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Summary. The Aki-Larner technique is used to perform, in both the time and 
frequency domains, an analysis of the effects of two-dimensional elevated 
topography on ground motion. Incident plane SH-, SV- and P-waves are 
considered and the respective influences of surface geometry, elastic para- 
meters and the incident wave characteristics, as long as they remain within 
the limits of applicability of the A-L technique, are investigated in some 
detail. 

Besides the well-known amplification/deamplfication effect related to the 
surface curvature, wave scattering phenomena on the convex parts of the 
surface are shown to contribute significantly to the disturbances in the 
displacement field around the topographic structure. These scattered waves 
are SH in the case of incident SH-waves, and mainly Rayleigh waves in the 
P case, while both Rayleigh and horizontal P-waves, sometimes of large 
amplitude, develop in the SV case. The frequency dependence of this scatter- 
ing, though complex, seems to be mainly controlled by the horizontal scale of 
the topographic structure. The parameter study points out the regular and 
intuitive behaviour of this wave scattering in both SH and P cases, while it 
exhibits a puzzling complexity for incident SV-waves, which is interpreted as 
resulting from the importance of the S-P reflections on mountain slopes in 
that case. 

As to the ground motion, some general features may be pointed out. The 
amplification on mountain tops, which is systematically greater for incident 
S-waves than for P-waves, generally decreases as the average slope decreases or 
as the angle of incidence increases. Mountain slopes undergo either amplifi- 
cation or deamplification depending on site location, frequency and incidence 
angle, but they always undergo strong differential motion due to the lateral 
propagation of the scattered waves and their interference with the primary 
wave. Finally, all these effects may be greatly enhanced in the case of com- 
plex topographies, which moreover give rise to a significant prolongation of 
ground motion because of the large number of scattered waves. 
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1 Introduction 

For many years, a great number of authors have pointed out the importance of site effects in 
many seismological problems, ranging from source parameter computation to seismic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArisk 
assessment. These site effects were at first related to the local sediment cover (resonance of 
surface layers, sand liquefaction, attenuation of high frequencies, etc.). More recently, how- 
ever, observations have been made (e.g. Key 1967; Nason 1971; Trifunac zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Hudson 1971) 
showing the influence of topography on surface ground motion. 

Besides field studies (Davis & West 1973; Griffiths & Bollinger 1979), or model studies 
(Rogers, Katz & Bennett 1974; Ilan, Bond & Spivack 1979), the theoretical investigations 
have focused more on numerical solution rather than on a detailed study of the effects of 
topography on surface motion. A lot of numerical methods have been developed to investi- 
gate the scattered far-field (small perturbations: Gilbert & Knopoff 1960; Hudson & 
Knopoff 1967; Hudson 1967; MacIvor 1969; small perturbations and finite difference: 
Aboudi 1971; Alterman & Aboudi 1971), or the displacement field over the topography 
itself (analytical models: Trifunac 1973; Wong & Trifunac 1974; Singh & Sabina 1977; finite 
differences: Boore 1972; Alterman & Nathaniel 1975; Ilan 1977; Ilan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet af. 1979; finite 
elements: Smith 1975; discrete wavenumber representation: Larner 1970; Bouchon 1973; 
matched asymptotic expansion: Sabina & Willis 1975, 1977; integral equations: Wong & 
Jennings 1975; Sills 1978; Sanchez-Sesma & Rosenblueth 1979; and boundary methods: 
England, Sabina & Herrera 1980). All these theoretical models, involving a two-dimensional 
homogeneous elastic half-space with a simple topographic section (except Singh & Sabina 
1977, who consider a three- dimensional hemispheric valley), provide results which 
quantitatively agree with one another, and qualitatively confirm the experimental obser- 
vations: amplification usually occurs on convex parts of the ground surface (mountain tops 
or valley edges), and deamplification on concave parts and shadow zones. Our purpose here 
is therefore not to present yet another numerical method, but to try to gain a better under- 
standing of these topographic effects, through their dependence on parameters such as 
incident wave type, frequency, incidence angle and anomaly height. 

In other respects, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall available theoretical results seem to underestimate the observed 
effects of topography on surface motion, as reported by Davis & West (1973), and Griffiths 
& Bollinger (1979). Since the model study values corroborate those obtained by numerical 
methods (Rogers et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat. 1974; Ilan et af. 1979), it is believed that quantitative disagreement 
between theory and observation is due, at least partly, to the complexity of both incident 
signal and topography. It is therefore another aim of the present paper to show how a some- 
what complicated topography can produce greater effects than isolated ridges or valleys, and 
that the surface motion at a particular site depends a lot on the topographic features of a 
wide area around. 

We believe that the Aki-Larner method is the best suited to this kind of study, since it is 
a very tractable and computationally cheap method, and because the discrete wavenumber 
representation provides useful information on the nature of the scattered elastic field. This 
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Figure 1. Geometrical shape of the mountain model introduced by Sills (1978), and corresponding to  the 
cases investigated in Figs 2-17. The open circles indicate the sites where the synthetic seismograms of 
Figs 2 ,3  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI4 are computed. 
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technique has already been presented with many details by Larner (1970), Aki zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Larner 
(1970) and Bouchon (1973), and its reliability carefully discussed. The limitation of our 
investigations to topographic features having slopes lower than 40°, and to incident body 
waves only, with rather small incidence angles so as to avoid shadow zones, together with 
the experimental observations of Rogers et al. (1974) and Ilan et al. (1979) showing that the 
radiation lobes of the diffracted waves are directed essentially downwards, allow us to think 
that the Rayleigh ansatz error does not alter the accuracy of our results too much. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 Effects of simple topography on incident plane waves - a parameter study 

2.1 G E N E R A L I T I E S  

Our purpose is to evaluate the surface displacement and the scattered elastic field produced 
by a plane body wave impinging upon a two-dimensional topographic feature lying over an 
otherwise isotropic homogeneous elastic half-space, for various topography, half-space and 
incident wave characteristics. 

Our computations rely on the same theoretical formulation as those presented by 
Bouchon (1973), except that we do not correct the displacement field for the residual 
stresses, since we remain well within the validity limits of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-L technique. Furthermore, 
in order to investigate the ground motion in the time domain, we follow the approach 
described by Bard & Bouchon (1980a), making the computation at equally spaced 
frequencies having an imaginary part equal to half the frequency step. The disturbances 
induced by the structure periodicity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL (required by the A-L method) are avoided by a suit- 
able choice of both the frequency range and the time window. 

Topographic effects then depend on three kinds of parameters: 

2. I .  I Topographic shape 

This is the most difficult to quantify. For a better understanding of the diffraction and 
arnplification/deamplification mechanisms, only simple topographc profiles are considered 
at first. The ‘pseudo-realistic’ mountain model of Sills (1 978) is chosen, defined through the 
equation : 

((x)=h(l - a )  .exp(-3a) with a = ( x / E ) ~  

this topography is completely defmed by its half-width zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 and its height h. Its shape is 
illustrated in Fig. 1. 

21.2 Half-space elastic parameters 

These reduce to the shear and compressional velocities, respectively denoted as 
the material density has no influence. 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, since 

2.1.3 Incident wavefield characteristics 

These are wave type, incidence angle, azimuth and frequency spectrum. Only incident plane 
waves are considered here, for simplicity and because nearfield studies introduce a lot of new 
parameters related to the source mechanism. Moreover, only incident body waves are taken 
into account. The effect of incident wave azimuth is not considered: only in plane and out 
of plane motions are investigated. 

The remaining independent dimensionless parameters considered in this paper are there- 
fore: the topography shape ratio hll ,  the Poisson ratio v, the dimensionless frequency 
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77 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21/X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(which is scaled to the S wavelength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp/f), and the incidence angle 6, measured 
from the vertical axis. 

For time domain studies, we generally choose an input signal in form of a Ricker wavelet, 
having a time dependence: 

f ( t )  = (a - 0.5) exp(-a) with a = I n(t - t s ) / tp  I’ 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAts  is the time of maximum amplitude, and tp the characteristic period. We also some- 
times use a combination of several Ricker wavelets. 

2.2 G E N E R A L  C H A R A C T E R I S T I C S  O F  T O P O G R A P H I C  E F F E C T S  IN T H E  V E R T I C A L  

I N C I D E N C E  C A S E  

In this section the case of P, SV and SH plane waves vertically incident on two topographic 
features is investigated, a mountain having a shape ratio h/l equal to 0.375, and a symmetric 
depression. Materials with Poisson’s ratio v = 0.25 are considered until Section 2.5. 

2.2.1 Time domain study 

Fig. 2 illustrates the time history of ground motion at several sites located over the topo- 
graphic elevation and some distance apart, for an incident kicker signal having a charac- 
teristic dimensionless frequency of qp = 1.83, in each of the three SH, SV and P incident 
cases. The well-known amplification pattern on mountain tops appears on each of the 
three components, but it is more important in the case of incident S-waves (43 per cent for 
SH and 30 per cent for S V )  than in the case of incident P-waves (only 10 per cent). More- 
over the computed motions do not exhibit much change in signal waveform or duration. On 
the contrary, on mountain slopes, significant alterations appear; while the ground displace- 
ment amplitude is reduced, its duration is increased. The amplitude reduction is more 
important for horizontal components (the maximum attenuation is about 25 per cent for 
SH, 40 per cent for SV and only 10 per cent for incident P-waves). In the SH case, seismo- 
grams away from the topography show an outward propagating signal having roughly the 
same shape zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the incident signal and an amplitude of about 20 per cent at a distance 21 
from the mountain top. The phase velocity of this diffracted wave, together with the space 
dependence of its amplitude, which fits an x-l” decay, are consistent with a horizontal 
SH-wave generated near the mountain top. In the P and SV cases, seismograms exhibit a 
somewhat greater complication, because of the outward propagation of two such diffracted 
waves. Their phase velocities, vertical/horizontal component ratio, and spatial decay (x-’” 
for the fastest wave, and nearly constant for the slowest), allow their identification as a 
horizontal P-wave and Rayleigh wave, respectively. The relative importance of these two 
waves undergoes great changes with the incident wave type. In the S V case, the horizontal 
P-wave is the main disturbance and is associated with a horizontal displacement around 20 
per cent of the direct one (measured at the same reference site x = 2 I>, whereas in the P case, 

Figure 2. Response of the mountain illustrated in Fig. 1 (h/Z = 0.375) to vertically incident, respectively, 
SH, S V  and P Ricker wavelets of characteristic dimensionless frequency qp = 1.83. The traces represent 
the time history of the displacement at surface receivers, spaced from 0 to 2.5 I from the mountain top 
(numbers on the left represent the site location in dimensionless values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx/Z). In the SH case, only the 
transverse horizontal component, u,  is represented, while in the P and S V  cases, both horizontal motion 
along the x-axis (u,  lower trace) and vertical motion (w, upper trace), are depicted. The bottom traces 
represent the ground motion for a plane free surface. The dimensionless length of the time window is 
3.33. Here v = 0.25. 
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Diffracted waves over 2 -0  topographies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S H  SV P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA735 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

,_ . , - - . . , . , ,  
~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi . , _ _  . 

Incident signal : qp: 1.83 
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sv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.67 

2.50 

2.33 

2.17 

2.0 

1.83 

1.67 

1.50 

1.33 

1.17 

1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Incident signal : lp: 1.83 

Figure 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe same as Fig. 2, but for a depression of same shape ratio. Only the S V  and P cases are 
illustrated. 
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Diffracted waves over 2 - 0  topographies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA737 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the most important disturbance is the Rayleigh wave, which produces a vertical displacement 
around 25 per cent of the direct one. The deamplification pattern at the mountain base, 
reported by some authors, does not show up here, probably because the incident signal 
has a relatively short duration, so that direct signal and diffracted waves are well separated 
and do not interfere. On the contrary, the crest/flank amplification ratio reaches rather large 
values for incident S-waves (2 in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH case, 2.2 in the SV one). 

The case of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and S V-waves vertically incident on a depression is illustrated in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. The 
bottom of the canyon undergoes deamplification in both cases, the amount of which is 
greater on the horizontal (20 per cent) than on the vertical motion (10 per cent). The 
synthetic seismograms on canyoil flanks exhibit only a slight deamplification in the SV case, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and no changes as to signal duration and waveform. On the contrary, the ground motion at 
sites distant from the valley borders reveals an outward propagation of diffracted waves 
generated at the valley edges, which themselves undergo a clear amplification (around 20 
per cent for incident SV-waves). 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Amplitude of the ground motion as a function of site location and frequency. The three upper 
diagrams depict the mountain case (Fig. 2) and the two lower the depression case (Fig. 3). The top 
diagram represents the horizontal transverse component zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu for the SH case, the second and fourth one the 
horizontal component u in the SV case, and the third and fifth the vertical component in the P case. The 
nu1 amplitude reference and the scale are indicated for each diagram. The topographic outline is not 
shown so as to see the displacement amplitude variations better. 
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2.2.2 Frequency domain study 

It is important to get an idea of the frequency at which topographic effects (amplification or 
deamplification, diffraction of scattered waves) become significant. Theoretical calculations 
of Gilbert & Knopoff (1960), Hudson (1967) and Hudson & Boore (1980) relate the ampli- 
tude of the diffracted wave with the spatial Fourier transform of the topographic cross- 
section, so that this ‘starting frequency’ depends, for a given topographic shape, essentially 
on its width (in comparison to the wave velocity), while the shape ratio acts as an amplitude 
factor. Furthermore, experimental observations (Rogers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet at. 1974) and theoretical compu- 
tations (Boore 1972; Bouchon 1973) show surprisingly low values for these starting 
frequencies. On mountain tops, there appear spectral amplifications greater than 10 per cent 
for wavelengths about four times the total width of the topographic feature. Though our 
purpose here was not to investigate in detail the very low frequency domain, we may note 
that, for incident zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and SV-waves as well as for SH-waves, our computations happen to 
confirm these very low values of the ‘starting frequency’, and its main control by the topo- 
graphic width (see Fig. 8b). 

However, our interest here is in the ‘medium frequency’ domain, i.e. wavelengths between 
2 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 times the mountain width, and its height. Fig. 4 represents the ‘raw’ displacement 
spectra in the SH, SV and P cases corresponding to Figs 2 and 3 (these are not the true 
displacement spectra because they must be corrected for the complex frequency, which 
attenuates the amplitude on elevated sites and lessens the importance of late arrivals). 
The low-frequency behaviour is consistent with the time domain observations reported zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h / l  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.375 ; O =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.25 

Figure 5. Elastic potential characteristics for the topographic structure illustrated in Fig. 1, impinged by 
vertical P-waves (left) and SV-waves (right). The compressional (@) and rotational ($) potentials of the 
scattered waves, computed at a z = 0 altitude, are shown as a function of frequency (dimensionless step: 
0 3). L is the structure periodicity involved by the use of the A-L technique. The scale on the right of the 
upper left and bottom right diagrams represents the amplitude of the incident P- or S V-waves, respectively. 
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above, but higher frequencies give rise to significant changes, essentially on mountain slopes 
and valley edges; these changes follow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan oscillatory pattern, due to the interaction between 
the direct and diffracted waves, as noted by Rogers et al. (1974). At a given site, the 
frequency spacing of lobes of constructive and destructive interference is inversely propor- 
tional to the time delay between the direct wave and the main diffracted wave. For instance, 
the frequency spacing at the same site is larger on the horizontal displacement for incident 
SV-waves than on the vertical one for incident P-waves, since the former is controlled mainly 
by the horizontally diffracted P-wave, and the latter by the Rayleigh wave. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIt is thus very 
difficult to predict whether amplification or deamplification will occur systematically at a 
given site; nevertheless, a constant feature is that mountain slopes always undergo strong 
differential strains, the amount of which increases with the frequency (at least within the 
frequency range investigated here). 

On another hand, these oscillations converge towards the onszt site of the corresponding 
diffracted waves. Fig. 4 thus indicates that the scattered zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH-, P- and Rayleigh-waves originate 
at mountain tops and valley edges, that is, on convex parts of the topography. Also notice- 
able on this figure are the great high-frequency disturbances appearing in the horizontal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Incident SH waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

a 

Figure 6 .  Variations of the scattered wavefield characteristics with the shape ratio in the SH case. The 
diagrams represent the amplitude of the scattered waves, computed at a z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 altitude, as a function of the 
horizontal wavenumber and of the frequency. These amplitudes are normalized to that of the incident 
wave. 
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displacement field for the canyon case. They are due to the Rayleigh ansatz error, which 
should be greatly reduced in more realistic models, where the presence of other interfaces 
would allow the presence of an upgoing diffracted field. However, in this paper, we have 
focused our interest on elevated topographic features, for which the Rayleigh ansatz error is 
rather small and localized. 

The diagrams in Figs 5 and 6(b) illustrate the dependence of the scattered elastic field 
(represented by the elastic potentials @ and $ in the P and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASV cases, and the displacement in 
the SH case, each being computed at a z = 0 altitude) on both horizontal wavenumber and 
frequency. This scattered field is clearly separated into a main vertically reflected wave, 
homogeneous waves corresponding to the rays obliquely reflected on mountain slopes, and 
the horizontally diffracted SH-, P- and Rayleigh-waves. Although it is very difficult to distin- 
guish between a horizontal SV-wave and a Rayeligh wave because of their small velocity 
difference, our opinion is that only a very small amount of energy is diffracted as a pure 
horizontal SV-wave, since the $/@ amplitude ratio, which is about 1.5 for the slowest 
branch, fits very well the theoretical Rayleigh curve (1.47 for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv = 0.25). The amplitudes of 
both the vertically reflected wave and the oblique ones exhibit a quite strong dependence on 
frequency, but, in each case, minima of the vertical waves correspond to maxima of the 
homogeneous waves. Such a pattern suggests that the amount of energy propagating down- 
wards remains roughly constant whatever the frequency. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs to the waves diffracted along 
the surface, their amplitude does not depend strongly on the frequency, except for the 
Rayleigh wave in the S V incident case, which vanishes for dimensionless frequencies between 
1.5 and 2.4. The reasons for this disappearance are not yet clear, but it explains the 
weakness of the Rayleigh wave on Fig. 2 in the SV incident case. Nevertheless, for other 
frequencies, the diffracted Rayleigh wave is larger for incident SV-waves than for incident 
P-waves, especially in the low-frequency domain. On another hand, the horizontal P-wave is 
almost non-existent in the P incident case. 

As a partial conclusion, the topographic effects may be summarized as follows: the 
energy of the incident plane waves is first focused on convex parts of the surface topography 
where the displacement amplitude undergoes significant amplification over a rather broad 
frequency range. Although a large amount of this energy is reflected downwards as vertical 
and oblique homogeneous waves, the differential motion and strain induced by this local 
amplification make these convex parts radiate energy outwards in the form of surface waves 
(Rayleigh waves or surface SH- and P-waves). The fact that the mountain or valley slopes of 
the topographic feature investigated in this section, remain lower than 30°, and thus cannot 
reflect SH and P incident rays into horizontal waves, which we nevertheless observe, 
supports this idea. Furthermore, the large amplitude of the horizontal P-wave in the SV 
incident case may result from the superposition of a classical geometric reflection of incident 
SV-waves on mountain slopes, and of this radiation from mountain tops. Therefore, except 
on mountain tops and valley bottoms where no diffracted waves arrive in the case of a single 
topographic feature, and where the displacement amplitude is thus mainly controlled by 
focusing or defocusing, the amplitude spectra are strongly governed by the interference 
between the direct and diffracted waves. 

2.3 E F F E C T  O F  M O U N T A I N  H E I G H T  

We consider in this section the case of plane SH-waves vertically incident upon two moun- 
tains having respective shape ratios 0.25 and 0.5, and the case of P- and SV-waves incident 
upon this last mountain, and we compare them with the results obtained in the previous 
section (h/Z = 0.375). The corresponding horizontal wavenumber frequency diagrams are 
shown in Fig. 6 for the SH case, and Fig. 7 for the P and SV cases (see Fig. 5 for comparison). 
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Diffracted waves over 2-0 topographies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA74 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Incident P waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 7. The same as Fig. 5 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbut for a higher elevation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(h/l = 0.50). 

2.3.1 Diffracted wavefield 

The coupled frequency dependence of vertically and obliquely reflected waves mentioned 
above appears to be controlled by the mountain height: the frequency spacing of adjacent 
lobes gets narrower as the height increases. This phenomenon is interpreted as an inter- 
ference scheme between vertical or subvertical waves reflected on the mountain top, and 
those reflected on each flat side of the topography. Such a hypothesis is supported by the 
measurement of the frequency spacing, which corresponds to a travel-time difference around 
2 k/c ,  where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc is the adequate wave velocity ( p  for incident S-waves, (Y for incident P-waves). 
This interference pattern has only little influence on the surface displacement, and has most 
effect on the deep underground motion below the topographic feature. 

The horizontal diffracted SH-wave clearly strengthens as mountain height increases. Its 
amplitude is about 20-30 per cent larger for the highest elevation than for the medium- 
size one. This is only slightly lower than would result from a linear increase. Moreover, this 
ratio shows a trend to increase with frequency. 

The horizontal P-wave scattered by incident P-waves also builds up as the shape ratio 
increases, but the Rayleigh wave still remains the most important feature. On the contrary, 
this regular strengthening is not observed in the SV incident case. The highest mountain 
scatters a greater amount of horizontal P-waves (up to 30 per cent more) only in the low- 
frequency domain, and the phenomenon is reversed for higher frequencies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(q > 3). 

The diffracted Rayleigh wave exhibits a behaviour very similar to that of the horizontal 
P-wave. In the incident P case, the Rayleigh wave shows a significant magnification (between 
15 and 45 per cent) for the highest mountain and this magnification slightly increases with 
the frequency. On the other hand, for incident SV waves, the magnification (around 30 per 
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cent) appears only at low frequencies (r, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 1.5), and the trend is reversed for r, > 2.5: higher 
elevations scatter less Rayleigh waves. The vanishing of the Rayleigh wave for dimensionless 
frequencies around 2 may be observed for both shape ratio values. This phenomenon there- 
fore does not appear to be connected with the mountain height. 

The regular strengthening, especially at high frequencies, of the wave scattering in both 
SH and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP cases thus contrasts with its high-frequency weakening for incident SV-waves. 
Since this weakening does not occur at low frequencies, the reversal may be due, in our 
opinion, to the building up of horizontal interference phenomena within the mountain as 
both frequency and mountain height increase. It thereby must appear earlier in the S V  case 
because of the S-P reflections on mountain slopes. 

2.3.2 Displacement field 

The frequency dependence of the displacement field in the SH incident case is shown in 
Fig. 8(a) for the three mountain heights. These diagrams bear obvious resemblance to one 
another, except for the oscillatory pattern, the amplitude of which is related to the 
amplitude of the diffracted SH-wave. The amplitude spectra at four particular sites located 
on mountain crest, slope, base and some distance apart, are detailed on Fig. 8(b). As 
noticed above, the general shape of these spectra depends only slightly on mountain height, 
the main effect of which is to enhance the amplification or deamplification patterns. For 
instance, the maximum amplification on the mountain top is 36 per cent for the lowest, 53 
per cent for the medium height and 65 per cent for the highest, in each case for a diniension- 
less frequency around 1.6; on another hand, the maximum deamplification on the mountain 
base is, respectively, 20, 30 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42 per cent for dimensionless frequencies about 0.6. 

It is interesting as well to look at the displacement phase versus frequency curves 
(Fig. 8b). For instance, the phase difference between mountain top zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( x / l =  0) and slope 
( x / l =  0.33) increases significantly for dimensionless frequencies around 1.8, and this 
increase enlarges with increasing mountain height. Such a phenomenon appears in a particu- 
larly strong way in the time domain, as shown in Fig. 9: the largest differential motions are 
concentrated around the site located at x / l  = 0.33, and, for the highest mountain, the 
displacements on each side of this point are almost completely out of phase. Assuming for 
instance a 1 km wide, 250m high hill, and a shear velocity of 3 km s-l, these differential 
motions will act over a length of about 120m for frequencies of about 6Hz, that is within 
the frequency band of interest in earthquake engineering. Such differential motions may 
therefore be very important from an engineering point of view, as they may induce large 
torsional strain on big man-made structures. 

2.4 S O M E  A S P E C T S  O F  T H E  D E P E N D E N C E  O N  T H E  I N C I D E N C E  A N G L E  

Many authors have already investigated in some detail the displacement field over topo- 
graphic features impinged upon by oblique gnd grazing SH plane waves (Trifunac 1973; 
Wong & Trifunac 1974; Wong & Jennings 1975; Sills 1978; Sanchez-Sesma & Rosenblueth 
1979; England e t  al. 1980). Furthermore, a similar thorough investigation in the P and S V  
cases would need to be very fine, because of the great sensitivity of P-SV coupling on the 
incidence angle, especially in the SV case. Our zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaim here is therefore not to perform an 
exhaustive study of such a dependence, but only to give some indications about the quali- 
tative and quantitative changes which may occur in the diffracted wavefield and ground 
displacement with varying incidence angle. We have thus investigated the elastic field 
scattered by a medium-size mountain (h / l=  0.375) illuminated by plane SH-waves with 30' 
and 60" incidence angles, and by P- and SV-waves at the critical angle 0 = 35.68'. This 
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h/l 0.25 

1.33 

1.25 

1.17 

1.08 

1.0 

.92 

.83 

.75 

.67 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
58  

.50 

.42 

.33 

.25 

.17 

.08 

0 

0.375 0.50 

Incident signal : I,,= 1.92 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 9. Dependence of ground motion on the shape ratio in the time domain. The incident signal is a 
combination of Ricker wavelets and is depicted by the bottom left trace. Numbers on the left are the 
dimensionless values of the horizontal distance between the recording site and mountain top. 

particular value is chosen on the basis of our preliminary results (not reported here) which 
give evidence of a great enhancement of the forward scattered Rayleigh wave around this 
angle in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASV case, thus corroborating theoretical results obtained by Hudson & Knopoff 
(1967). 

The most striking feature of the diffracted field is the directivity effect. In the SH case 
(Fig. lo), the forward scattered horizontal SH-wave exhibits an increase with respect to the 
vertical incidence case, which is about 100 per cent for 0 = 30" and reaches 350 per cent for 
0 = 60". The P and SV cases (Figs 11 and 12) show the same qualitative behaviour for the 
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Incident zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: h/ l  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,375 

Figure 10. Variations of the scattered wavefield characteristics with the incidence angle in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH case. 
These diagrams represent the amplitude of the scattered waves, computed at a z = 0 altitude, as a function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of the horizontal wavenumber and of the frequency. The left part of the diagrams correspond to forward 
scattered waves, and the right one to the back scattered waves. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK O  is the horizontal wavenumber of the 
incident plane wave. 

Incident P waves ; h / l  = .375 : 1 1  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.25 ; 0:35.68" 

Figure 11. Elastic potential characteristics for obliquely incident P-waves. See Figs 5 and 10 for further 
explanations. 
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Incident SV waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA; h/ l  = .375 : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI )  = .25 ; 0=35.68" 

Figure 12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe same as Fig. 11, but for SV-waves incident at the critical angle. The scale is the same as in 
Fig. 11. 

forward scattered Rayleigh wave; at that particular incidence angle, this enhancement is 
greatly emphasized in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASV case (Fig. 12), since it reaches one order of magnitude, while 
it ranges between 50 and 150 per cent in the P incident case. However, the ratio of the 
disturbance induced by the forward scattered Rayleigh wave to the surface displacement in 
the absence of the topographic feature is roughly the same in the two cases. Moreover, in 
each of the SH, SV and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP cases, high frequencies seem to favour this enhancement of the 
forward scattered waves, and we may perhaps infer from the two SH diagrams (Fig. 10) 
that the frequency at which this reinforcement starts is greater for large incidence angles. 
Finally, for the particular SV case, the forward scattered Rayleigh wave no longer exhibits 
any vanishing or significant decrease for any frequency window. We do not observe any 
forward scattered P-wave in the P incident case. 

For the back scattered field, we still observe a similar behaviour in each of the three cases, 
but quantitative values strongly differ from one another. The back scattered horizontal 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13. Ground motion amplitude as a function of frequency and site location, in, respectively, 
oblique zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH (top diagram, transverse component zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv ) ,  S V  (second, vertical component w and third 
digram, horizontal component u )  and P cases (fourth, w ,  and fifth, u) .  The incident waves propagate in 
the positive x-direction, that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis from right to left. 

SH-, horizontal P- and Rayleigh-waves are essentially confined to the low-frequency domain, 
and this cut-off frequency seems to lessen as the incidence angle increases (q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3.0 for 
0 = 30", and q = 1.2 for 0 = 60"). But, whereas in the SH and P cases the amplitude of the 
corresponding back scattered waves is reduced a lot, except in the very low-frequency 
domain (q < 0.6) where it is only slightly lower than in the vertical incidence case, the ampli- 
tude of the back scattered waves in the SV case, for q < 0.6, is 300 per cent greater than in 
the vertical incidence case; the decrease with frequency is then very sharp, since the waves 
almost disappear for q > 1.5. 

We may notice that these results are in good agreement with those of the small pertur- 
bation method: we have used the analytical formulation of Hudson (1967) to compute the 
amplitude of the Rayleigh wave scattered by the present mountain impinged by P- or SV- 
waves, and these calculations do predict both the strengthening of the forward scattered 
Rayleigh waves together with the high-frequency broadening of this scattering mechanism, 
and, concerning the back scattered Rayleigh wave, its confinement to lower frequencies 
together with its reduction in the P case and its amplification for SV-waves at critical angle. 
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The strengthening of the forward scattered Rayleigh wave in the P case is also consistent 
with experimental results of Rogers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. (1974). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As for the surface displacement field (Fig. 13), we still observe that the most compli- 
cated case is the SV one. In both P and SH cases, the point of maximum amplification is 
slightly shifted away from the mountain top towards the 'far' side. The near side exhibits 
a main deamplification pattern, and the oscillation pattern on the far side is enhanced owing 
to the strengthening of the forward scattered waves. These features are conspicuously zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 

1 ; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-4 Incident signal : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqP : 1.83 -.>+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 ) I /  3.33 

I 

Y 

Figure 14. Time response of a mediumsize mountain (h/Z = 0.375) to obliquely incident (0  = 35.68") S V  

and P Ricker wavelets of characteristic frequency 1.83. The bottom traces depict the ground motion for 
a plane free surface. Numbers on the left are the dimensionless values of the horizontal distance between 
the recording site and mountain top. 
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emphasized in the SV case. The deamplification pattern on the near side is combined with 
the great sensitivity of the surface horizontal displacement on the incidence angle (that is 
with the local surface slope), and, at low frequencies, with the interference between the back 
scattered Rayleigh and P-waves and the primary wave. The mountain top here exhibits a low 
frequency strong deamplification pattern, and the point of maximum amplification is 
located very near the middle of the slope. The vertical displacement is maximum near moun- 
tain top, and slightly greater on the far side than on the near one. 

Synthetic seismograms in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 provide a good illustration of all these features. The 
directivity effect appears very clearly for both P and SV cases. For instance, the forward 
scattered Rayleigh wave is five times larger than the back scattered one in the SV case. For 
incident P-waves, this ratio is greater since the back scattered Rayleigh is very weak. On the 
contrary, Fig. 15 shows a very clear back scattered P-wave, in this case, while there is no 
forward scattered such wave. The maximum displacement values undergo important changes 
over the topography, for both vertical and horizontal components in the SV case, and 
mainly for the horizontal component in the P case. As an example, the deamplification on 
the near side reaches 80 per cent in the SV case for the horizontal motion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn interesting 
feature is the motion at the mountain top in the SV case where horizontal or vertical compo- 
nents appear to be completely decoupled: the horizontal motion is of rather low frequency 
while the vertical motion attains much higher frequencies, and the apparent arrival time of 
the SV-wave is different on the two components (about 0.4 dimensionless time later on the 
vertical one). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.5 ASPECTS O F  T H E  I N F L U E N C E  O F  T H E  POISSON R A T I O  

The vast majority of Earth components have a Poisson ratio very near 0.25. Nevertheless, 
this value may be significantly greater for some surface materials, such as poorly consoli- 

h / l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,375 ; v = A0 

Figure 16. The same as Fig. 5, for a mountain of same shape but having a larger Poisson ratio, i.e. IJ = 0.40. 
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Dgyracted waves over 2 - 0  topographies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75 1 

dated sediments or artificial fills. In order to get an idea of the upper limit of the changes in 
the diffraction and amplification/deamplification phenomena due to the Poisson ratio, we 
have investgated the case of a medium size mountain (h / l=  0.375) having a Poisson ratio of 
0.40 (that is a shear to compressional velocity ratio of 0.41) impinged by vertical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and 
SV-waves, for a dimensionless frequency up to 4.5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

As shown in Figs 16 and 17, these variations of the Poisson ratio induce significant 
variations on the scattered Rayleigh wave. For incident P-waves, its amplitude is much 
smaller for v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.40, especially at high frequencies: around one-half for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA77 < 2.5, and one- 
third for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq> 3 .  In the SV incident case, we observe a slight reduction too in the low 
frequency domain (77 < 1 S), then the Rayleigh wave disappears, as in the v = 0.25 case, for 
dimensionless frequencies between 1.5 and 2.4, and, for higher frequencies, its amplitude is 
similar in both cases, and even a little greater for v = 0.40. 

The horizontally diffracted P-wave is still very weak for incident P-waves, though slightly 
greater in the high Poisson ratio case. For incident SV-waves, its amplitude is comparable in 
both cases at dimensionless frequencies below 2.5, and it is then significantly lower (around 
one-half) in the high Poisson ratio case. 

Also noticeable are a slight decrease in the amplitude of the homogeneous waves for low- 
frequency incident P-waves, and their opposite small increase for low-frequency incident 
SV-waves. 

These variations in the diffracted field are obviously reverberating on the surface motion. 
At some distance from the topographic feature, the weakening of the main scattered waves 
(the P-wave for incident SV-waves, and the Rayleigh one in the P incident case), together 
with the slight increase in the amplitude of the other diffracted wave (respectively Rayleigh 
and P), somewhat lessen and disturb the oscillating pattern of the horizontal and vertical 
displacement spectra (Fig. 17). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Incident SV waves Incident P waves 

h / l  : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,375 ; v :  .40 

Figure 17. Displacement amplitude as a function of site location and frequency for the large Poisson 
ratio case (v = 0.40), and for incident P-waves (left) and SV-waves (right). The top diagrams represent 
the vertical component, and the bottom diagrams the horizontal component. 
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752 P.-Y. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABard 

The displacement field over the anomaly itself also exhibits significant variations. On the 
mountain top, the overall shape of the spectrum remains roughly the same in both cases for 
both P and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASV incident waves, but the hgh-frequency deamplification in the P incident case 
is much more important for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.40 (up to 70 per cent for 7) = 4.0), and for incident SV- 
waves, the amplification is always greater when v = 0.40. These features may be explained by 
the changes in energy focusing, which is smaller in the former case and greater in the latter, 
because of the variations in the propagation direction of the reflected SV- and P-waves, 
respectively. 

On mountain flanks, the spectrum shape of the main component of displacement (i.e. the 
vertical for incident P-waves, and vice versa), remains roughly similar, but differential 
motions are greater, for incident P-waves, for v = 0.25 and, in the SV incident case, for 
v = 0.40 (that is, the amplification is greater on the mountain top, and deamplification 
greater near the base). Nevertheless, these differential strains are in some sense balanced by 
the other component of motion, which is higher for v = 0.40 in the P incident cases and vice 
versa for incident SV-waves. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 Topographies having a more complex geometric shape 

The above reported results only deal with isolated topographic features, having a rather 
simple and smooth geometric shape. Unfortunately, such cases are met in nature only very 
occasionally, and topographic features most often either present a pronounced three- 
dimensional character, the investigation of which is beyond our present purpose, or, when 
roughly two-dimensional, consist of a complex alternation of mountains and valleys of quite 
different heights, slopes and widths. Of course, a theoretical study such as the present one 
cannot include every particular case that may occur in reality; notwithstanding, it is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Incident SH waves 

Figure 18. Displacement field and wavefield characteristics for the topographic structure illustrated in the 
bottom left box, and specified in the text. (a). Displacement amplitude as a function of site location and 
frequency. (b) Scattered waves amplitude as a function of horizontal wavenumber and frequency. 
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Diffracted waves over 2 -0  topographies 753 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
interesting to have some rough ideas about the modifications undergone by the scattered 
wavefield and the surface motion when the topographic structure has a somewhat higher 
degree of complexity than the above investigated mountain model. 

Fig. 18(b) illustrates the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH scattered field of a cosine-shaped mountain of shape ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h l / l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.5, flanked on each side by a small cosine-shaped depression of same shape ratio 
h&. The mountain width is four times the depression width: l l/12=4. Although this 
diagram is much more complicated than those shown on Fig. 6, its main characteristic 
remains the existence of a horizontally diffracted SH-wave. The great difference is, however, 
that its amplitude shows a near dependence on frequency, combined with a strong intensifi- 
cation with respect to the isolated mountain case (up to 3.5 times larger). Moreover, the 
frequencies at which these high amplitudes occur correspond to integer values of the moun- 
tain width over wavelength ratio 211/h, thus indicating some kind of lateral resonance effect. 
This great amplitude horizontal SH-wave has obviously a strong influence on the displace- 
ment field (Fig. 18a), and induces strong differential strains on mountain slopes at much 
lower frequencies than in the isolated mountain case (Fig. 8a). Furthermore, the low- 
frequency amplification on the mountain top is greatly enhanced (up to 80 per cent spectral 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19. Scattered waves amplitude as a function of horizontal wavenumber and frequency, for the 
topographic structure illustrated on bottom right corner when impinged by SH-waves under various inci- 
dence angles. See Fig. 10 and text for further explanations and comments. 
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Incident P waves lhh Incident SV waves 

Rp ,e 

-- h/l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=A0 ; 11 z .25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 20. The same as Fig. 5,  but for the topographic structure illustrated in Fig. 19. 

amplification for 77 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21,/h = 2), probably because of a greater energy trapping in the moun- 
tain, due to the lateral small depressions. 

The frequency- dependent strengthening of the diffracted wave has led us to investigate 
another topographic feature, involving some kind of periodicity in its geometric shape. Such 
a case is not unrealistic, since some mountain ranges, such as for instance the Appalachian 
mountains, exhibit a very clear sequence of two-dimensional ridges and valleys having similar 
widths and heights. We have chosen a series of five cosine-shaped mountains of the same 
shape ratio, h/E = 0.4. 

Figs 19 and 20 present the elastic field scattered by such a topography for vertical and 
oblique SH-waves, and for vertically incident P- and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS V-waves, respectively. The resonance 
effect mentioned above is now very clear in each case, and affects the three diffracted waves 
(SH, P and Rayleigh). The corresponding frequencies are f, = (n + 1). c/21 (where c is 
respectively p, (Y and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcR = 0.926) in the vertical incidence case. They are shifted for the SH 
oblique incidence cases, according to the relation: 

E = - 1 for the forward scattered wave SH,f(fi), 

E = + 1 for the backward scattered wave SH,b (f:). 

This equation may be derived in a straightforward way from a constructive interference 
pattern between waves diffracted at the different ridges. In the oblique incidence case, the 
backward scattered wave appears therefore at much lower frequencies than the forward 
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Diffracted waves over 2 - 0  topographies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA755 

scattered wave: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
fn=-. 1 +sine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f: 1 -sine 

Moreover, the diffracted wave strengthening at resonance frequencies is particularly strong, 
since their amplitude is up to 5 times greater than in the case illustrated in Figs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and 4. 

The detailed examination of these diagrams displays some complementary features. First, 
in each case, the amplitude of the scattered field shows a peak around 

for frequencies higher than the corresponding resonance frequency f, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: the resonance thus 
also affects the obliquely scattered waves. However, the weakening of this peak with increas- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ing frequency indicates that this effect is maximum on the horizontally diffracted waves. 

Furthermore, the ‘fundamental’ resonance gives rise in each case to larger amplitude for 
the corresponding diffracted wave than the ‘higher’ modes. This feature is particularly 
enhanced for the Rayleigh wave in the SV case, where the second resonance is very weak. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.96 

.80 

.64 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.48 

.32 

16 

0 

- A6 

- .32 

-A8 

- .64 

- .80 

- 96 

e = o o  eaoO 

\ I  

I ,  

Incident signal : I~ = 0.95 

Figure 21. Response of the topographic structure illustrated in Fig. 19 to an SH Ricker wavelet of charac; 
teristic frequency 0.95, incident under various angles. The ground motion is shown only for the central 
hill because of the structure periodicity. 
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This may perhaps be related with the above mentioned vanishing of the diffracted Rayleigh 
wave for dimensionless frequencies between 1.5 and 2.5.  

Finally, as to the dependence of the diffracted waves both on wave type and incidence 
angle, these diagrams confirm what might be inferred from previous sections. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASV- 
waves still possess the larger scattering power (at least for the fundamental mode), especially 
for the diffracted P-wave: its amplitude in the SVcase is more than twice that in the Pcase, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SV 

incident signal : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq p =  0.95 

Figure 22. Response of the topographic structure illustrated in Fig. 19 to vertically incident S V  and P 
Ricker wavelets of characteristic frequency 0.95. As in Fig. 21, the ground motion is computed only over 
the central hill. 
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while the fundamental Rayleigh wave is 50 per cent larger for incident SV-waves too. From 
another point of view, the amplitude of the backward scattered SH-wave diminishes as the 
incidence angle increases, and the contrary for the forward scattered wave. One may reason- 
ably think that the diffracted waves follow a similar behaviour for obliquely incident 
P-waves. 

The time response of such a topography is illustrated in Fig. 21 for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH cases, and in 
Fig. 22 for the P and SV cases. The synthetic seismograms are shown only over the central 
hill because the topography periodicity induces a strong periodicity in the displacement field 
(the only difference is that motion lasts somewhat longer on the lateral hills than on the 
central one). 

A common striking feature is the strong prolongation of the displacement duration. This 
property results from the arrival of the waves scattered at each hill. As seen in Fig. 21, this 
prolongation lessens as the incidence angle increases. Nevertheless, as the resonance 
frequencies are considerably shifted for obliquely incident waves, we may think that the 
duration may be longer for oblique waves in the case of high-frequency incident signals. 
However, for the particular incident signal investigated here, the main scattered waves in the 
oblique SH cases appear very clearly to be the back scattered ones. 

The displacement amplitude variations over the topography are still much greater in the 
S cases than in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP case. In the vertical incidence case, the amplification always occurs on 
the mountain top (t 43 per cent in the SH case, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 33 per cent in the SV case, and + 20 per 
cent in the P case), but the location of maximum deamplification differs according to the 
incident wave type: in the S V and P cases, these are valleys (- 37 per cent and - 8 per cent, 
respectively), whereas they are hill slopes in the SH cases (- 25 per cent at mid-slope). In 
each case, the differential motion is the most important on mountain slopes, because of the 
rapid frequency and amplitude changes in the displacement field. This appears very clearly 
in the SH case. 

In the case of oblique incident waves, the results follow what has been found for simple 
topographies. The near side undergoes increasing deamplification when the incidence angle 
increases, and so does the maximum amplification, shifted on the far side, with increasing 
incidence angle. 

In conclusion, we think that the complexity of the topography has little effect on the 
primary wave amplitude, but it significantly prolongates and complicates the end of the 
signal because of the number and amplitude of scattered waves. This may be important for 
complex and long incident signals, for which scattered and direct waves may strongly 
interfere. 

Such interferences may explain the considerable scatter in experimental data, such as 
those of Griffiths & Bollinger (1979), for which the surrounding topography (Appalachian 
Mountains) actually exhibits some kind of two-dimensional periodicity, as assumed here. 
Anyhow, our results fail to explain the large amplification values they generally observed for 
the crest/base or crest/slope amplitude ratios in the time domain. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAConclusion 

The Aki-Larner technique has been used to perform, in both the time and frequency 
domains, a circumstantial analysis of the effects of two-dimensional topographies on ground 
motion. Incident plane SH-, SV- and P-waves, having wavelengths comparable with the hori- 
zontal and vertical sizes of the topographic feature and longer have been considered. The 
respective influences of the surface geometry, of the elastic parameters of the half-space and 
of the incident wave characteristics, have been investigated in some detail, to get a clear view 
of the physics of the topographic effects. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/7
1
/3

/7
3
1
/6

5
5
9
9
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



758 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY. Bard 

Essentially two such effects, both appearing at very long wavelengths (about four times 
the topographic width), show up for the topographic structures investigated in this paper: 
the first concerns the now classical amplification/deamplification pattern, related to the 
local surface curvature, and the second consists of a wave diffraction scheme on the convex 
parts of the topography. 

The well-known amplification on mountain top is observed in each of the three zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASH, SV 
and P cases; its amount is more important for incident S-waves than for P-waves, which is 
consistent with the experimental observations of Davis &West (1 973), and Griffiths & Bollinger 
(1979). Yet this amplification does not occur systematically, and it is shown to depend 
significantly on the characteristics of both the incident waves and the topographic structure. 
Although this dependence may vary from one case to another (and especially for incident 
SV-waves), the following features are generally observed: the amplitude spectrum exhibits 
a rather flat maximum for wavelengths comparable with, or slightly shorter than the moun- 
tain width; this amplification generally decreases with increasing incidence angle (and SV- 
waves incident at the critical angle give rise to a significant deamplification on mountain 
tops), it increases with mountain height, at least for the rather smooth topographies investi- 
gated here, and it also shows a significant but complex dependence on the Poisson ratio. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis 
amplification scheme is obviously replaced by a deamplification one for concave topo- 
graphies, but we did not investigate this latter case in detail. 

The other effect of topographic irregularities is the diffraction of body and surface waves, 
which are generated on the convex parts of the topography and then propagate outwards 
along the ground surface. The type and the amplitude of these waves depend on the incident 
wave type. In the SH case, we observe a horizontally diffracted SH-wave; in the P case, we 
have mainly a Rayleigh wave, with a weak horizontal P-wave; in the SV case, both P- and 
Rayleigh-waves are present and their amplitude may be very large for some values of the 
frequency and/or the incidence angle. Incident SV-waves clearly possess the greatest scatter- 
ing power, and seem to be associated with the most complicated diffraction scheme. Whereas 
intuitive reasoning concerning the behaviour of the diffracted waves (strengthening as moun- 
tain height increases, rather smooth frequency dependence, strengthening of the forward 
scattered waves and weakening of the back scsttered as incidence angles increases) agree quite 
well with the computed results in both SH and P cases, they completely fail for incident 
SV-waves. This particular behaviour, together with the large amplitude of the scattered P- 
wave in the SI/ case, should, in our opinion, be related with the importance and the sensiti- 
vity of the S-P reflections, as previously underlined by Bouchon (1978) and Bard & 
Bouchon (1980b). These scattered waves control the displacement field over a wide area 
around the topographic irregularity, and may be of great importance in earthquake engineer- 
ing studies. For instance, their lateral propagation along mountain slopes, as well as their 
interference with the primary wave, may result in strong differential strain, over distances 
and for frequencies in the range of man-made structures. For complex topographies (which 
is the general case), the large number of scattered waves may result in a significant prolong- 
ation of the ground motion. 

In conclusion, it must be underlined that, in spite of the extreme simplicity of the 
geometrical models investigated here, the topographic effects exhibit a great complexity due 
to their dependence on the incident wave characteristics. From the results presented in this 
paper, it is thus very difficult to infer general rules concerning the displacement field over 
topographic irregularities. Moreover, real topographies may be affected by other phenomena 
than those treated in the present study: for instance, steeper topographies may give rise to a 
lateral resonance pattern making the topographic structure oscillate as a whole. In other 
respects, the two-dimensional assumption, which is only seldom met with in reality, may 
lead to an underestimation of the actual topographic effects, especially those affecting the 
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primary wave amplitude. Finally, another important factor may be the presence of layering 
under the topographic structure, which, in our opinion, may enhance the amplitude of the 
scattered body SH- or P-waves by converting them into Love or Rayleigh waves. Such 
effects could perhaps explain the quantitative discrepancy which still exists between the 
numerous theoretical results and the experimental observations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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