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ABSTRACT 
 

This study presents the results of a numerical study on seismic behavior of complex site effects on two-

dimensional semi-sine shaped hills subjected to vertically propagating incident in-plane shear waves, 

using the finite difference method. The effects of subsurface layering, neighboring features and their 

combination are investigated in this research, and it is shown that they significantly affect the 

amplification of ground motions. It is observed that surface ground motion is less sensitive to 

underground geology structure, while it is significantly impressible to near surface layer with low 

velocity. It is also observed that combination of neighboring features and subsurface layering in wave 

lengths comparable to hill's half width, significantly amplifies both horizontal and vertical components of 

motion that is a symptom of high amplifications observed at real sites. 
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INTRODUCTION 
 

The importance of site effects in altering the seismic ground response has been widely recognized. The 

evaluation of site effects, involving the most considerable characteristics such as local topography, 

surface geology and subsurface layering, has become a requirement in microzonation studies and building 

designs. It is well established that the amplitude, duration and variable frequency content of the ground 

motion can strongly be influenced by site characteristics, and cause structures to be vulnerable to 

earthquake induced deformations.  

 

A large number of observational studies and analytical analyses, including numerical and physical models 

have striven to show the importance of site effects (Raptakis et al., 2000; Bouckovalas and Kouretzis, 

2001; Assimaki and Gazetas, 2004; Assimaki and Kausel, 2007). They considered various effective 

parameters on aggravation of ground motion in the vicinity of topographic features and soft soils. 

 

However, due to the complexity of wave scattering produced by topographic irregularities, underground 

geology, and low velocity of near surface layering, numerical analysis can make it possible to study 

separately the topographic effects and subsurface layering more accurately and under relatively realistic 

conditions. Some scientific numerical researches have demonstrated the accuracy of procedures and 
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parametric studies on evaluating site effects using FEM, FDM, BEM, and hybrid FEM/BEM (Ashford 

and Sitar, 1997; Bouckovalas and Papadimitriou, 2005; Kamalian et al., 2006; Assimaki et al., 2007). 

 

Although the effects of site conditions are clearly understood, there are still discrepancies between 

presently available numerical studies and high amplifications observed in real sites. This could be due to 

the geometry of the subsurface layers and contrast of impedance between the layers and the bedrock. 

Heretofore, Geli et al. (1988) studied the combined effects of neighboring semi-sine shaped hills and 

subsurface layering on ground motion response, using the Aki-Larner method. However, they studied the 

less critical case of incident SH waves and some specific values of exciting frequency. Also, they 

calculated the amplifications with respect to the base of the hill, which is subjected to site effects itself. 

Combined influence of topography and geology on the seismic response of alluvial valleys is considered 

later (e.g. Gatmiri et al. (2009)). As combined effects of neighboring ridges and subsurface geology are 

seldom considered, the purpose of this paper is to investigate the effects of more complex subsurface 

geological structure and surface geology, in viscoelastic domain, in numerical modeling for both 

horizontal and vertical components of motion. Also the accuracy of numerical modeling procedure, in 

evaluating the aggravation of seismic waves due to site effects, is compared to some other methods. 

 

Since two-dimensional semi-sine shaped hills exist extensively in nature, and vertically propagating 

incident SV waves have more destructive effects on ground motions than SH and P waves (Geli et al., 

1988; Bouckovalas and Papadimitriou, 2005), this numerical study represents the results of combined 

effects of subsurface layering and neighboring features, on seismic behavior of two-dimensional semi-sine 

shaped hills subjected to vertically propagating far field in-plane shear waves (SV) in frequency domain. 

 

 

METHODOLOGY AND VERIFICATIONS 
 

Numerical analyses were performed with Explicit Finite Difference Method implemented in FLAC
2D

 

(Itasca, 1993) to evaluate the effects of near surface layering, neighboring topographic features and their 

combination on the amplification of ground motion response. Due to special geometrical characteristic of 

semi-sine shaped hills and having more amplifying potential on seismic waves, this geometry is 

considered in this study. 

 

Acceleration Ricker wavelet was used as an input signal for vertically propagating of far field SV waves: 

 

                                            [ ] 2
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where fp is the central frequency of the Ricker wavelet and t0 is the appropriate time shift parameter; Amax 

denotes the maximum amplitude of the time history and F(t) indicates the horizontal acceleration of the 

motion through time (t). The input Ricker wavelet has been used in the form of acceleration with 

minimum amplitude of 0.02g, in order to omit the influence of the amplitude on the results of the analysis. 

All the amplification factors were obtained with respect to free-field. Amplification factors were 

calculated from the ratio of Fourier amplitude of horizontal and vertical components of motion along the 

hill's flank to Fourier amplitude of horizontal motion of free-field, using MATLAB. In the following 

sections the verification steps are discussed. 

 

Incident signal selection 
The most effects of topographic features on aggravation of seismic waves occur in dimensionless 

frequencies of H/λ = 0.2-0.45, where H is the height of the feature and λ is the incident wave length. The 

topographic effects would be neglected for values below and above this band (Ashford et al., 1997; 
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Stewart and Sholtis, 2005; Ozkahriman et al., 2007). In other words, the effects of topography are 

considerable when the wave lengths are comparable with the width of the hill (Geli et al., 1988). 

 

Based on the above mentioned values and engineering interests, the dimensionless frequencies, � (� = 

ωb/πvs: in which ω is the angular frequency of the incident signal and vs is the shear wave velocity of the 

medium), of 0.12 to 4 were considered. This range indicates the dimensionless period, (1/�), interval of 

0.25 to 8.33 which are consisting of incident wave lengths of 0.25-8.33 times the hill's width. For better 

seismic response consideration, this broad period interval was divided into five subintervals from P1 to 

P5: P1(0.25-0.5), P2(0.5-1.0), P3(1.0-2.0), P4(2.0-4.17), and P5(4.17-8.33) which indicate signals with 

very short wave lengths to very long ones from P1 to P5 (Kamalian et al. (2008)). For improving the 

accuracy and speed of the analyses, with acceptable approximation, two central dimensionless frequencies 

were selected with best fit in above broad periods by considering that a Ricker wavelet with specific 

central frequency covers the frequency band from half to twice the central frequency. For shorter 

dimensionless periods (0.25-2), signals with dimensionless central frequency of 1.5 and dimensionless 

time shift (t = t0vs/2b) of 0.9, and for longer dimensionless periods (2-8.33), dimensionless central 

frequency of 0.37 and dimensionless time shift of 3.5 were considered. Normalized time histories and 

normalized amplitudes of Fourier spectrum for both incident signals are illustrated in Figure 1. 

 

Figure 1. Dimensionless time history of acceleration (left) and Normalized Fourier amplitude 
(right) for both input Ricker wavelets 

 

Boundary conditions 
To evaluate the amplification potential of topographic features and subsurface geology on ground motion 

response, modeling should have some conditions in order to simulate the interested conditions. Therefore, 

the model area must be large enough to ensure the energy absorbed by the boundaries and the waves not 

reflected by the boundaries. In order to model a region of material subjected to dynamic loading, 

boundary conditions (quiet (viscous), free-field, etc) are available in FLAC, minimizing wave reflections 

at model boundaries (Itasca, 1993). To provide the above conditions, free-field boundaries were applied 

automatically at the lateral sides by selecting free-field conditions, and viscous dashpots as quiet-

boundaries were applied at the base of the model. The width and height of the model were set at 25H and 

5H, respectively, for isolated ridges, and at 40H and 5H for neighboring ridges, respectively, where H is 

the height of the hill. Table 1 presents more details of the geometries considered in this study. The 

incident signal applied at quiet-boundaries, was a time history of stress in order to prevent the reflection 

of artificial waves back into the model (Itasca, 1993; Bouckovalas and Papadimitriou, 2005; Bourdeau 

and Havenith, 2008). 
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Element size 
In dynamic analysis of transmission waves, numerical distortions may occur as a function of frequency 

content and shear wave velocity of the medium. In numerical modeling procedures, element size plays an 

important role on the accuracy of analysis. Itasca (1993) mentioned that the element size must be 1/10-1/8 

times the shortest wave length which corresponds to the highest frequency component of incident motion. 

For better performance and reasonable accuracy with optimum time analysis, the element size of 5m was 

used. 

 

Table 1. Details of model parameters considered in this study 
Model parameters Isolated ridge Neighboring ridges 

Shape ratio (SR) 0.4 0.4 

Number of hills in model 1 3 

Height of the hill (h) 160 160 

Half width of the hill (b) 400 400 

Total width of hills 800 2400 

Number of horizontal elements 800 1300 

Number of vertical elements 200 200 

Total number of elements 160000 260000 

Element size (m) 5*5 5*5 

 

 

COMPARISON OF NUMERICAL RESULTS 
 
Semi-circular alluvial valley 
In this section the accuracy of the procedure is illustrated in determining the seismic behavior of the semi-

circular alluvial valley subjected to vertically propagating displacement Ricker incident SV wave with 

central frequency of 5.58Hz (dimensionless frequency of 0.5) and appropriate time shift parameter of 0.26 

and Amax of 0.001. The radius of the valley and Poisson ratio are 10m and 0.33, respectively, and shear 

wave velocities and densities are, 111.665 m/s and 1333.33 kg/m
3
 for alluvial materials, and 223.33m/s, 

and 2000kg/m
3
 for half-plane, respectively. The results of surface displacement amplification were 

compared with dimensionless form studies by Dravinski and Mossessian (1987) and, Mossessian and 

Dravinski (1987); both horizontal and vertical components of amplification of ground motion versus x/r 

(where x is horizontal distance from center of valley and r is the valley's radius) are illustrated in Figure 

2a in dimensionless frequency of 0.5. For better comparison, horizontal and vertical displacement of 

points with distances of x=0 and r from the center of the valley were compared by BE/FE and BE method 

with different time steps (dt) by Kamalian et al. (2006), as illustrated in Figure 2b, d. The vertical 

component of crest's motion is equal to zero from the symmetry. It is observed that, for time domain 

analyses, the results obtained from FDM, have a small time shift compared to other methods. For 

comparison purposes, this time shift is omitted here. As can be seen in Figure 2, excellent agreements 

exist between results. 
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Figure 2. a) Amplification of surface displacements for a semi-circular alluvial valley in �=0.5 for 
both horizontal and vertical components; b) Horizontal displacement of central point of alluvial 
valley at surface; c) Horizontal displacement of the point with x=r distance from central point of 

alluvial valley at surface; d) Vertical displacement of the point with x=r distance from central point 
of alluvial valley at surface. Symbols "H" and "V" denote, respectively, to horizontal and vertical 

component of amplification 
 

 

TOPOGRAPHIC EFFECTS COMBINED WITH NEAR SURFACE LAYERING EFFECTS 
 

As existence of more complex configurations of topographic features in nature than ones were considered 

in numerical analysis and variety of effective parameters on amplification potential, for better evaluation, 

three examples are considered here: (i) evaluation of near surface layering for an isolated ridge, (ii) 

evaluation of neighboring ridges effects, and (iii) combination effects of these two cases. 

As discussed earlier, all the amplification factors are calculated with respect to the reference site. 

Reference site must be a station of rock outcrop on a flat half-plane, far from topographic features which 

is not subjected to site effects. In order to obtain the response of reference site, for each case, a flat half-

plane is modeled with the same material of half-plane (Layer 4 in Figure 3) in each group, from Table 2. 

The horizontal acceleration time histories at the surface of these flat half-planes are considered as the 

response of reference site. 

 

Near surface layering effects for an isolated ridge 
Four different configurations investigated in this section are illustrated in Figure 3. These configurations 

are selected base on probable alluviums layering, near surface weathering and natural erosion (Geli et al., 

1988). The semi-sine shaped hill has a shape ratio of h/b = 0.4, where h and b are the hill's height and half 

width, respectively. Nine litholigical units were considered in this study, and divided into three groups, 

type (I), type (II) and homogeneous ridge(s), with given density (ρ), shear wave velocity (vs), Poisson 

ratio (υ) and thickness of layer in each group, as shown in Table 2. For configurations A, B and C, 
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materials type (I) were used, while for D configuration, materials type (II) were assumed. All the results 

are presented in dimensionless form of frequency, � = ωb/πβ, in which for materials type (I), β is the 

shear wave velocity of third layer (vs3) and for materials type (II) it is calculated as β = (vs1/6) + (vs2/3) + 

(vs3/2). 

 

Figure 3. Different subsurface layering configurations of an isolated ridge 

 

 

Table 2. Material properties selected in each group 

Properties 
Type (I) Type (II) Homogeneous 

ridge(s) 1 2 3 4 1 2 3 4 

vs (m/s) 320 640 800 960 384 768 960 1152 800 

ρ (kg/m3) 1900 2100 2230 2500 1900 2100 2500 2500 2230 
Poisson 

ratio 
0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

Layer 
thickness 

h/5 2h/5 2h/5 - h/6 h/3 h/2 - - 

 

Figure 4 depicts the amplification functions versus dimensionless distance (x/b, where x is the horizontal 

distance from the hill's crest at each side) as a function of dimensionless frequency and subsurface 

layering configuration, subjected to vertically propagating incident SV waves for both horizontal and 

vertical components of motion. As can be seen in Figure 4, for horizontal component of motion, 

subsurface layering significantly affects the amplification of ground motion, especially in high 

dimensionless frequencies (P1-P3). It is observed that in all cases, amplification functions are rather 

similar from half flank toward the base, which are much more than values obtained for homogeneous 

isolated ridge. Different seismic behavior is expected from top to half flank of the models, due to their 

layering and variety of thicknesses. As can be seen in the figure, for configurations B and C where layers 

with low velocity are thin at top, and have downward increase in alluvium cover thickness, minimum 

amplification observed at top and increases gradually to a higher value at the base. In very high 

dimensionless frequencies (P1) amplification reduction at top is much more noticeable, that reduces to 

lower values in comparison with homogenous isolated ridge. This is due to difference impedance (ρvs) of 

layers, sharpness of the hill in middle area, angle of incident wave, and complexity of diffracted wave 

which reflects SV and P waves with both horizontal and vertical components of motion, with different 

phases and time lags that can cause amplification and de-amplification by their superposition. 

 

It is observed that in high dimensionless frequencies maximum amplification occurs at the base and by 

decreasing the dimensionless frequency, the peak of amplification functions appears at the top of the ridge 

and the base amplification reduces. For medium and high wave lengths (P3-P5), in all cases amplification 

occurs at the top of the ridge and increases gradually to a lower value at the base. The most important 

observation that can be seen in Figure 4 is that, all the points of the hill experience amplification in all 

wave lengths, while without considering subsurface layering, considerable de-amplification appears at the 

mid slope in high frequencies. The effects of subsurface layering are much more considerable at the base 
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for high dimensionless frequencies, which indicates that the calculation of amplification values with 

respect to the base of the hill, as a reference site, would not be realistic. 

 

 
Figure 4. Averaged amplifications affected by wave length for configurations A, B, C, D and 
homogeneous isolated semi-sine shaped ridge. Symbols "H" and "V" denote, respectively, to 

horizontal and vertical components of amplification. Horizontal and vertical axes demonstrate 
x/b and the amplification factors, respectively 

 

Regarding the vertical component of motion, as expected from symmetry, minimum amplification occurs 

at the top of the hill, but it is not equal to zero. This is due to presence of subsurface layering, low shear 

wave velocities of thin layers and consequently, complex diffraction of waves that can cause horizontal 

and vertical components of motion. Maximum amplification of vertical component of motion in 

homogeneous and isolated ridge occurs somewhere near the crest and by increasing in wave length this 

point moves farther from the crest. By considering subsurface layering, it is observed that maximum 

amplification appears at mid slope. For configurations B and C vertical amplification from the crest to the 



5th International Conference on Earthquake Geotechnical Engineering 
January 2011, 10-13 

Santiago, Chile 

half of the flanks increases with lower rate than other models due to their layering and variety of 

thicknesses. 

 

In both horizontal and vertical components of motion, subsurface layering plays an important role in 

aggravation of ground motion. The surface amplification functions are less sensitive to underground 

geological structures than near surface layering and low shear wave velocity of layers. 

 
Combination effects of neighboring topography and subsurface layering 
The purpose of this section is to investigate the effects of neighboring topography combined with 

subsurface layering as a function of dimensionless frequency. To achieve this goal, two configurations 

were considered, illustrated in Figure 5; neighboring similar semi-sine shaped hills in cases of 

homogeneous half-plane, (a), and layered structure, (b), with shape ratio of 0.4. For configuration type (b) 

in Figure 5, material type (II), and for configuration type (a) materials of homogeneous ridges were used 

from Table 2. All the results are again presented in dimensionless form of frequency and distance. 

 

 
Figure 5. Configurations of neighboring semi-sine shaped ridges in cases of; (a) homogeneous 

half-plane; (b) layered structure 

 

Figure 6 demonstrates the amplification functions versus dimensionless distance, x/b, as a function of 

wave length for homogeneous isolated ridge, isolated ridge with layered structure type D in Figure 2, and 

neighboring configurations of (a) and (b) in Figure 5, subjected to vertically propagating incident SV 

wave for both horizontal and vertical components of motion. For comparison purposes, neighboring 

topographic features divided into single ones named central and lateral ridges. It should be noted that the 

results of lateral ridges are obtained from right side ridges movements, which are symmetry to the left 

side ones. As can be understood from Figure 6, for horizontal component of motion central ridge with 

layered structure has the most amplification in high dimensionless frequencies (P1-P2) than other 

configurations. The effect of neighboring topography in the form of homogeneous half-plane, for both 

central and lateral ridges, exhibits lower amplification values in medium and low dimensionless 

frequencies (P3-P5) compared to homogeneous isolated ridge, while for higher dimensionless frequencies 

(P1-P2) a slightly increase in amplification values is observed. In this case, the shape of amplification 

functions and points of maximum amplifications and de-amplifications are rather similar to an isolated 

ridge. In the case of neighboring ridges of layered structure, significant different seismic behavior is 

observed for central and lateral ridge. The amplification peak in low wave lengths (P1-P2) occurs at the 

top of central ridge and the next peak is at its base, while for lateral ridge and in very low wave lengths 

(P1), maximum amplification observed at the base. In higher wave lengths for all configurations, 

maximum amplification may occur at the top of the hill and it gradually decreases to lower values at the 

base. As expected from nonsymmetrical geology, the amplification functions of lateral ridges are 

nonsymmetrical in all wave length broad bands, which it is much more considerable in high 

dimensionless frequencies. 
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In high to medium dimensionless frequencies (P1-P3), amplification functions of central and lateral ridges 

are more than values for an isolated layered structure and also the homogeneous isolated hill, while in 

medium to low dimensionless frequencies (P3-P5), the amplification functions of central and lateral 

ridges became less than homogeneous isolated hill values. The noticeable fact is that all the points of 

layered structures, even isolated or neighboring ridges, experience amplification in all wave lengths. 

 

 
Figure 6. Averaged amplifications affected by wave length for neighboring ridges in cases of 
layered structure and homogeneous half-plane in comparison with homogeneous and layered 

isolated ridge. Symbols "H" and "V" denote, respectively, to horizontal and vertical component 
of amplification. Horizontal and vertical axes demonstrate x/b and the amplification factor, 

respectively 

 

Regarding to vertical components of motion, as can be seen in Figure 6, considerable increase in 

amplification values is observed. For homogeneous central ridge minimum amplification of zero occurs at 

the top of the hill, due to symmetry. For lateral ridge, vertical amplification functions are nonsymmetrical 

with minimum amplification at the base especially in medium to high dimensionless frequencies. The 
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shape of amplification functions for central and lateral layered structure ridges are rather similar to 

homogeneous ones, with much more increase in amplification values. In high dimensionless frequencies, 

the vertical amplification increases from crest to reach its maximum value at a distance from 0.25 to 0.75 

half width of the hill from the crest, from this point it has a sharp decrease in amplification value toward 

the base. This sharp reduction was observed in central layered structure ridge, and in lateral layered 

structure it was occurred in half-slope which was next to the central one. In medium to low frequencies, 

maximum amplification observed at mid slope. In all wave lengths neighboring layered structure ridges 

had the most vertical amplification. Homogeneous neighboring ridges have more amplification than 

homogeneous isolated ridge but less than layered structure ridge in all broad bands. 

 

 

CONCLUSION 
 

Finite difference method was used to investigate the two-dimensional effects of subsurface layering, 

neighboring topography and combination of these two for semi-sine shaped hills subjected to vertically 

propagating incident SV waves on aggravating seismic waves and amplifying ground motion response. 

 

Near surface layering significantly affect the ground motion response, while underground geology has a 

secondary effect on amplifying ground motion response. The effects of subsurface layering are much 

more considerable in high dimensionless frequencies (1-4) which can amplify the top and base horizontal 

components of motion about 1.5 and 2.5 times, respectively, larger than values obtained at homogeneous 

ridge. Regarding the vertical component of motion, for high dimensionless frequencies (1-4) all points of 

the ridge experience higher amplification values compared to an isolated ridge values, that can reach 3-4 

times at mid slop. 

 

Homogeneous neighboring ridges causes lower amplification in high wave lengths compared to an 

isolated ridge, while have more amplification in low wave lengths. It was observed that combination of 

subsurface layering and neighboring topography features affect significantly the ground motion response 

in both horizontal and vertical components of motion, respectively, up to about 2 and 3.5 times the 

homogeneous values, especially in dimensionless frequencies more than 1. All points experience 

amplification in combined configurations that leads to higher average amplification for the whole ridge. 
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