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ABSTRACT

Seismic waves can be significantly modified during wave propagation through soils. Conventional ground
response analysis usually assumes the soils are horizontally layered, without considering heterogeneous dis-
tribution of soil properties. In this study, wave propagation through heterogeneous soils is numerically simu-
lated using the 2D Spectral Element Method. The shear wave velocity of the soils is modelled as a spatially
correlated random field. Under an incident plane Ricker wavelet, amplification factors of surface motions at
different locations are studied by varying the variation of shear wave velocities of the soils and their correla-
tion distances in horizontal and vertical directions. Compared with a uniform soil profile, increase in soil het-
erogeneity lowers the resonance frequencies of the site, also results in reduced amplification factors at high
frequencies. The correlation distances of the shear wave velocities also affect the variation of amplification
factors of the heterogeneous site.

1 INTRODUCTION

The analysis of seismic site response is very important since seismic waves can be significantly modified
when travelling through soils. Local site effects profoundly influence many crucial characteristics of strong
ground motions. During the 1985 Mexico, 1989 Loma Prieta and 1995 Kobe earthquakes, significant damage
and loss of life were directly attributed to the amplification of ground motion due to local site conditions
(Frankel 1991, Kawase 1997, Flores-Estrella 2007). A lot of field tests and numerical simulations have been
used to study this phenomenon. Conventional numerical methods are often performed using equivalent linear
procedures with the assumption of one-dimensional soil model, such as the site response software SHAKE
(Schnabel 1972). However, the soil can be a highly heterogeneous medium. 2D or 3D models are more ap-
propriate to account for the spatial difference of local sites. Thompson et al. (2009) demonstrated that for
some cases, one-dimensional assumption does not hold. However, in their research, they did not consider the
correlation-distance difference between horizontal and vertical directions. The computation is also very ex-
pensive due to the use of finite difference method in their study. In this study, displacement boundary is used
for input of vertically incident plane wave and soil shear modulus is modelled as spatially random field with
correlation distances in horizontal and vertical directions. Amplification factors are then used to explore the
influence of heterogeneity on local site response.

2 METHODS

In this study, Spectral Element Method (SEM) is used for the simulation of seismic wave propagation in a
heterogeneous medium. The main advantage of SEM is that it combines the flexibility of finite element meth-
od and the accuracy of pseudospectral techniques (Komatitsch et al. 2004). Here in this paper we use the
software package SPECFEM2D developed by Komatitsch & Vilotte (1998). To address the problem which is
of our concern, we implemented displacement boundary in this software package.



A series of standard linear solids (Figure 1.) is used in the software to mimic a viscoelastic medium. In
practice, 2 to 3 standard linear solids can generate an almost constant attenuation medium (Savage 2010). In
our simulations, 4 standard linear solids are used to achieve 5% damping ratio in the frequency range from
0.1Hz to 30Hz which is the main frequency content of earthquake waves (Figure 2.(a)). Meanwhile, for this
model, the shear modulus is frequency dependent. Slight increase from the set value of 200m/s can be seen in
the shear wave velocity for high frequency due to the choice of this mechanical model (Figure 2.(b)).
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Figure 1. Standard linear solids. Figure 2. Mechanical properties of standard linear solids.

To investigate the influence of soil heterogeneity, we modelled soil shear velocity as spatially correlated
random field. The shear velocity follows lognormal distribution. Four parameters are used to quantify the spa-
tially correlated random field which are mean shear wave velocity Vs, standard deviation of InVs, horizontal
correlation distance 4, and vertical correlation distance #,. Figure 3. gives a typical illustration of spatially
correlation random field with different horizontal and vertical correlation distances.

a. h,.=2m, h, =2m b. A, =50m, A, =2m C. h,=50m, s, =10m
Figure 3. Spatially correlated random field. Mean value V; =200m/s, standard deviation of InV;=0.2.

3 SIMULATION RESULTS AND ANALYSIS

The numerical model is shown as Figure 4. Model size is 600m wide and 30m deep. The mesh grid is
1mX1m horizontally and vertically. Incident plane shear wave is input from the bottom boundary. The upper
boundary is a free surface and periodic condition is implemented on the left and right boundaries. 200 sam-
pling stations are linearly located on the surface of the domain. Mean shear wave velocity is 200m/s and
damping ratio is 5% for all the simulations.
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Figure 4. Spectral Element Model. Figure 5. Temporal record and Fourier amplitude

spectrum of Ricker wavelet.

Figure 5 displays the source time function and the source amplitude spectrum of Ricker wavelet that was
used as input displacement in the simulations. By choosing appropriate parameters, we can cover the frequen-
cy range that includes the first four resonance frequencies of the simulated site condition.

3.1 Benchmark against theoretical result

Site response is generally represented as a ratio of Fourier amplitude spectrum of the surface motion vs
that of the input motion. To begin with, SEM simulation is conducted using a uniform soil profile above a rig-
id rock base. The simulation result is compared with theoretical result given by Kramer (1996) as follows:
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where w = wave angular frequency; H = soil depth; and Vs = soil shear velocity (200m/s); & is damping ratio
(5%). This theoretical function is used to benchmark our simulations.

Figure 6 demonstrated that the software gives a quite accurate result. The slight shift of the amplification
factor in the high frequency range can be explained due to the frequency-dependent Vs of the standard linear
solid, as shown in Figure 2.(b).
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Figure 6. Amplification factor of a uniform soil. Figure 7. Spatial distribution of the amplification factor for std(In¥;) =0.4.

3.2 Influence of the standard deviation of shear wave velocity

Since natural soils are deposited layer by layer, the correlation distance in the horizontal direction should
be larger than that of vertical direction. First, we consider soils with a vertical correlation distance 4,= 2m and
horizontal correlation distance 4#,=50m, as illustrated in Figure 3.(b). The mean V; is 200 m/s, stdInV is as-
sumed to be 0.1, 0.2, 0.3, 0.4, respectively. For each stdInV; case, four randomized ¥ profile are generated.
Therefore, there are a total of 800 sampled data for each stdIn/; case.
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Figure 8. Amplification factor for Std(In¥;) ranging from 0.1 to 0.4.

In an individual simulation, the amplification factors at several selected locations are plotted in Figure 7.
We find that the first peak amplification varies from 8 to 14, as compared with an amplification factor of
around 12 for the uniform soil profile. For each Std(InV) case, the mean values of amplification factors to-
gether with plus and minus one standard deviation are plotted in Figure 8. It shows that with the increase of
Std(In¥y), i.e., increase of the heterogeneity, the standard deviations of site amplification factor increase. The
coefficients of variation, as shown in Figure 10(a), increase from around 0.2 to 0.7 if Std(InV%) increases from
0.2 to 0.4. Compared with the uniform soil profile, high frequency resonance peaks are subdued when
Std(InV;) increases, because the scatter effect of the soil becomes more prominent associated with a higher
degree of heterogeneity. Compared with the results of lower heterogeneity, Figure 8(c) and 8(d) show that the
resonance peaks shift to a lower frequency range, therefore, the heterogeneous soils appear to be “softer” than
the uniform soil.

3.3 Influence of correlation distance

Second, the influence of different vertical correlation distance is explored. With a constant Std(InV;) of 0.2
and horizontal correlation distance /#,=50m, different vertical correlation distance 4, (2m, 6m and 10m), as il-
lustrated in Figure 3.(b),(c) is used in simulation. The mean value of the amplification factor is slightly re-
duced and the standard deviation slightly increases with the increase of vertical correlation distance, shown in
Figure 9. Figure 10 (b) plots the coefficients of variation (COV), which fluctuate between 0.2-0.4 at frequen-
cies greater than 2 Hz.
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Figure 9. Amplification factor for vertical correlation distance ranges from 2m to 10m.
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Figure 10. Coefficients of variation (COV) of amplification factor in frequency domain.

4 DISCUSSIONS AND CONCLUSIONS

In this paper, seismic response of heterogeneous soils is studied using Spectral Element Method. The 2D
simulation results indicate that the peak values of amplification factors in the high frequency range are sub-
dued due to wave scatter, reflection, deflection in heterogeneous soils. Compared with a uniform soil profile,
soils with a larger degree of heterogeneity appear to be softer. Besides soil heterogeneity, vertical correlation
distance also contributes to the variation in amplification factors of local sites. The 2D SEM simulation shows
a great promise to improve traditional 1D ground response analysis when heterogeneous site conditions need
to be simulated.
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