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ABSTRACT 

 
Different aspects of site amplification from experimental and theoretical point 

of view were extensively discussed during all recent conferences such as 11th 

WCEE – Acapulco (1996), 11th ECEE – Paris (1998), ESG98 – Yokohama  

(1998) and 12th WCEE – New Zealand (2000).  Issues like effects of irregular 

geological configurations, near field phenomena, basin edge and 2D effects are 

better understood and quantified as well. 

Observations from recent strong earthquakes such as that of Mexico (1985), 

Loma Prieta (1989), Northridge (1994) and Hanshin-Kobe (1995) and from 

experimental sites like Ashigara Valley, Euroseistest and others, have provided 

important high quality data regarding the effects of surface geology on ground 

motion. The enhancement of numerical modeling now enables the study of 2D 

or 3D phenomena making feasible to be studied source path and 3D effects as 

a complete issue in the near future. 

The motivation of this thesis is mainly due to the fact that there is certainly 

a gap to be filled between research on site effects, which is constantly 

producing new results and better insights of the physics of ground motion and 

engineering practice, as it is mainly reflected in modern seismic codes (UBC97, 

EC8). In order to contribute in this discussion, we have selected for 

illustration in this thesis among the numerous interesting subjects some 

recent theoretical and experimental works related to 2D effects.  

 

Recent theoretical and experimental studies using data from arrays and 
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well-documented soil structures demonstrated, that the surficial geological 

structure has a significant impact in the ground motion mainly because it 

affects the wave field trapped in sedimentary valleys (Uetake & Kudo, 1998). In 

the last years many studies have analyzed 2D site effects in the elastic range 

on ground motion (Aki, 1993; Moczo et al., 1996), showing that differences 

relative to 1D response may appear due to the lateral propagation of locally 

generated surface waves and possible 2D resonance phenomena. On the other 

hand, it is well known that modern seismic codes (UBC97, EC8) consider site 

response as a 1D vertically SH wave propagation. Moreover, seismic response 

coefficients and spectral shapes for different soil classes are used in order to 

quantify site effects. The site classification is based exclusively on the vertical 

soil profile. Particularly, in UBC97 the uppermost soil layers are taken into 

account disregarding whether the total thickness of sediments is greater than 

30m, and also the sediments and bedrock contrast. 

Among the aims of this thesis is to contribute to the discussion on the 

physics of 2D phenomena. As an example of complex 2D structure with 

irregular geological configuration of sedimentary deposits, we examine the 

case of Euroseistest experiment. This is located on a 5.5 km wide and 200 m 

deep sedimentary valley, 30 km eastwards of Thessaloniki in northern Greece. 

Volvi valley is well investigated in geophysical and geotechnical terms 

(Jongmans et al. 1998, Pitilakis et al. 1999 and Raptakis et al. 2000). The 

NNW-SSE cross-section of the valley is depicted in figure 3.2.  

 

In this study the results are based on recordings, which come from a 

seismograph and an accelerograph network. The first included 24 Reftek 

seismographs and the second 7 free-field and 3 downhole 3-D accelerographs. 

Both arrays were installed along the cross-section (Fig. 4.2) and gave a large 

data set of high quality events (Raptakis, 1995; Raptakis et al., 1998; Riepl et 

al., 1998; Raptakis et al., 2000).  

To examine in detail the relation between observed, 1D and 2-D site effects 

in the frequency and time domain, two well recorded events have been 

selected; the first event (06.25.94, M=3, R=25km) was recorded at the 

seismograph array and the second one (05 3.95, M=5.8, R=32km) at the 
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accelerograph array. The results of the most commonly applied empirical SSR 

and HVSR techniques in estimating site effects and the reasons of the vertical 

component amplification are also discussed below. 

 

The study of site response in frequency domain using spectral ratios of 

Fourier amplitude (SSR) of entire seismograms and accelerograms, along the 

cross-section, show that the lateral discontinuities and the complex geometry 

of the valley are correlated with the amplification at low resonant frequencies 

(up to 3Hz) (Figs 4.4. – 4.9). The reference site at the northern edge of the 

valley is assumed to be free of site effects.  

The dense distribution of the seismographs along the cross-section gave the 

possibility to correlate the observations in terms of transfer functions (TF) of 

both radial and transversal components with the underlying soil conditions. 

Figure 4.5 illustrates the peaks of fundamental and higher resonant 

frequencies up to 2.5 Hz commonly and distinctly observed at all TF, for the 

radial and transversal components. Most of them are amplified by a mean 

factor of 12.0-15.0 at the center of the valley. However, the observed 

amplification is not uniform. This could be due to the important interactions 

among waves with low frequency content. The faults play an important role in 

the amplification pattern at the sites in their vicinity and the center of the 

valley. Both horizontal components are similar. Additionally, amplification 

factors of the vertical components are almost comparable with those of the 

horizontal ones, whereas accelerograms’ TF present similar shape with those 

of seismograms (Figs. 4.6 – 4.9). This clearly indicates that the complex 

geometry of the valley strongly affects the incoming wave-train. 

 

The study of individual time-windows (S and SW waves) of the transversal 

component within the valley shows large spectral amplitudes of SW-window 

for frequencies up to 3Hz (Figs. 4.11, 4.12). The maximum spectral amplitudes 

are almost comparable with those of the entire signals at the same frequency 

band. The S window amplification values within the valley are lower than 

those of SW window. The contribution of SW window with depth has also been 
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observed. Transfer functions of S and SW windows at 17 and 72m depth show 

that the amplification of SW window is constantly 2-3 times larger than those 

of the S window (Fig. 4.11). This means that the propagation of locally 

generated surface waves affects a large volume of soil deposits, lying in the 

center of the valley and not only the shallow soil formations. The contribution 

of locally generated surface waves remains stable with depth at the center of 

the valley and affects all three components. 

The vertical component of ground motion at the center of the valley show 

amplification of the same order as that of the horizontal ones (Figs 4.6, 4.7). 

This is due to the contribution of Rayleigh waves, which appear as a part of 

surface waves in the vertical component. This explains the significant 

contribution in the amplification at low frequencies where S-wave resonance 

occurs. The windowing procedure of the vertical component (Figs 4.13, 4.14), 

shows that the S window amplification factors were lower than those of SW at 

the stations within the valley. Hence, in case when Rayleigh waves appear, a 

part of them would be in the vertical component. In fact, the largest 

amplification (2-3 times) appeared at the SW window, instead of the S one at 

the superficial stations within the valley. It is clear that surface waves which 

are dominant in the SW window contribute significantly to the resonance’s 

peak. This amplification degrades the usefulness of the vertical component as 

reference. This fact could justify the disparity between HVSR and SSR. 

 

As it is well known, TF is only a ratio as a function of frequency and phase 

information are lost. Therefore, evolutionary spectra of transversal 

accelerograms, at the center of the valley (TST0) and at the reference site 

(PRO), filtered with a low pass cut-off 4.0Hz filter, are calculated (Fig. 4.20). 

The spectrogram at TST0 for frequencies of interest (0.5-1.0Hz), shows all 

maxima between 16.5-25 sec, where long period waves dominate.  

Furthermore, lower maximum appears at the same frequencies in the S 

time-window (14-16.5 s). The fact that observed maxima in both S and SW 

time-windows appear at the frequency 0.7 Hz, means that both S and SW 

time-windows contribute to the spectral amplification of the fundamental 

peak. On the other hand, the spectrogram at PRO shows that S window 
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presents maxima higher than those of SW window. In combination, these 

spectra show: a) SW waves contribute significantly to the resonant peak at 0.7 

Hz at the center of the valley and b) the striking difference, between the TST0 

and PRO means that SW waves appear at the center of the valley but not at 

the edges. This is also confirmed with TF for stations at the southern edge of 

the valley, where SW contribution is lower than that of S waves (Figs. 4.11, 

4.12). 

 

A quick look at the seismograms (Fig. 4.21), filtered with a low pass cut-off 

3.5 Hz filter including the most energetic phases, is adequate for the 

distinction of the strong differences in the duration of shaking between the 

stations at the edges and at the center of the valley. The long duration 

recorded between the central faults is due to locally generated surface waves, 

which are distributed either in the S or SW time-length. This confirms the fact 

that S and SW waves appear with the same frequencies (up to 3.5 Hz) along 

the entire time history. Consequently, it is difficult to distinguish the 

contribution of these phase types in the frequency domain. The study of 

accelerograms gave similar results. 

 

The study of the empirical TF and the observations on time-histories 

showed that the amplification of ground motion was not only due to the 

resonance of vertically propagated shear waves. 1D site response was 

computed (Kennett 1983) for all instrumented sites. 1D soil profiles were 

extracted from the 2D model (Fig. 3.2). The transition from high resonant 

frequencies with low amplification levels at the edges of the cross-section to 

low frequencies (smaller than 1Hz) with high amplification factors at the center 

showed that the computed site responses were directly related to the depth of 

the bedrock and Vs velocity contrast. Despite the agreement of resonant 

frequencies (0.7 and 2 Hz) between 1D and empirical TF, a large disparity of 

the amplitudes within the valley was observed. Theoretical fundamental peaks 

were lower than the empirical ones (Fig. 5.1). This is natural since the 

contribution of the locally generated surface waves is not included in 1D site 

response. The results of the 1D modeling in frequency domain are confirmed 
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by synthetic time-histories obtained from the convolution with a reference 

record. Convoluted signals were again filtered with a low-pass cut-off 3.5 Hz 

filter. All of them present the dominant ground motion in a narrow time-

window, as the S one of data (Fig. 5.2). The last part of the synthetics, which 

should correspond to the locally generated surface waves, shows very small 

amplitude and does not present any variation along the cross-section. This is 

not surprising since Love waves are generated only within the valley because 

of lateral propagation (2D effect and not 1D). 

 

A 2D SH-wave finite difference method (Moczo, 1989; Moczo & Bard, 1993; 

Moczo et al., 1996; Chávez-García et al., 2000) was used because a) the 

structure (Fig. 3.2) is irregular and b) the response of the valley is 2D and not 

3D.  

Time domain seismograms (with finite attenuation - damping) from 155 

receivers distributed along the free surface are shown in figure 5.8. They have 

been low-pass filtered with corner frequency of 10.0 Hz. The receivers at the 

center of the valley show the 1D resonance of the sediments, but the largest 

amplitudes are not related to vertical propagation. The synthetic seismograms 

are very clearly dominated by locally generated Love waves. The main 

conclusion is that both S and Love waves appear with the same 

characteristics. Therefore, surface waves cannot be identified in the frequency 

domain TF, since they contribute to the main "resonance peak" of the 

empirical TF rather than appearing as separate peaks of amplification. 

Transfer functions (Fig. 5.10) relative to the closest synthetic time history to 

reference site PRO have been calculated based on the seismograms of figure 

5.8. The center of the valley shows a first peak of amplification at about 0.85 

Hz. This peak is not homogeneous across the valley and that it breaks at two 

points at the center of the valley. This heterogeneity of the TF at the resonant 

frequency must have resulted from the interaction of surface waves. This is 

shown in the spectrogram of the synthetic seismogram at the TST (Fig. 5.13). 

This figure shows that the energy that contributes to the "resonant" peak at 

0.8 Hz is distributed all along the synthetic, including both 1D resonance and 

surface waves. In other words, the results of 2D model confirm the existence of 
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the surface waves locally generated, which have been already observed in the 

recordings. 

 

We have showed above that the main 2D effect is due to the lateral 

propagation of surface waves because of the complex structure of the valley. At 

this point an example is presented for the evaluation of whether the elastic 

design spectra should be modified in order to take into account site effects of 

complex nature i.e. 2D caused by irregular geologic structures such as 

Euroseistest sedimentary valley. In order to achieve this goal, the average 

response spectra of 12 events at the accelerograph array and the convoluted 

signals from 1D and 2D TF with recordings at PRO are computed as well as 

ratios of 2D response spectra relative to 1D case (Figs 7.5-7.11 and 7.12). 

In order to include the observations, the ratio between average observed 

response spectra at each site relative to average response spectra obtained 

from the 1D model is computed (Fig. 7.12). It is immediately apparent the 

large similarity between the 2D/1D and REC/1D. This shows, first, that in the 

response spectra domain, observations are consistently larger than the 

predictions that could be made with the 1D model, especially for periods 

longer than 0.20sec. Second, the difference between observations and the 1D 

model are very similar to the differences between the 2D and the 1D models, 

strongly supporting the idea that at Euroseistest, a 2D model is required to 

explain the observations. 

Additionally, the ratios of 2D/1D response spectra are computed along the 

cross section (Fig. 7.13). It is confirmed that in the case of Euroseistest, the 

aggravation factor is comprised between 3 and 5, and does not seem to depend 

strongly on the location of the station relative to the valley edge. Makra et al. 

(2000) insist that seismic codes emphasize 1D site response, as the 

parameters that govern the seismic coefficient at a given site are shear wave 

velocity of the uppermost layers, and depth to bedrock. The results show that 

an aggravation factor, due solely to the geometry of the soil formations, may 

affect response spectra by a factor between 3 and 5, in a period range of 

interest in engineering. For this reason an aggravation factor with the shape of 

figure 7.15 is proposed. We propose that such aggravation factors may not be 
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safely neglected in the elaboration of seismic codes. 

One limitation of this study is that all the computations are based on linear 

behaviour of soil material. Thus, it could be argued that the results are not 

applicable to the case of damaging earthquakes. This objection, however, does 

not hold in regions of moderate seismicity, such as Europe. For example, Bard 

(1997) proposes that a PGA between 0.1 to 0.2 g is required before non-linear 

deformations of soft sandy soils becomes apparent. The threshold is larger (0.3 

to 0.4 g) for soils of medium stiffness or stiff soils. It is thus very likely that 

ground motion behaviour will be linear during the future damaging events in 

Europe where expected PGA on rock is less than 0.3 g (taking into account 

that maximum expecting pga in Europe is 0.36g – according to the Greek 

Seismic Code 2000 – indepentedly of soil category), then our aggravation 

factors are likely to apply. This is not intended to minimize the research that is 

still required to understand non-linear soil behaviour phenomena and their 

consequences on ground motion. We rather would like to call attention to the 

importance of the aggravation factor introduced in this paper and the need of 

similar studies elsewhere. If the amplitude of this aggravation factor is 

confirmed, it can be used to incorporate the effects of complex geology in 

seismic codes and microzonation studies. 

 

 In the later section of this thesis, a sensitivity analysis based on the 

dynamic properties of soil formations and geometry of Euroseistest valley is 

presented. The aim of this study is to analyse the influence of these 

parameters in the results of the 2D simulation in order to derive safe 

conclusions regarding the dependence of the characteristics of site response 

on the dynamic properties and geometry of a complex geological 

configurations. This study serves the necessity to consider complex soil 

conditions in seismic codes. For these reasons two types of soil models are 

considered: 4 for the sensitivity analysis based on the dynamic properties (§ 

8.3, Figs 8.1, 8.4, 8.7) of soil formations filling the valley and 4 for the 

sensitivity analysis based on geometry (§8.4, Fig 8.17).  

The main conclusion of this study is that dynamic properties of each soil 

formation do not play the most significant role in site response (Fig. 8.12) and 
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that 2D phenomena (lateral propagation) is affected mainly from the velocity 

constrast between sediments (as a whole) and bedrock. The correlation 

between velocity contrast and results of 2D site response shows that 

fundmental frequency coincides with 1D resonance frequency independently of 

the dymanic properties of soil formations (Fig. 8.15b). Additionaly, although 

the correlation of velocity contrast with fundamental spectral amplification is 

not a straightforward task, however, it could provide the range of maximum 

expected fundamental amplification in valleys where the dynamic properties of 

soil formations and bedrock are “a priori” unknown (Fig. 8.15a). In practice, 

this conclusions concern the estimation of maximum expected amplification 

based on few geological and geotechnical informations of the broader area 

under investigation. 

 Another conclusion of this study is that the geometry of the valley affects 

the characteristics of site response at the edges, while at the center affects the 

fundamental spectral amplification (Fig. 8.28). The fact that the velocity 

contrast is the same among the soil models of this type of analyses with 

respect to the different geometries considered for these models, indicates that 

2D phenomena (lateral propagation of surface waves) is mainly affected from 

this parameter.  

 The combination of the conclusions mentioned above underline the 

possibility of reliable estimations (§ 8.5) of site response in frequency and time 

domains, taking into account rough estimation of the dynamic properties and 

geometry of shallow sedimentary basins. This is strongly related with the 

reduction of cost related with sophisticated and expensive geotechnical and 

geophysical studies and the potentiality of including some kind of provisions 

in modern seismic codes for the determination of different soil categories 

based on the velocity contrast and the geometry of the basin.   

 

The presented material contains issues that are of prior importance 

regarding the current research on site effects and the necessity to transfer 

results of similar studies to applications including seismic codes. Concerning 

ground response of complex geological structures, 2D effects seem to have a 

special practical interest and in near future they should be included in the 
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earthquake engineering practice. At the same time, much more effort is 

needed to systematically correlate theoretical predictions with data from dense 

instrumented sites in very well known geotechnical and geological structures. 

Apart from these rather general and methodological conclusions, there are 

research fields (e.g. site effects and spatial variation, site effects and ground 

motion duration, amplification of the vertical component, influence of deep -

below 30m of depth- soil formations and bedrock properties, nature of non-

linearities, attenuation), where further investigation is important and which 

may affect future generation of seismic codes in order to fill the gap between 

research and engineering practice.  
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