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ABSTRACT – We have investigated basin edge effects on the seismic amplification of 
ground motion, with the objective to derive simple criteria useful for engineering purposes 
and to support studies for the possible introduction of complex (2D) site effects on design 
spectra. The procedure has involved the following steps: (i) available analytical solutions 
for SH wave propagation in simple basin-like configurations were considered; (ii) the 
response in the frequency domain was investigated in terms of non-dimensional 
parameters; (iii) a set of non-dimensional 2D/1D aggravation factors on response spectra 
was derived,  based on convolution of the analytical transfer functions with real 
accelerograms from earthquakes with magnitude ranging from 5.3 to 6.5; (iv) the average 
2D/1D curves were tested with the results of independent numerical simulations: an 
example of these comparisons has been shown, referring to the M5.9, 1995 Dinar 
earthquake, Turkey. 
 
 

1. Introduction  
 

Basin-edge effects on seismic ground motion are due to the constructive interference 
between direct body wave arrivals and the surface waves originated at the edge of the 
basin. They have often been claimed to be responsible of the concentration of earthquake 
damage close to the lateral boundary between outcropping bedrock and soft surface 
layers, as observed during various recent earthquakes such as Northridge, 1994 (Graves 
et al., 1998; Davis et al., 2000), Kobe, 1995 (Kawase, 1996; Pitarka et al., 1998), Dinar, 
1995 (Bakir et al., 2002). 

In spite of the relatively frequent conditions where basin-edge induced ground motion 
amplification may play a major role on the seismic response of large urban areas, no 
specific prescription is generally imposed in current seismic norms for a suitable 
modification of seismic actions to account for such effects. There are presently few 
examples of proposals to account for complex site effects in practice, including the 
modification of response spectra induced by alluvial valleys based on 2D numerical 
simulations (Chávez-Garcia and Faccioli, 2000) and the correction of attenuation 
relationships to account for the presence of deep alluvial basins (Choy et al., 2005). 

In this paper the problem of quantification of basin-edge induced amplification of 
seismic waves is addressed based on the available closed-form solutions for 2D SH wave 
propagation inside basin-like simple configurations. The simplicity of such solutions has 
allowed us to perform fast parametric analyses, to highlight the regions inside the basin 
where the highest effects are predicted and to derive suitable non-dimensional site 
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amplification functions both in terms of frequency response and in terms of aggravation 
factors relative to 1D response spectra.  
 
 

2. Closed-form solutions for SH-wave propagation next to basin edge 
 
In this paper we refer to the analytical solutions derived by Sánchez Sesma and co-
workers for SH wave propagation inside homogeneous valleys delimited by a rigid 
bedrock. Namely, the systems under study are the so-called wall-layer, where a 
homogeneous soil layer of thickness h is delimited laterally by a rigid bedrock (wall) 
dipping with a 90° angle, and the wedge, i.e., a layer with increasing thickness and 
constant dip-angle. Some representative results in non-dimensional form will be provided 
in this section, while the quantification of basin-edge effects for engineering applications 
will be given in the next one. 
 
2.1. Wall-layer 

 
The transfer function of the wall-layer system is the following (Sánchez Sesma et. al., 
1999) 
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Figure 1. The configuration of a “wall-layer” system, consisting of a homogeneous soil layer of 
thickness h, delimited laterally by a rigid bedrock dipping with a 90° angle. 

 
Figure 2 shows the peak response of the system in terms of non-dimensional 

parameters, namely the distance x/λ and the frequency f/f0, f0 = β/4h being the 
fundamental resonance frequency of the layer. At the left hand side, the iso-amplitude 
lines are plotted, showing that peak response occurs at distances x from the origin of the 
basin ranging from 0.5 to 0.7 times the wavelength of the input signal, and at frequencies 
slightly larger than f0, as expected due to the lateral confinement of the model, that makes 
it stiffer than in the 1D case.  
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Figure 2. Left: transfer functions in the frequency domain for the wall-layer system in terms of non-

dimensional parameters f/f0 and x/λ, where f0=β/4h. A quality factor Q=20 has been considered in 
the homogeneous layer. Right: cross-sections of the plot at left for f/f0=1 and  for two values of the 

quality factor (Q=20 and Q=50). 

 
2.2. Wedge 
 
The transfer function for a wedge with dip angle α = π/2N, N = 3, 5, 7, .. (Figure 3) is given 
by the following equation (Sánchez Sesma and Velázquez, 1987): 
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Figure 3. A wedge, representing a homogenous soil layer over rigid bedrock, dipping with constant 

angle α=π/2N, N=3,5,7 .. 

 
As shown in Figure 4, for two representative values of the dip angle α=18° (left) and 

α=30° (right), the peak response occurs at a distance from the edge of the basin slightly 
less than the fundamental wavelength of the input motion. 
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Figure 4. Frequency amplification functions for the wedge dipping with 18° (left, N=5) and 30° 

(right, N=3), as a function of the normalized distance x/λ from the edge and for two values of the 
quality factor Q=20 and Q=50. 

 
 

3. 2D/1D aggravation factors on response spectra 
 
3.1. Procedure 
 
Based on the previous results for the wall-layer and wedge systems, we have convolved 
the analytical transfer functions with a set of 9 input accelerograms, coming mostly from 
the Friuli 1976-77 seismic sequence with magnitudes ranging from 5.3 to 6.5. The 
accelerograms are recorded on rock, at epicentral distances ranging from 10 to 30 km. 
Since this work was carried out in the framework of the European project Sismovalp, 
dealing with seismic risk in Alpine valleys, this set of accelerograms has been considered 
as representative of the seismicity levels typical of the Alpine environment. For each 
output accelerogram, the 5% damped response spectrum was calculated and divided by 
the corresponding response spectrum obtained by a conventional 1D wave propagation 
analysis. Then, for every geological configuration considered, the average spectral ratio 
among the 9 simulations was calculated. 

We performed a significant number of numerical simulations, keeping Q=20 and with 
different values of the other geometrical and mechanical parameters defining the two 
simple models under study. The results could be expressed in terms of non-dimensional 
parameters, with a limited amount of dispersion, at least for a prescribed value of the 
quality factor.  

We stress that the results presented in the following sub-sections are valid for the 
magnitude range analyzed, M5.9 on average, that is typical of the seismic hazard in the 
Alpine environment, so that they cannot be generalized to higher magnitudes. 
 
3.2. Wall-layer 
 
The results for the wall-layer system, in terms of 2D/1D average response spectral ratios, 
are shown in Figure 5. The horizontal axis denotes, at the right hand side, the structural 
period Tn, normalized by the fundamental 1D period T0=4h/β of the homogeneous soil 
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layer, while, at the left hand side, the distance from the edge of the basin, normalized by 
the height of the layer. 

It turns out that basin-edge effects for the wall-layer system show themselves mostly at 
distances from the lateral edge equal to the depth of the basin and for periods smaller 
than the fundamental 1D resonance period. In the more severe condition, the 2D/1D 
aggravation factor is about 1.5. 

 

 
 
Figure 5. 2D/1D aggravation factors on response spectra for the wall layer system, based on the 
selected acceleration data set, with earthquake magnitudes ranging from 5.3 to 6.5. Results are 

plotted in terms of the non-dimensional parameters x/h and Tn/T0, where T0=4h/β. 

 
 
3.3. Wedge 
 
Figure 6 shows the results for the wedge system, considering three values of the dip 
angle, namely α=30° (N=3), 18° (N=5) and 12.8° (N=7). In this case the period is 
normalized by T0=4h/β, where h=x⋅tanα is the local depth of the deposit at distance x from 
the edge. In this case it was not possible to express the distance from the edge in non-
dimensional terms. Instead, the various curves in Figure 6 are defined for different ranges 
of x/β. The maximum 2D/1D aggravation factors are found to range between 1.4 and 1.8, 
for Tn ≈ 0.5⋅T0 and 0.2s < x/β < 0.8s. For example, within a dipping layer with average 
shear wave velocity β = 500 m/s and dip angle α=18°, the maximum 2D effects would be 
observed, according to Figure 6b, at a distance ranging from about 100 to 400 m from the 
edge and for periods ranging from 0.13 to 0.52 s, increasing with the distance from the 
edge. 
Finally, it is worth to note that the minimum values of the 2D/1D aggravation factor occur 
at the 1D natural periods of the soil layer (Tj=4h/(2j+1)β, j=0,1,2..), i.e. when Tn/T0= 1, 1/3, 
1/5, ..., while the maximum values occur at the intermediate periods for which the 1D 
transfer function shows a minimum. This means that, while 1D amplification effects are 
selective at the natural frequencies of the layer, 2D basin-edge effects tend to provide 
amplification in a wider spectrum of frequencies. 
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Figure 6. Same as Figure 5, but for the wedge system with three representative dip-angles 

(α=30°, 18° and 12.8°, i.e., N= 3, 5, 7, respectively).  
 

 

4. Application to the Dinar (Turkey, 1995) earthquake 
 
We have verified the present 2D/1D aggravation factors, a set of which has been plotted 
in Figures 5 and 6, with the results of several numerical simulations in real or realistic 
geological configurations. 
As an example, we show here the comparison with the results of finite element 
simulations published by Bakir et al. (2002), with reference to the Oct 1, 1995, M5.9 Dinar 
earthquake, that badly hit the Turkish town, especially close to the edge of the basin 
where Dinar is located (zone III in Figure 7, left). The cross-section of the basin (BB in 
Figure 7) was modelled by Bakir et al. (2002) as sketched in the right part of Figure 7, with 
a layered model of the sedimentary basin with average shear wave velocity βave~330 m/s. 
For comparison, we have considered our average 2D/1D aggravation curves obtained for 
an homogeneous wedge with β=βave and dipping angle α = 12.8° (=π/2N, with N=7); since 
our model is a wedge with infinite extension, we have compared our results only for 
stations 3 and 4. 
 The results are shown in Figure 8, in terms of the 2D/1D spectral aggravation factors 
obtained by Bakir et al. (2002) with finite element numerical simulations and those 

a) 

c) 

a) b) 
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deduced from the parametric analyses described in section 3.3, with average curves 
plotted in Figure 6c. Considering the various approximations involved in our results, 
namely (i) a homogeneous model instead of a layered soil, (ii) average curves obtained 
over 9 accelerograms of magnitude ranging from 5.3 to 6.5, (iii) SH linear wave 
propagation instead of P-SV nonlinear (linear-equivalent), used by Bakir et al (2002), the 
agreement of the two solutions is remarkable, both in terms of 2D/1D amplification levels 
and of the period ranges where the highest values are found. 
  

 
 
 

Figure 7. Left: geological map of Dinar with the area (zone III) which suffered the maximum 
damage levels during the Oct 1, 1995 earthquake. Right: simplified sketch of cross-section BB. 

Adapted from Bakir et al. (2002). 

 
 

5. Conclusions 
 

Basin-edge effects have been studied with a simplified, but physically sound approach, 
useful to derive simplified formulas for engineering applications.  

For the wall-layer system, the effects show themselves at distances from the edge in 
the range 0.5÷0.7 λ, λ being the wavelength of the input signal, while for the wedge 
system the effects are maximum for x = 0.8÷1.0 λ. 
 
 

α ~ 14° 
100 m 

Station 3 Station 4 

400 m 

β ave = 330 m/s 
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Figure 8. Comparison of 2D/1D aggravation factors for the Dinar cross-section of Fig. 7, as 
obtained by Bakir et al (2002) from finite element numerical simulations, and by the average curve 

for the wedge with α=12.8°, as plotted in Figure 6. 

 
 

To provide a quantification of basin edge effects useful from an engineering view point, 
we have derived a set of 2D/1D aggravation factors on the response spectral ordinates. 
These factors apply only to the magnitude range considered in this study, namely from 5.3 
to 6.5, that is typical of damaging earthquakes in the Alpine environment. 

Among the main practical indications of this study we list the following: 
� basin edge effects may produce a relative amplification with respect to the 1D case 

ranging from 1.4 to 1.7, for structural periods in the range 0.4÷0.7 T0, where T0=4h/β 
is the 1D fundamental natural period of the layer; 

� for the wall-layer system, the maximum effects occur at a distance from the basin 
edge equal to the depth of the layer, while for the wedge system this distance is 
numerically equal to about 0.25÷0.5 β, where β is the average shear wave velocity of 
the soil. 

The application to the case-study of the Dinar earthquake in Turkey has shown how the 
proposed curves can be used in a real case and the reasonable agreement with the 
results of complex numerical simulations. 

More in-depth studies are needed to better investigate basin-edge effects and provide 
practical indications useful for engineering applications, especially to extend results to 
higher magnitudes, introduce nonlinear effects and check with the available strong/weak 
motion records from dense accelerometer arrays: the results of this study are surely an 
useful starting point for this objective. 
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