Method

An initial technique is proposed for evaluating the un-
certainties of our EGF ground-motion predictions (Fig. 2).
More precisely, the aim is to evaluate for each frequency
the probability density functions of the spectral acceleration.
In our example, the event used as the EGF is a ML 2.9 earth-
quake. Given its signal-to-noise ratio only ground motion
above 1 Hz can be simulated, and the frequency range is
limited to 1–20 Hz. The EGF summing-up algorithm closely
follows a kinematic modeling technique developed by
Hutchings (1994).

The input parameters are first split into two categories:
constant (epistemic) and variable (aleatory) parameters. The
first category refers to the EGF parameters that are considered

to be fixed (Table 1). The second category includes the
source parameters: the ratio between the stress drop of the
target event and the EGF event (c), the position of the rupture
nucleation �Xnuc; Ynuc�, the rupture velocity (VR), and the
shape factor (L=W) of the fault, assumed to be rectangular.
The variable parameters are then assigned a probability den-
sity function. These five parameters have a considerable in-
fluence on the EGF simulations because they affect the
rupture size of the target event and the directivity effects.

Secondly, following the procedure of Pavic et al. (2000),
the effects of the five variable parameter uncertainties on the
simulated ground motion are calculated by means of the LHS
method (McKay, 1988). This method can be just seen as an
adapted grid testing, in which a parameter sampling is de-
fined with respect to its probability density function (Fig. 3).
Moreover, it provides a reliable estimate of the actual uncer-
tainty in the final results with only n combinations of input
parameters (instead of n5 for a classical grid testing). These n
samples are then used to generate a population of response
spectra. In our study, a value of n � 50 is taken. The output
spectral acceleration is characterized by its mean value and
standard deviation.

Because many studies have shown that spectral accelera-
tion values follow a lognormal distribution (e.g., Bommer
et al., 2004), the Kolmogorov–Smirnov (KS) test (Chakra-
varti et al., 1967) was applied to validate this property. Next
the resulting standard deviation was compared to several

Figure 1. Map of the Grenoble basin (French Alps).
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classical empirical ground-motion equations that provide
values of around 0:3 log 10 units.

Source Parameter Distributions

First, the stress-drop ratio (c) distribution is defined
(Fig. 4). It has been demonstrated that the peak ground ac-
celeration (PGA) is proportional to c5=6 (Boore, 1983; Atkin-
son, 1984). Details about the calculation can also be found in
the appendix). It leads to the following relation:

SA�f → ∞� ∝ c5=6: (1)

Therefore, the only way to obtain a lognormal distribu-
tion for the spectral acceleration at a high frequency is to
assign c a lognormal distribution. The use of other distribu-

tions for c (e.g., uniform) would effectively give rise to a
decrease in the KS-test statistics p-values. Then a standard
deviation of 0.3 on log�c�was chosen because it theoretically
produces a standard deviation of 0.25 on SA�f → ∞�. The
scattering of the c values obtained is wide but consistent with
the results of Kohrs-Sansorny et al. (2005) that mentioned
values ranging from 1 to 15.

Second, the parameters �Xnuc; Ynuc�, VR, and L=W are
determined by investigating their scattering obtained in past
studies (Fig. 4). The recent results of kinematic inversion
provided essential information. Mai et al. (2005) analyzed
the hypocenter position by studying a database of more than
80 finite-source rupture models and defined probability den-
sity functions that were used in this study. Somerville et al.
(1999) also detailed the characteristics of 15 crustal earth-
quake slip models. The distributions chosen here for the rup-
ture velocity and the shape factor are consistent with the
scattering observed in their study.

Results

The aforementioned direct-parameter-input procedure is
applied to simulate ground motion on rock (at OGMU sta-
tion, which is part of the French Accelerometric Permanent
network, http://www‑rap.obs.ujf‑grenoble.fr) caused by a
potential M 5.5 earthquake. The results are presented in
Figures 5 (statistical results) and 6 (response spectra).

First, the KS test shows that the hypothesis of a lognor-
mal distribution cannot be rejected at high confidence level

Probability Density Functions of source parameters

EGF method

Rock station Sediment station

50 simulated response spectra 50 simulated response spectra

Spectral Acceleration Spectral Acceleration

Median + Standard deviation Median + Standard deviation

50 sets of input parameter combinations

Grid testing (LHS method)

Figure 2. Flowchart of the direct-parameter-input approach.

Table 1
Constant (Epistemic) EGF Summing-Up Parameters

Constant Parameters Value

Target event seismic moment 2:2E�17 Nm
EGF seismic moment 2:8E�13 Nm
EGF length 0.195 km
EGF corner frequency 9 Hz
Strike 35°
Dip 90°
Epicentral distance 15.3 km
Source–receiver azimuth 268°
Focal depth 3 km
VS (at source) 3000 m=sec
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Figure 3. Determination of the n values of an input parameter
according to the LHS method. In this example, n � 5 and the para-
meter x follows a normal distribution. The probability interval [0,1]
is divided into n intervals with equal length, and a number pi is
drawn randomly in each of these intervals. The inverse of the cu-
mulative probability density function F�1�x� is then used to provide
a set of n values xi. The resulting values are mainly concentrated
around the median value.
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(the minimum p-value equals 0.2). The p-values are very
high at high frequency and decrease significantly below
fc � 9 Hz. Second, the standard-deviation value rises to
0.25 at high frequency (as predicted by equation 1), starts
increasing below 5 Hz, and exceeds the value given by
the empirical ground-motion equations below 3 Hz. These
observations confirm that ground motion is mainly con-
trolled by the ratio c at high frequency, especially above
fc. The parameters �Xnuc; Ynuc�, VR, and L=W, involved
in the directivity effects, essentially influence the low fre-
quencies. The chosen probability density functions for these
parameters lead to a slight overestimation of the variability at
low frequency. This indicates that the probability density

functions of some of the rupture process parameters, and
their likely cross correlations, are not yet well known.

In addition, the median values of the direct-parameter-
input approach will be strongly dependent on the particular
stress-drop ratio c. There is, therefore, also a need for cali-
brating the EGF calculations (Fig. 6).

Screened-Parameter-Input Approach

Method

It is then proposed to calibrate our EGF simulations on
rock with empirical ground-motion equations. Rock empiri-
cal equations are used in probabilistic seismic hazard assess-

Figure 4. Probability density functions of the variable parameters.
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ment (PSHA) analysis. Such a calibration will then help to
compute EGF simulations consistent with PSHA studies.
As in the direct-parameter-input method, a population of re-
sponse spectra is generated by means of grid testing. The
difference lies in the constraint introduced to select sets of
parameter combinations. The principle is to screen out the
parameter sets that do not provide spectra expected from
a rock site (Fig. 7): (1) first k reference response spectra
on rock are computed with Ambraseys et al. (1996) equa-
tions corresponding to fractiles of different orders. These
k fractiles are easily obtained as the standard deviation on

log�SA�f�� is known, and SA�f� follows a lognormal distri-
bution. Ambraseys et al. (1996) equations have been derived
from 422 triaxial records generated by 157 earthquakes in
Europe, with surface wave magnitudes MS between 4.0
and 7.9 and source-site distances up to 200 km. The model
is well constrained for a M 5.5 event at 15 km, with 48 re-
cords in the magnitude range 5–6 and with distances between
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Figure 7. Flowchart of the screened-parameter-input approach.
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10 and 30 km (cf. figure 3 of Ambraseys et al. [1996]).
Scherbaum et al. (2004) and Drouet, Scherbaum, et al.
(2007) have shown that these equations are well adapted
for PSHA analyses in France. Nevertheless, ground-motion
equations are initially adjusted according to the Cotton et al.
(2006) procedure in order to adapt the definitions of rock
type and parameters used by Ambraseys et al. (1996). First
the VS30 is set equal to 1000 m=sec (the supposed value at
the OGMU rock station) using generic rock models. Second,
the initial definitions of distance and component type are
changed into epicentral distance and geometric mean of
the horizontal components. The definition of magnitude is
kept as it is moment magnitude. (2) A large population of
response spectra on rock is generated using the EGF method
with varying source parameters combined by means of a grid
search algorithm. To reduce the number of computations, the
L=W ratio was assumed to be fixed. The permissible para-
meter values are given in Table 2. The number of generated
response spectra is then 9000. (3) The k best-fitting spectra
are selected (by assessing the misfit on log�SA�f��, in the
least-squares sense), leading to k sets of source parameters.
(4) For each frequency, Monte Carlo simulations are per-
formed to assess with the KS test the lognormal distribution

that best fits the k values sample (Fig. 8). Median ground-
motion and standard-deviation values are thus obtained
(Fig. 9a and c). In this study, a value of k � 10 was chosen
(the KS test is already quite accurate for k ≥ 4) with the
following fractile orders: 5%, 15%, 25%,… ,95%. For a fre-
quency fi, the reference parameters �mi; σi� of the ground-
motion equations can be found accurately with this particular
choice from the corresponding 10 value samples. (5) Finally
response spectra on the sediment station (the OGDH station
of the French Accelerometric Permanent network, located
less than 2 km from the rock station) are calculated with
the EGF method and the same source parameters. Median
values and standard deviation are determined the same
way (Fig. 9b and c). The method is valid on the condition
that both sediment and reference rock stations have suffi-
ciently close source–receiver distance and azimuth, which
is the case in this study.

The aforementioned procedure is based on the assump-
tion that there is a single source parameter set associated with
the same fractile for the whole frequency range. However, as
shown in the previous section (Direct-Parameter-Input Ap-
proach), the influence of some source parameters on spectral
acceleration strongly depends on the frequency: high fre-

Table 2
Permissible Space for Variable Parameters for the

Screened-Parameter-Input Approach

Variable Parameters Minimum Permissible Value Maximum Permissible Value Number of Values

c 0.15 14 60
Xnuc=L

1
11

10
11

10
Ynuc=W 0.5 0.7 3
VR 1900 m=sec 2900 m=sec 5

Parameters are regularly distributed in their variation space. Ynuc=W � 1 corresponds to
the bottom of the fault.
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quencies are essentially controlled by the stress-drop ratio c,
whereas low frequencies are affected by the parameters VR

and �Xnuc; Ynuc� as well. The same scheme as in the pre-
ceding discussion is therefore followed but by deriving
frequency-dependent sets of source parameters; that is, the
misfit is computed for each frequency (screened-parameter-
input approach 2; Figs. 10 and 11). This modification leads
to a better fit with the rock reference spectra but does not
significantly change the simulation results in this case.

Results

First, it has been shown (Fig. 6) that the direct-
parameter-input procedure underestimates the median spec-
tral acceleration on rock by a factor of about 2 in relation
to Ambraseys et al. (1996) equations (modified). In the

screened-parameter-input approach a c value of about 3.5
is necessary to fit the reference, whereas in the direct-
parameter-input approach the c distribution is centered
around one. This result confirms that it is imperative to cali-
brate our EGF predictions. Fitting the rock reference ground
motion involves a magnitude-increasing stress drop. Note
that the discrepancy observed in Figure 7a could also arise
from even stiffer rock conditions on the reference sta-
tion OGMU.

Second, the OGDH station exhibits very large amplifi-
cation effects, especially a peak around 2 Hz (Fig. 8). This
peak has been clearly identified in different studies, from
geophysical and geotechnical surveys (standard spectral
ratio, horizontal-to-vertical spectral ratio of noise, multi-
channel analysis of surface waves, cone penetration test,
standard penetration test cross hole) (Guéguen et al.,
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2006; P. Guéguen and S. Garambois, unpublished manu-
script, 2007) and from global inversion methods (Drouet,
Chevrot, et al., 2008). It is due to a 15–20-m-thick soft clay
layer (VS ≈ 200 m=sec) over a sandy gravel layer. This am-
plification effect, which is not accounted for by Ambraseys
et al. (1996) equations for soft soils, confirms that empirical
equations are inadequate for assessing site effects in complex
3D basins.

Third, our predictions at the OGDH station exceed the
future European regulation spectra (EC8) for standard to stiff
soils (category B or C in EC8 classification). This would

seem to indicate that European regulations are not suitable
for designing structures in the Grenoble basin and that mi-
crozonation studies are needed in such a geological context
(Fig. 9b). It should nevertheless be mentioned that the EGF
approach does not account for possible nonlinear effects.

Discussion and Conclusion

A new method has been introduced for predicting
ground motion for a future earthquake that includes specific
site effects and a variability assessment. Its main advantage is
that it can be used to calibrate the simulations on rock by
means of rock empirical equations. The mean and standard
deviation obtained on sediment are then consistent with rock
calculations used in PSHA studies in France. A simple illus-
tration of the procedure is given in the framework of the Gre-
noble valley.

The approach described nonetheless needs a reliable as-
sessment of the variability observed in nature by the rock
empirical equations, that is, the variability due to the unpre-
dictable nature of a unique earthquake, which may be ques-
tionable. Anderson and Brune (1999) mentioned that the
ergodic assumption—confusion between epistemic and alea-
tory uncertainties—in empirical equations can indeed bring
about a variability overestimation. Chen and Peter Tsai
(2002) proposed a method to split the variance into different
components. They conclude that the site-to-site component is
not negligible compared to the total deviation. Recently, At-
kinson (2006) performed regression analyses on a single-
station database and drew the same conclusion. If the hazard
from a single source is considered, the site standard deviation
would be 60% of that predicted by regional empirical equa-
tions. In order to apply the new procedure described here in
the framework of a PSHA and to calibrate ground-motion
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variability correctly, it is thus imperative to undertake further
investigations of the variability due to multiple earthquake
sources for a single station.
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Appendix

This appendix demonstrates the proportionality relation
between PGA and the stress-drop ratio c.

The simulated accelerogram S�t� is given by
S�t� � R�t�⊗s�t�, where R�t� denotes the apparent source
time function and s�t� denotes the EGF. Thus, in the fre-
quency domain,

R�f� � S�f�=s�f�: (A1)

According to the classical ω-squared model (Brune,
1970), the theoretical shapes of displacement amplitude
spectra of both simulated and small events are

jU�f�j � CS

M0

1� �f=Fc�2
(A2)

and

ju�f�j � cS
m0

1� �f=fc�2
; (A3)

where �M0; Fc� and �m0; fc� refer to the seismic moment
and corner frequency of the large and small event, respec-
tively. Constants CS and cS describe the propagation and di-
rectivity effects and are assumed to be equal in the EGF
method. Using equation (A1) we find

jR�f�j � jS�f�j
js�f�j �

jU�f�j
ju�f�j �

M0

m0

1� �f=fc�2
1� �f=Fc�2

: (A4)

The ratio M0=m0 represents the number of EGF to sum up
and is equal to NLNWND, where NL, NW , and ND denote the
numbers of EGF to sum up along the strike, along the dip,
and in the time, respectively. Using the proposed EGF
summing-up algorithm, the theoretical spectral ratio defined
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in equation (A4) can be closely monitored: (1) the Kostrov
source model ensures the ω�2 spectral decay, and (2) we ap-
ply a procedure to fix the spectral level equal to M0=m0

above fc. Thus, if the EGF amplitude spectrum is assumed
to follow the Brune’s model, the acceleration amplitude spec-
trum of the simulated event takes the form

jS�f�j � 4π2f2CS

M0

1� �f=Fc�2
: (A5)

The root mean square (rms) acceleration is defined as

arms �
���������������������������������
1

TD

Z
TD

0

S�t�2 dt
s

; (A6)

where TD stands for the simulated event duration. Parseval’s
relation gives

Z
TD

0

S�t�2 dt � 1

π

Z
fmax

0

jS�f�j2 df; (A7)

where fmax is the cutoff frequency. Using equation (A5) and
assuming TD ≈ 1=Fc, we obtain

arms �
1���
π

p 4π2CSM0F
3
c

������������������
fmax

Fc

� 4

5

s
: (A8)

The theory of stationary Gaussian random functions is then
used to express the PGA versus arms (Vanmarcke and Lai
(1980):

PGA � arms

�����������������������������
2 ln�2fmaxTD�

p ≈ arms

�������������������������������
2 ln�2fmax=Fc�

p
:

(A9)

Consequently, because fmax ≫ Fc,

PGA � 1���
π

p 4π2CSM0

�����������������������
2 ln�2fmax�

p
F3
c

����������
fmax

Fc

s
: (A10)

This leads to the following proportionality relation between
PGA and Fc:

PGA ∝ F5=2
c : (A11)

Finally the scaling relation of source parameters (Brune,
1970) is used to define Fc versus c. This scaling relation as-
sumes a constant stress-drop scaling: M0 ∝ F�3

c . This gives
the following classical relationship between both small and
large events:

M0

m0

�
�
fc
Fc

�
3

: (A12)

Because the hypothesis of a constant stress-drop scaling is
now much debated (e.g., Kanamori and Rivera, 2004), the
large event stress drop ΔΣ is chosen to be different from
the small event stress drop (ratio c different from 1). Under
this condition, the scaling relation of source parameters takes
the form M0 ∝ ΔΣF�3

c . Thus, the relation between the
small and large events of equation (A12) becomes (Kohrs-
Sansorny et al., 2005):

M0

m0

� c

�
fc
F0
c

�
3

; (A13)

where F0
c � c1=3Fc stands for the simulated event corner fre-

quency without the constant stress-drop scaling assumption.
Consequently, by replacing Fc with F0

c in equation (A11),
we obtain

PGA ∝ c5=6: (A14)
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