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Abstract. FD modelling of the two-dimensional P-SV 
seismic response is performed for the Volvi Lake sedi- 
mentary basin at EURO-SEISTEST site. The basin is 
6 km long and 200 m deep. Viscoelastic linear rheol- 
ogy, with the attenuation described by Q proportional 
to frequency is used. The FD synthetics are accurate 
up to 4.6Hx. This means 10 gridpoints per shortest 
S-wavelength corresponding to frequency of 4.6Hz. 

The site is characterized by co~rlplex structure, with 
high velocity contrasts between individual blocks, (us = 
2600 m/s)/( us = 425 m/s); also the vp/us velocity 
ratio is up to 5. Numeric instabilities have been found 
at contacts between blocks with high and low vplvs ra- 
tios. A simple trick to stabilize the calculations for long 
FD runs (e.g. 20 000 time levels, or more) 11as been sug- 
gested. It consists of a special algorithmic treatment of 
the material discontinuities, preventing mixing of very 
large and very small values of the so-called cffcctive ma- 
terial parameters within a grid cell. Appendix provides a 
comparison of the present FD method with an indepen- 
dent method for a model with non-planar topography 
and several up/uS ratios. 

1 Introduction 

Earthquake ground motion predictions of site effects 
profit mainly from test sites at which geotechnical pa- 
rameters are measured in great detail, and numerous 
seismic records are accumulated. These two data sets 
enable testing of computational codes through compar- 
isons of the numerically simulated ground motions with 
the recorded ones. For instance, the Ashigara test sitc, 
Japan (Midorikawa, 1992) indicated, rather surprisingly, 
that different modelling methods provide very similar re- 
sults. On the other hand, Riepl (1997) found consider- 
able differences between various simulation results, and 
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Table 1. Model parameters corresponding to Fig. la: vp ,  v s  - P, 
S wave velocities (m/s); p -density (kg/m3); Q = Q p  = QS -the 
quality factor 

blockNo. 1 2 3 4 5 

U P  460 1500 1800 2600 4200 

u s  230 300 425 700 2600 

different degree of their agreement with seismograms. 
Her study was for Volvi Lake site, close to the epicentre 
of the damaging Thessaloniki earthquake of June 2oth, 
1978 (M=6.5). The Volvi Lake has been intensively 
studied as an international test site, EURO-SEISTEST, 
since 1997 (Jongmans et al., 1998; Riepl et al., 1998). 
Our intention was to contribute to the Volvi Lake studies 
by the elastic finite-difference (FD) simulations. How- 
ever, in the initial stage, serious numerical problems (in- 
stabilities) were encountered. Therefore, the aim of this 
papcr is to explain from where the instabilities come, 
and how they can be prevented. The comparisons with 
other methods, as well as a detailed physical discus- 
sion of the Volvi seismic response will be later published 
jointly with the other Euroseistest participants. 

It is a 2D model with flat surface topography (see 
Fig. 1 and Table 1). The sedimentary valley structure 
consists of blocks with constant velocities (up and us), 
densities ( p ) ,  and quality factors (Qp and Qs). Our 
model is purely linear. The intention is to simulate the 
response of the valley with respect to the plane wave 
vertically incident from below. 

The simulation is performed for P-SV case. It is based 
on FD method using the PS2 schcmc (Zahradnik, 1905) 
with some modifications described below. The PS2 is a 
scheme in displacement components, 2nd order accurate 
inside the medium, employing heterogeneous formula- 
tion of the elastodynamic equation on a regular square 
grid. The free surface is treated by vacuum formalism 
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Computat iona l  m o d e l  

depth 

0 m horizontal distance along profile 6400 m 

Fig. 1. The computational model. (a) The model constitution of 
blocks (see Table 1). (b-c) Details of the upper part of the model. 
The arrows point at the contacts of the blocks that produced 
instabilities. 

with lSt order accuracy. The attenuation, described for 
simplicity by Qp=Qs, proportional to frequency, is in- 
cluded in the equations of motion by a term proportional 
to velocity. The quality factor is spatially variable. The 
prescribed Q values are assumed to be valid at 2Hz. 
The modeling consists of two steps, A and B. Step 
A is calculation of the pseudoimpulse response (PIR) 
with respect to the vertically incident plane wave exci- 
tation, whose time history is a Ricker wavelet of a short 
duration, t, = 0.25 seconds. Step B is calculation of 
the response with respect to the prescribed excitation 
represented by an earthquake record. Only step A is 
presented in this paper. 

Numerical parameters of our modeling are summa- 
rized in Table 2. The simulation of the pseudoimpulse 
response 15 seconds long took about 750 minutes on 
H P  7351125 workstation. 

Table 2. Numerical parameters of the finite-difference method: 
dz = dz =spatial step (m), dt  =time step (s), f,,=frequency (Hz) 
up to which the numerical method is accurate, and N,, N,, Nt, 
representing the size of the model in terms of the multiples of 
dx, dz, dt respectively. 

medium2 lambda medium 1 
lambda+2mu _ _ _ _  lambda .BAD 

4E+9 - - . . . -. . . - mu 

alphal betal rhol 

(Pa)- 1414 866 2000 

alphal betal rhol 
742 158 2000 

alpha2 beta2 rho2 
1639 968 1600 

\ 

'. ., 
x-.. -... 

OE+O 7 

0.00 0.20 0.40 0.60 0.80 1.00 
position of interface between the gridlegs 
(0.0=medium2, l .O=mediuml)  

Fig. 2. The effective parameters (,u)~ (dashed-dotted), (A), 
(thin solid), (A + 2 , ~ ) ~ ~  (thick soid) computed correctly by ge- 
ometric averaging of each of these three values separately. The 
dashed thick and thin lines show the value of (A + 2 , ~ ) ~ ~  and 
(A)ef indirectly computed from the known effective parameters 
( ~ ) e f ,  Wef and/or (A + 2 ~ ) e f  respectively. 

2 Algorithmic and numeric problems 

Our code represents the model by polygonal blocks. Nei- 
ther nodes of the blocks, nor their sides coincide with 
gridlines, in general, thus automatically computed ef- 
fective material parameters may vary along the block 
boundaries in a complex way, see Fig. l a  (e.g., see the 
interface between blocks 2 and 3, or 3 and 4). In a very 
early stage of this work a numerical instability of the 
P-SV simulation was found, that could not be removed 
by any decrease of the steps dx, dt. (While SH case for 
the same model was completely free of any instability.) 
The problem was spatially localized to the edges of the 
basin; see details marked in Figs. lb,c. As reported in 
Zahradnik (1995), the PS2 scheme requires that gently 
sloping interfaces outcropping at the surface are locally 
transformed into short vertical segments coinciding with 
a grid line. We used this trick in the model of Fig. 1, 
too, but it only postponed the catastrophic instability 
by tens of timelevels (i.e. by 0.01 s). 

The effective parameters (EPR), that represent a key 
feature of the PS2 method, are geometric averages of the 
true elastic parameters along so-called grid legs between 
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Fig. 3. Detail of the lower-right part of the basin - the model 
parameter affected by the incorrect indirect computation 
(see Fig. 2). The 'overshoots' are visible as the narrow bright 
spots along certain boundaries (between blocks 4 and 5 depicted 
in Fig. 1). Shown is the vertical parameter, corresponding to A 
in Fig. 4. 

two neighbouring grid lines. In our code, two sets of 
E P R  are directly calculated: (A + 2p), f ,  and (P),~. 
The term "directly" means calculation after definition 
formulas, e.g. equation (2) of Zahradnik (1995). Then, 
using these two, the effective A is indirectly calculated 
as (A + 2p),f - 2(p),f. This, of course, is not the same 
as the directly calculated (A),f. We hypothetized that 
the mentioned instabilities could be just of this reason. 
Therefore, in an auxiliary code, we directly calculated all 
the three: (A + 2p),f, (A)ef7 (p),f. These parameters 
have been compared in Fig. 2 for two velocity values. 
Taking the direct calculation of all the three E P R  as a 
reference, the error in evaluating (A)ef may be greater 
than 200%, for high contrasts of p (1 : 10). (Let us 
stress that this contrast in p doesn't necessarily mean 
contrast in vs between the neighbouring blocks as the 
density also plays a role.) This explains why the E P R  
calculated in our main code (that one using direct E P R  
for A + 2p and p, but indirect one for A) display some 
'overshoots' marked by the narrow bright spots along 
certain boundaries; see a detail of the model X values in 
Fig. 3. 

However, in spite of the fact that the FD code was 
modified so as to all the three effective parameters (A + 
2p), f ,  (A), f 7  (p), were calculated directly, the insta- 
bilities mentioned above were not removed. 

2.1 Stabilization 

Next we concentrated on the stabilization through a 
model modifications similar to those introduced for the 
first time in OprSal & Zahradnik (1999), in which thc 
inproper mixing of zero and non-zero parameters within 
one free-surface gridcell appears. As found in that pa- 
per (for nonplanar topography) serious problems occur 
in the grid cells crossed by legs with mixed zero and 
non-zero E P R  values. In the present model (flat to- 

a 
Unstable STABLE 

Fig. 4. The model parameters treatment for stabilization pur- 
poses. (a) Shows that in case of contrast of parameters in blocks I 
and I I ,  and ?hen the effectiye parameters y e  A $< B, we substi- 
tute A + A and B --+ B , while A < A B < B. (b,c) Are 
details of the model for vertical (b) and horizontal (c) parameters 
along the slightly dipping interface between two blocks. After the 
stabilization trick, the new effective parameters ale looking like in 
(c) for both vertical and horizontal parameters ((a) right). 

pography) the legs with zero EPR's under the surface 
gridline do not exist, but we experimentally verified that 
the instabilities have a very similar reason, i.e. mixing 
of a small (non-zero) and a large value of E P R  within 
a grid cell. 

Therefore, the following stabilization approach was 
adopted (see also Fig. 4a): As an example, let A and B 
are E P R  values very different from one another. The 
large difference between A and B comes from the geo- 
metrical averaging of two contrasting media parameters 
(A valuc), whilc B is cqual to parameter value of block 
under the interface, see Fig. 4a. The stabilization trick 
is as follows: For A << B, we substitute A -+ A' and 
B -+ B', while A < A' B' < B. For example (A = 
1.10~ P ~ , B  = 9 . 1 0 ~  pa) -+A' = B' = 5 . 1 0 ~  Pa. The 
other parameters in the gridcell are treated in the same 
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way as in the "full-form" formulas of Zahradnik (1995). 
This trick is equivalent to surrounding the blocks with 
one-gridstep thick belt of varying parameters whose val- 
ues are still in the range given by the parameters of the 
neighbouring blocks, see Figs. 4b,c. This creates a 1- 
gridcell-thick block with varying parameters supplying 
the original interface without bluring it, compare Figs. 
4b and 4c. The same stabilization process is sometimes 
also needed in other cases (e.g. in the random medium, 
Oprgal& Zahradnik, 1997). 

It is interesting to note that many other stabilization 
tricks (several dozens of experiments !) were attempted 
with absolutely no success. For example, we artificially 
substituted velocities in the upper left and right parts 
of block 4 with parameters of block 2 and/or 3 (Fig. 
1) in order to decrease the vp/vS velocity contrast, etc. 
Compared to these trials, an appreciable fact is that the 
successful stabilization introduced above allowed calcu- 
lations with the very high up, us contrasts, as well as 
very high vp/vs ratio contrasts, prescribed in the orig- 
inal model (Fig. 1, Table I), without any necessity to 
change these values in the whole blocks. 

Although a minor modification of the interfaces is (lo- 
cally) introduced by the stabilization, the traction conti- 
nuity is not violated (OprSal & Zahradnik, 1999). Thus 
the overall effect of the curved material discontinuities is 
modelled satisfactorily. To show this, at least for a par- 
ticular model, we have tested the method at the most 
contrasting discontinuity, i.e. the non-planar free sur- 
face, by comparison with the finite-element method; see 
appendix. 

3 Results 

The horizontal component of the pseudoimpulse response, 
PIR, for the vertical incidence of SV wave, is shown in 
Fig. 5. 

The notable features are as follows: a) the edge ef- 
fects, including fast spatial changes of the wavefield, as 
well as the edge-generated surface waves, b) large du- 
rations inside the valley (dependent, of course, on the 
adopted attenuation model), c) combined effects of the 
deep valley structure and the localized shallow layers, 
and d) the mode conversion. 

As seen from the result in Fig. 5, the surface motions 
vary significantly along the valley as regards their peak 
values, spectral content and durations. This important 
conclusion has been obtained in spite of the fact that 
the excitation was only a simple plane wave. 

4 Conclusions 

Numerical simulation of the sedimentary valley near Volvi 
Lake in the Thessaloniki area, EURO-SEISTEST, was 
performed by the finite-difference method. Serious prob- 
lems with the P-SV response modelling were encoun- 

Volvi - pseudoimpulse response; P-SV case; U comp 

time (s) 8 

Fig. 5. The horizontal component of the pseudoimpulse response 
for the Volvi Lake with respect to a vertically incident plane S 
wave for the P - SV case. It is accurate up to 4.6H.z. 

tered due to the extremely high vp/vs ratios, and up 
and us contrasts close to the free surface, in particular 
close to the valley edges. The successful stabilization 
is based on equalizing the 'crossing' parameters inside 
the gridcell as described above and shown in Fig. 4, 
but at the same time it doesn't mean any changes of 
material parameters in the blocks nor bluring or cor- 
rupting sharpness of the interfaces. A general purpose 
stabilization-subroutine in the FD code automatically 
modifies the calculated effective parameters, before pro- 
ceeding further in the FD code. Moreover, the stabi- 
lization trick is now applicable for previously unstable 
models, and is usable also in 3D codes. 

More results, plus those presented here, are available 
in a numerical form (as ASCII files) on the WWW (Web 
site 1). 

Appendix : Comparison with an independent 
method 

The behaviour of the PS2 scheme for a ridge model was 
compared with the hybrid FDFE method of Moczo et 
al. (1997) in which the topography is treated by finite 
elements, here taken as a reference solution. The model 
is depicted in Fig. Al. 

The source is a vertical force applied at the base, 
in the centre of the hill, its time function is defined 
as: f (t) = (b - 0.5)exp(-b), b = [ ~ ( t  - t,)/t,I2, with 
t, = 0.4875s, t, = 0.4875 s . The time window was 
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hor izontal  distance (m) 

Fig. A l .  The ridge model (Gaffet and Bouchon, 1989). Receivers 
Rl..R19 depicted by crosses, located on a free surface with a con- 
stant horizontal spacing of 166.66 m, R1 is on the top of the ridge 
(h = 375 m); R14..R19 are located in depth of z = 615.6 m (R15 
is not displayed), the horizontal distance of these receivers is as 
follows: R14 = 0.0 m, R15 = 11.165 m, R16 = 166.667 m, R17 = 
333.333 m, R18 = 500.0 m, R19 = 1000.0 m. 

t E (Os,4.0s) The surface shape is (Gaffet and Bou- 
chon, 1989): s(x) = h(l.O - a)exp(-3a) a = ( ~ / 1 ) ~ ,  
with h = 375 m, 1 = 1000 m, where h and 1 denote the 
height and the half-width of the hill; x E (O,l), while 
s(x) = 0 for x > I. 

Receivers Rl..R13 are located on a free surface with 
a constant horizontal spacing of 166.66 m, the R1 re- 
ceiver is on the top of the ridge (see Fig. Al).  Re- 
ceivers R14..R19 are located in depth z = 615.6 111, 
the horizontal distance of these receivers is as follows: 
R14 = 0.0 m, R15 = 11.165 m, R16 = 166.667 m, R17 = 
333.333 m, R18 = 500.0 m, R19 = 1000.0 m. There 
are no artificial reflections arriving to any of the re- 
ceivers during the defined time window. computation 
was done for a series of cases with vp = 2000 m/s and 
vs = 1400 ,1000 ,750 ,500 ,300 ,200 ,0.01 m/s (the 
last one being just formal). 

The results (vertical component) are presented for two 
cases: vs = 0.01 m/s, and vs = 500 m/s (vp/vs = 4) 
in Fig. A2. The good agreement visible in these two 
cases was also found in all trials with vs 2 500 m/s, 
while the two models with us = 300 and, 200 m/s had 
worse agreement between FD and FEFD synthetics in 
receivers R15..R19. 

Because the 'liquid ridge' case with the formal value 
of vs = 0.01 m/s does not suffer of this disagreement, 
it is probable that the differences come from different 
behaviour of the methods in treating the surface com- 
putations for high vp/vs ratios, larger than 4. 

The comparison in GIF and EPS formats for other 
vp/vS ratios is available at WWW (\Veb site 2). 

Acknowledgements. This work was performed within the EU spon- 
sored Inco-Copernicus ISMOD project, based on the EURO- 

Ridge mode l :  

vp=2000 mls,  vs=0,01 mls ,  W component  vp=2000 mls,  vs=500 mls,  W component  
I I I I 

R9 
R8 
R7 
R6 
R 5  
R 4  
R3 
R2  
R1 

o 2 t ime (s) 4 0 2 4 

Fig. A2. The comparison between the method of the present 
paper, and FDFE hybrid method of Moczo et al. (1997) for the 
ridgc modcl described in Fig. Al.  
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