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ABSTRACT

This paper is concerned with the problem of soil amplification and seismic site effects due to the local
topographical and geotechnical characteristics. It focuses on 2D triangular alluvial valleys subjected to
vertically propagating incident SV waves. The medium is assumed to have a linear elastic constitutive
behaviour. All calculations are executed in time-domain using the spectral finite element method. Clear
perspectives of the amplification patterns of the valley are presented by investigation of the frequency-
domain responses. It is shown that the amplification pattern of the valley and its frequency characteristics
depend strongly on its shape ratio. The maximum amplification ratio along the ground surface occurs at the
center of the valley. A simple formula has been proposed for making initial estimation of the natural period
of the valley in site effect microzonation studies. The natural frequency of the triangular alluvial valley
decreases as the shape ratio of the valley decreases.

INTRODUCTION

It has long been recognized that site effects can significantly affect the nature of ground motion during
earthquakes. Local conditions can generate large amplifications and important spatial variations of ground
shaking. These effects are relevant in assessing seismic risk, in planning, in the seismic design of important
facilities and in calculating the response of long structures. There is a close relation between earthquake
damage and topographic and geological irregularities. There have been numerous cases of recorded motion
and observed earthquake damage pointing towards topographic amplification as an important effect. Very
high accelerations recorded at the Pacoima Dam (1.25 g) during the 1971 San Fernando Earthquake
(Trifunac & Hudson, 1971; Boore, 1973) and at Tarzana Hill (1.78 g) during the 1994 Northridge
Earthquake (Spudich et al., 1996) can be partly attributed to topographic effects. Thorough geophysical and
geotechnical surveys, in combination with the utilization of small seismographic arrays and various
analytical or numerical simulations, have suggested that the aforementioned discrepancy may be attributed to
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the existence of subsurface irregularities, like alluvial valleys or sedimentary basins (Aki and Larner, 1970;
Aki, 1988 and 1993; Trifunac, 1971; Sanchez-Sesma and Esquivel, 1979; Bard and Bouchon, 1980;
Sanchez-Sesma et al., 1988; Graves, 1996; Bao et al., 1996; Bard, 1997; Faccioli et al., 1997; Kokusho and
Matsumoto, 1998; Bielak et al., 1999, Paolucci, 1999). It was realized that, apart from the soil- material
conditions, the geomorphic features of a valley (in 2 dimensions) or a basin (in 3 dimensions) tend to alter
and usually aggravate the amplitude, frequency content, duration, and spatial variability of ground shaking.
The main phenomena that constitute the “valley amplification” effects on site response have been
summarized for the geotechnical community by Aki (1988) and Finn (1991); some newer major seismic
events have dramatically reinforced their main conclusions. A typical example of valley effects is the
damage distribution observed during the 1988 Armenia earthquake. Yegian et al. (1994), trying to correlate
the observed damage with the ground shaking in the city of Kirovakan, located about 10 to 15 km from the
surface outbreak of the fault, pointed out that 1-D analyses substantially underestimated the ground surface
motion in a region of Kirovakan in which the soil profile constitutes a small triangular-shaped alluvial
valley; the observed damage was adequately explained by Bielak et al. (1999) who provided a satisfactory
explanation performing two-dimensional (2-D) ground response analyses for the same valley. Numerical
studies have also shown that the extent of damage reported in the Marina District, San Francisco, during the
1989 Loma Prieta earthquake, could be mainly attributed to the 2-D site conditions (Bardet et al., 1992;
Graves, 1993; Zhang and Papageorgiou, 1996). Graves (1998), simulating the seismic response of the San
Fernando basin in the 1994 Northridge earthquake, showed that the subsurface irregularities may have
caused a large amplification, especially in the long period ground motions. Finally, during the 1995
Hyogoken-Nambu earthquake, most of the damage in the city of Kobe occurred within the so-called
“disaster belt”, a narrow zone 1 km wide, nearly 20 km long, located between about 1 to 1.5 kilometers from
the Rokko mountain rock outcrop. Numerical analyses by various researchers (Kawase, 1996; Takemiya,
1996; Kokusho and Matsumoto, 1998; Pitarka et al., 1998; Matsushima and Kawase, 1998; Hisada et al.,
1998) have supported the idea that the 2-D valley geometry (in combination with the unquestionable
forward-rupture directivity effects) had led to that particular concentration of damage.

The above phenomena have been documented either by observations, or multi-dimensional site-
specific ground response analyses (in 2 or 3 dimensions).

As mentioned above, the “entrapment” of seismic waves in the valley and the generation of surface
waves at the edges of the valley are phenomena expected to have  the following “valley amplification”
effects:

 The intensity of the ground shaking may be amplified at certain location more than 1-D wave-theory
predicts. We will use the term “valley amplification” to describe the additional amplification, above
the corresponding amplification computed with 1-D analysis. Such aggravation may be observed not
only on the amplitude of the ground shaking (in terms of peak ground acceleration or velocity), but
on its spectral content as well.

 The spatial variability of the ground surface motion may be substantial, even for closely-spaced
locations characterized by the same soil profile. The ensuing differential motions are usually of great
interest on the seismic response of long structures such as bridges and pipelines.

The seismic behaviour of valleys has been studied by many authors, by means of the finite difference
method (Ohtsuki & Harumi, 1983), the finite-element method (Bielak & Xu, 1999; Castellani et al., 1982),
the boundary element method (Barros et al., 1995; Luco et al., 1990 & 1995; Sanchez-Sesma et al., 1978,
1982 & 1991; Vogt et al., 1988; Wong et al., 1975) and the discrete wavenumber method (Kawase et al.,
1988). The newest work has published recently by Kamalian et al. (2014) presents an advanced formulation
of the spectral finite element method (SFEM). The goal of this paper is to capture numerically “valley
amplification” effects on triangular alluvial valley by SFEM which was presented by Kamalian and
Najafizadeh (2014).

NUMERICAL FORMULATION

The numerical parametric study was executed using the time domain spectral finite element
formulation for 2-D elastodynamics. The governing equation for an isotropic, homogeneous, small-
displacement body with linear elastic behavior can be written as the equilibrium equations for an elastic
bounded medium Ω  Rd subjected to an external body-force fi:
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where 22 / tuu ii  is the second derivative of displacement of the medium with respect to time;ρ, the mass

density, and
ij denotes the stress tensor components. Weak formulation of the corresponding governing

equation for an elastic, isotropic and homogeneous body can be obtained using the well-known weighted
residual method (Brebbia & Dominguez, 1989) as

(2)0 
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A spectral element approximation of Eq. (2) and its solution were obtained by Kamalian and
Najafizadeh (2014). Spectral finite element method (SFEM) was implemented in a general purpose two-
dimensional nonlinear and linear code named as NASEM (Najafizadeh, 2014). Several examples including
site response analysis of rectangular alluvial valleys and ridge sections subjected to incident P and SV waves
were solved in order to show the accuracy and efficiency of this implemented SFEM algorithm in carrying
out site response analysis of topographic structures (Kamalian & Najafizadeh, 2014).

In the Spectral Finite Element Method, control points  ، needed in defining the equation
(3) in Lagrange polynomials of degree are placed at special positions called Legendre-Gauss-Lobatto
(LGL) points. Place of the control points is determined through solving the (5) equations:
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where, is first derivative of Lagrange polynomials of degree .

By using these control points, the computational errors decrease exponentially. This method can
converge faster to the exact solution than FEM due to using fewer degrees of freedom with almost the same
accuracy. Control points make the mass matrix diagonal, which saves time and memory efficiently. In the
SFEM, integrations of the matrices may be approximated using the Legendre-Gauss-Lobatto (LGL)
quadrature rule in integration over the elements :
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are the weights associated with the LGL points of integration, and .

A highly interesting property of the SFEM is the fact that the mass matrix [M] is diagonal due to using
LGL quadrature for each element (Komatitsh et al., 1999). This allows for a very significant reduction in
computational cost and complexity.

Figure 1 shows the geometry and discretization of a triangular alluvial valley subjected to vertically
propagating incident SV wave of the Ricker type (Figure 2):
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where , and denote the predominant frequency, the time shift parameter and the maximum amplitude of
the displacement time history, which were chosen as 2.4 Hz, 0.9 s and0.0001 m, respectively.
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METHODOLOGY OF PARAMETRIC ANALYSIS

The geometry of the 2-D homogenous triangular alluvial valley investigated by this study was defined
in Fig. 1 where H and ax denote the thickness of center line and the half-width of the soil layer along the
ground surface, respectively. The parametric study was mainly aimed to find out the answers of the
following questions: What is the maximum amplification potential of the valley? Where does it occur along
the valley? How does the amplification pattern vary along the valley? Does increasing the shape ratios
(H/ax) of the valley necessarily mean intensifying the amplification potential at any point along it? Could
extract a simple formula in order to get an initial estimation of the natural period of a rectangular alluvial
valley could be useful in site effect microzonation studies?

In order to find out the answers of the above mentioned questions, the valley was subjected to the
vertically propagating incident SV wave of the Ricker type (Figure 2), the thickness of the soil layer was
selected as 50 m. The broad range of 2D triangular alluvial valleys resting on a rigid bed rock with different
shape ratios (H/ax) of 0.2, 0.4, 0.6, 0.8, 1.0 and 2.0 encountered frequently in the nature were considered.
The mechanical behavior of soil with values of Poisson's ratio as 0.33, damping ratio as 0.05, mass density as
2.0 t/m3 and shear wave velocity of the medium as 300 m/s were considered. As only the amplification
curves along the surface of the valley was aimed to be studied, the same vertically propagating incident SV
wave of the Ricker type (Figure 2) was subjected to the valley. Because altering the input motions would not
affect the amplification pattern in a linear elastic media.

RESULTS OF PARAMETRIC ANALYSIS

This section presents the most important results obtained by the executed parametric study, which
demonstrate the general amplification pattern of 2D triangular alluvial valleys resting on a rigid bed rock and
show how it is affected by the shape ratio.

GENERAL AMPLIFICATION PATTERN

Figure 3 demonstrates clear perspectives of the amplification patterns of various nodes along the
ground surface of 2-D triangular valleys via the different shape ratios subjected to a vertically propagating
incident SV wave. As can be seen, the amplification pattern of the triangular alluvial valley and its frequency
characteristics depend strongly on its shape ratio. In each triangular alluvial valley and irrespective of its
shape ratio, the maximum amplification ratio at each node along the ground surface occurs at a characteristic
frequency which is uniform along the ground surface. This characteristic frequency could be named as the
natural frequency of the Triangular alluvial valley. The value of the natural frequency of the triangular
alluvial valley decreases as the shape ratio decreases and tends towards the natural frequency of the
corresponding 1D uniform soil layer over the bed rock (W = Vs/4H). Vice versa and as expected, the value
of the natural frequency of the triangular alluvial valley increases as its shape ratio increases. It can also be
seen that in each triangular alluvial valley and irrespective of its shape ratio, the maximum amplification
ratio along the ground surface occurs at the center.

Figure1. Geometry of the 2-D homogenous
triangular alluvial valley

Figure 2. Displacement time history of the
incident wave
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Figure 3. Comparison of the amplification curves of various nodes along the ground surface of
triangular valley via the different shape ratios

MAXIMUM AMPLIFICATION

Figure 4 illustrates Changes of the maximum amplification of various nodes along the ground surface
of triangular alluvial valley via the different shape ratios normalized to the maximum amplification of a 1D
uniform homogeneous soil layer resting on a rigid bed rock (amplification ratio). As can be seen, it is
confirmed that in each triangular alluvial valley and irrespective of its shape ratio, the maximum
amplification ratio along the ground surface occurs at the center of the valley and when one moves from each
of the corners towards the center, the maximum amplification ratio of the ground surface increases. No clear
relation could be detected between the maximum amplification ratio and the shape ratio of the triangular
alluvial valley. The amplification ratio of the triangular alluvial valley of the central point gets its maximum
value at a shape ratio of 0.2 and decreases gradually as the shape ratio increases from 0.2 to 2.

Figure 4. Comparison of the maximum amplification ratio change along the
triangular alluvial valley via the different shape ratios
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SHAPE RATIO EFFECT

Figure 5 compares the amplification curves of the center of the triangular alluvial valley with different
shape ratios with the amplification curve of the corresponding 1D uniform homogeneous soil layer resting on
a rigid bed rock. As can be seen, when the shape ratio decreases, the natural frequency of the triangular
alluvial valley decreases and the amplification curve of the center node (2D case) moves towards the
amplification curve of the corresponding 1D case. Although in all triangular alluvial valleys with shape ratio
of less than 0.6, the maximum amplification ratio at the center node is more than that corresponding to the
1D case, but in the triangular alluvial valley with a shape ratio of more than 0.6 it's decreased.

Figure 5. Amplification curves at top of the centerline of the triangular alluvial valley
(Vs = 300 m/s) with different shape ratios

NATURAL PERIOD OF A TRIANGULAR ALLUVIAL VALLEY

Extracting a simple formula in order to get an initial estimation of the natural period of a triangular
alluvial valley could be useful in site effect microzonation studies. Fig.6 demonstrates how the natural
frequency of the triangular alluvial valley alters with its shape ratio. Two curves are presented that
corresponds to two different alluvials with a shear wave velocity of 300 and 400m/s, respectively. As can be
seen, the curves are similar and infuse the idea of being capable to become non-dimensionalized. Fig.7
demonstrates these two curves once again, this time normalized to the natural frequency of the corresponding
1D uniform soil layer over the bed rock. As expected, the curves coincide and the ratio of the natural
frequency of a triangular alluvial valley ( ) to the natural frequency of the corresponding 1D uniform soil
layer over the bed rock ( ) can be approximated as a function of the shape ratio by the following formula:

)655.0(exp297.112 SRFF DD 

which can be re-written as:

  HVSRF sD  4)655.0(exp297.12

Where, Vs represents shear wave velocity, H triangular valley depth, and SR the valley shape ratio
(SR=H/ax)

DF2

DF1
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CONCLUSION

This paper focuses on 2D triangular alluvial valleys subjected to vertically propagating in-plane
incident shear waves. All calculations are executed in time-domain using the spectral finite element method.
A numerical parametric study was carried out on the seismic response of triangular alluvial valleys subjected
to vertically propagating incident SV waves. It is shown that the amplification pattern of the triangular
alluvial valley and its frequency characteristics depend strongly on its shape ratio. A natural frequency can
be defined for the triangular alluvial valley so that at all nodes along the ground surface, the highest
amplification factor occurs at this predominant frequency. The natural frequency of the triangular alluvial
valley decreases towards the natural frequency of the corresponding 1D uniform soil layer on bed rock, as
the shape ratio of the valley decreases. The maximum amplification ratio along the ground surface occurs at
the center of the valley and decreases when one moves towards the corners. A simple formula has been
proposed for initial estimation of the natural period of triangular alluvial valleys which can be used in site
effect microzonation studies.
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