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Abstract

Ground surface topography has been repeatedly shown to aggravate the catastrophic
consequences of earthquakes during past events. However, while damage maps,
numerical and analytical models, and recorded ground motions qualitatively agree
on the effects of surface topography on seismic shaking, the model predictions have
been systematically underestimating the recorded topographic amplification by up to
one order of magnitude or more. This discrepancy has been partially attributed to
idealizations (such as 2D geometry, homogeneity, linear elastic material response,
and monochromatic or narrowband propagating pulses) that the predictive models
frequently employ to approximate the response of more realistic 3D heterogeneous,
nonlinear features subjected to broadband, transient ground shaking. In this project,
we used high-fidelity numerical simulations to understand how the above idealiza-
tions contribute to the systematic underestimation of topography effects, aiming to
reduce the quantitative gap between predictions and observations of this pheno-
menon. The most important finding of this work is that the causative factor of
topography effects is not topography alone, but instead is the nonlinear coupling of
ground surface geometry and underlying soil stratigraphy which affects the ampli-
tude, frequency, duration and direction of wave propagation. We furthermore show
that this coupling is nonlinear --in the sense its effects cannot be captured by super-
position of wave propagation through homogeneous topographic features and
layered flat media, even if the underlying soil behavior is linear. We expect that our
findings will have significant implications on extreme ground motion predictions; on
ground motion prediction equations; and on physics-based simulated ground motions
and hazard maps, which we should revisit to properly parameterize and simulate 3D
site effects by accounting for site, topography and the coupling effects thereof.
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1. Introduction

Topography effects are associated with the presence of strong topographic relief (hills, ridges,
canyons, cliffs, and slopes), complicated subsurface topography (sedimentary basins, alluvial
valleys), and geological lateral discontinuities (e.g., ancient faults, debris zones). These features
have been shown to significantly affect the intensity, frequency content and duration of ground
shaking during earthquakes. Examples of records attributed in part to topographic amplification
are the PGA=1.82g recording of the hilltop Tarzana station during the 1994 Northridge
Earthquake [1], the Pacoima Dam (PGA=1.12g) recording during the 1971 San Fernando
earthquake [2], the recent extraordinary ground motion (PGA=2.74g) recorded at K-Net station
MYGO004 during the 2011 Tohoku Earthquake on the crest of a 5m high, steep man-made slope
[3], and numerous others (see review studies by [4,5,6]).

Observational evidence from past earthquakes indicates that damage concentration occurs
where steep slopes or complicated topography are present; buildings located on the tops of hills,
ridges, and canyons, suffer more intense damage than those located at the base. There is also
strong-recorded evidence that surface topography affects the amplitude and frequency content of
the ground motions. Reviews of such instrumental studies and their comparison to theoretical
results can be found in [5-8]. Among others, a case study on the response of a steep site in the
Southern Alps revealed a crest-to-base spectral ratio of 20 [9]. In another case study, records
obtained on a small ridge revealed that their spectral ratio to recorded motions at a nearby station
on flat ground were only a function of topography and site conditions, and were nearly
independent of the azimuth, distance, and size of the seismic events [10]. Prompted by
observational and instrumented evidence, the problem of scattering and diffraction of seismic
waves by 2D idealized topographies on the surface of elastic homogeneous half-spaces has been
studied by many researchers [11-19]. A limited number of studies on complex configurations
such as topography with soil layering and/or 3D effects can be found in [20-25 42-43].

Geli et al. [6] compiled instrumental evidence and theoretical results on topography effects,
and their findings can be summarized as follows: (a) There exists a qualitative agreement between
theory and observations on ground motion amplification at ridges and mountaintops and de-
amplification at the base of hills; (b) from a quantitative viewpoint, however, there exists clear
discrepancy between theory and observations; while there are cases where observations are in
good agreement with the numerical results, there also exist numerous cases where the observed
amplifications are significantly larger than the theoretical predictions. The most prominent
sources of this discrepancy that have been identified are: (i) the focusing of seismic rays in 3D
topographic features, which is stronger than the focusing predicted by idealized 2D
configurations; (ii) the reverberations and scattering of seismic waves in stratified, heterogeneous
soil formations that cannot be simulated using idealized homogeneous media; and (iii) the
assumption of linear elasticity, that may not be applicable to describe topography effects for
strong shaking associated with nonlinear soil response in the near surface.

There are only a few well-documented case studies demonstrating the severity of topographic
effects for strong ground motion. Among them, the PI and coworkers [4,24-25,42] have demon-
strated that the substantially higher amplification levels recorded on topographic features (relative
to published analytical and numerical predictions) can be in part resolved by accounting for the
3D nature of seismic wave propagation in the near surface of non-flat sites that do not conform to
1D site response conditions. We refer to these effects as 3D site effects. Examples include a case
study from the M,5.9 1999 Athens earthquake in Greece, where the observed amplification of
seismic motion in the vicinity of a cliff crest could only be predicted by simultaneously account-
ing for the topographic geometry, stratigraphy and nonlinear site response [24]. One should also



point out the analysis of the Tarzana Hill recordings from the M,,5.9 1987 Whittier Narrows and
the M,,6.7 1994 Northridge earthquakes by Graizer [43], who showed that the observed unusual
amplification was the combined effect of topography and energy trapped in a low velocity layer at
the near-surface. More recent work by the PI and coworkers from the 2010 Haiti and 2011 Toho-
ku earthquakes [42,57] demonstrated that 3D site effects were the causative factor of observed
localized structural damage and recorded exceptionally high ground motion PGA (up to 2.79g at
station mygh04).

Topography effects have been accounted for in large-scale ground motion simulations for den-
sely populated seismically active areas in recent years [26-41]. The majority of these studies
include the combined effects of seismic source and of highly heterogeneous 3D velocity models
with detailed near-surface description of sedimentary deposits below the geotechnical layers; a
few of these models also include surface topographic irregularities based on high resolution
Digital Elevation Maps. Computational constraints, however, limit the upper bound frequency of
these simulations to 2Hz, namely to wavelengths much longer than the thickness of near surface
soil formations. Consequently, while the effects of topography are demonstrated for long period
waves [40], the effects of smaller features, the coupling between 3D soil and topography effects is
not accounted for. On the other hand, broadband ground motion simulations up to 10Hz or more
are computationally prohibited from including high impedance soft near-surface velocity mate-
rials; in this case, the coupling effects are accounted for through empirical correction factors that
are based on assumptions of one-dimensional site response and are not properly parameterized to
capture the nonlinear physics of soil-topography coupling in wave propagation.

In this study, we investigated the effects of surface topography coupled to the resonance
effects of subsurface soil stratigraphy. We started by performing a systematic analysis on the soil-
topography coupling effects for parameterized, canonical 2D convex layered features, aiming to
understand how the modeling and parametric uncertainty of geometry and material properties of
the subsurface layered media compared to the same geometric feature on homogeneous halfspace.

2. Parametric Study of 2D Soil-Topography Coupling (Site) Effects: Canonical cases

In this section, we systematically investigate the soil-topography coupling effects for a 2D dam-
type topographic feature. Figure 2.1 shows the configuration of two layered models subjected to
vertically propagating SV wave. In addition to dimensionless parameters of homogeneous model
i.e. =H/A and § = D/A, we need to define a set of new parameters accounting for upper layer
geometry and material. They consist of dimensionless free-field thickness of upper layer (§ = h/4)
and the ratio of shear wave velocities (Q), which is less than unity for near surface soft layer. All
the simulations are performed for slope angle a = 45°, Poisson’s material (v = 0.25) and unit
dimensionless high (7= H/A=1). We present the variation of horizontal peak amplification with
the dimensionless width for several combinations of Q and &. Furthermore, plots of seismogram
synthetics, spatial variation of amplification factor and snapshots of wavefield at different time
steps are presented for discussion purpose.

Before we go through the results, let us speculate about the response of layered models based
on our previous findings for homogeneous dam-type topography. For the layered model with
horizontal interface, henceforth denoted by M/, we solve a similar problem as in the case of
single layer dam (no refraction for vertical incidence). However, there are two differences
between M1 and the original problem. First, we have incoming wave of less energy depending on
the stiffness contrast. For stiffness ratios considered in this study, the soil amplification (1D site
response) controls the overall behavior at far-field and gives rise to larger amplification factors.
Another deviation of M/ from the original problem is its shallower depth. This results in multiple
reflections between two layers (the stiffness contrast controls the number of reflections) and
higher order diffracted waves (both body and surface) from tips and toes. The layered model of



parallel interface, referred to as M2, has more sources of scattering (tips and toes of interface) and
narrower surface region for trapping the incident energy. Therefore, we expect to see a larger
number of reflections between two layers compared to model M. Figure 2.2 shows the peak
amplification curve as a function of normalized width for both layered models and several sets of
Q and &. In each curve, the blue curve denotes the response of single layer topography. As we
expected, the amplification curves of layered models are similar to that of single layer. The peak
amplification factor occurs at the same dimensionless width as in the single layer case (§=0.88).
Furthermore, they are clustered in three different categories (black, red and blue) based on the
stiffness contrast with higher values at larger contrast. The dimensionless thickness of upper
layer, on the other hand, has little effect on the amplification response. This is also expected as
the constructive interference of first arrivals (direct and diffracted waves) gives rise to peak
amplification. The lower plot of Figure 2.2 shows a different wave mechanism for model M2.
First, they are no longer similar to the single layer model inasmuch as peaks and troughs occur at
different dimensionless widths. In addition, there is no clustering based on stiffness contrast.
Instead, the thickness of upper layer play a more important role in the form of amplification
curves. One could see that curves of the same line type and different colors are almost similar.
This is because the free surface boundary and interface form a single scatterer whose
characteristic length (thickness) controls the consequent wavefield. Finally, the threshold
dimensionless width, beyond that the dam response turns into that of single slope, is much larger
than model M1. For example, the amplification curve of Q=4 and §=1/4 is still changing at {=
4.0. The energy trapped in the upper layer, which reflects back and forth between two boundaries,
accounts for such oscillatory behavior.

To complete the discussion, we pick several characteristic points from the amplification
curves of each layered model and present more details about the consequent wavefield. Figures
2.3 and 2.4 show the component of seismogram synthetics at the peaks of model M7 ({=0.88, 5=
1/4) respectively for stiffness contrast 2 and 4. They have the same general structure (diffracted
surface and body waves from tips and toes on both sides) as that of single layer case. A
distinguishing feature, which is more pronounced in larger contrast (Figure 2.4), is the
reverberation of incoming wave in the upper layer. Traces of low amplitude diffracted Rayleigh
waves are masked by those of body waves. Figure 2.5 compares the spatial variation of
amplification factor of these layered models with that of single layer. We could check the
nonlinear coupling between soil and topography amplifications in this figure. The blue curve
shows the pure topography amplification factor of 2.05. Red and black curves show soil
amplification (free-field response) of 1.49 and 2.03 for Q =2 and 4, respectively. We can also
extract the total (coupled) amplification factors from these curves as 2.83 and 3.38. It is evident
that we cannot obtain the total amplification by multiplying topography and soil amplification
factors. We can draw the same conclusion from the vertical component. Figures 2.6 and 2.7 show
the snapshots of total wavefield for model M/ with Q =2 and 4. The middle plots, which
correspond to the time of maximum amplification, show the constructive interferences of direct
and diffracted wavefields (first arrivals). The third plots show the part of incident energy that is
trapped in the upper layer and generates the subsequent multiple reflections. Figures 2.8 to 2.12
and 2.13 to 2.17 show the same set of plots for model M2 (§ = 1/4 and Q = 2,4) at two
characteristic width. The first set correspond to {=0.88, where both single layer and M1 models
have a peak amplification. It shows that model M2 has a trough rather than a peak due to
destructive interference at this width. At larger width ( = 1.84), however, diffracted surface
waves constructively interfere with the transmitted part of incoming wave to form the peak
horizontal amplification. This is clearly shown in the middle plots of total wavefield snapshots
(Figures 2.16 and 2.17). Comparing the results of model M2 with those of M/, we could interpret
the following features:
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Figure 2.1. Configurations of layered models used for the coupling effect — (1: M1, |: M2)
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Figure 2.2. Horizontal amplification factor vs. normalized width — (left: M1, right: M2)
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Figure 2.3. Seismogram synthetics of acceleration, M1 (left: H,right: V)-£=0.88,5=1/4, Q=2
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Figure 2.4. Seismogram synthetics of acceleration, M1 (left: H,right: V)-£=0.88,5=1/4, 0=4
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Figure 2.5. Spatial variation of amplification factor for M1 (left: H,right: V) — {=0.88
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Figure 2.6. Snapshots of total wavefield (1:0.7s, «<:0.98s, |:1.55)-£=0.88,5=0.25, 0=2

Figure 2.7. Snapshots of total wavefield (1:0.5s, «<:0.85s, |:1.25)-£=0.88,5=0.25, 0=4
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Figure 2.8. Seismogram synthetics of acceleration, M2 (left: H,right: V) —£=0.88,5=1/4, Q=2
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Figure 2.9. Seismogram synthetics of acceleration, M2 (left: H,right: V) —£=0.88,5=1/4, Q=4
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Figure 2.10. Spatial variation of amplification factor for M2 (left: H,right: V) — {=0.88



Figure 2.11. Snapshots of total wavefield (1:0.7s, <>:0.85s, |:1.5s)-(=0.88,£=0.25, 0=2
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Figure 2.12. Snapshots of total wavefield (1:0.5s, «<>:0.72s, |:1.28)-(=0.88,£=0.25, Q=4
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Figure 2.13. Seismogram synthetics of acceleration, M2 (left: H,right: V) -£=1.84,5=1/4, Q=2
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Figure 2.14. Seismogram synthetics of acceleration, M2 (left: H,right: V) -=1.84,£=1/4, Q=4
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Figure 2.15. Spatial variation of amplification factor for M2 (1: H, |: V) - {=1.84



Figure 2.16. Snapshots of total wavefield (1:0.7s, <>:0.84s, |:1.58)-(=1.84,£=0.25,0=2

Figure 2.17. Snapshots of total wavefield (1:0.5s, «>:0.67s, |:1.28)-(=1.84,£=0.25,0=4



3. Case Studies

In this section, we investigate the coupling effects of surface topography and soil layering for two
actual sites. The first one is BK-KCC strong motion station that represents a “rock site” with a
thin weathered crust of softer material. Another case study i.e. CI-LCP station, which is located in
southern California, represents a “soil site” with thicker soft layers near the surface. We used
DEM data of 1/3 arc-second resolution to construct the 3D surface of topographic map. The
region of study, which is an isolated topography or a set of features, has been extracted from the
topography surface. To build a model in Cartesian coordinates system, the resulting patch has
been later extended to the boundaries of a rectangular region. As for layered models i.e. Vg3, and
true layering, we assumed each near surface layer has a constant depth. In the absence of more
detailed geotechnical site investigation, this assumption seems reasonable especially for
weathered rock site. Assuming the elastic linear material, properties of different layers have been
extracted from the USGS report 2013-1102.

3.1 Strong Motion Station BK-KCC

The bird-eye view of BK-KCC site map is shown in Figure 3.1 along with its topographic map.
The location of strong motion station is designated by a yellow triangle on the site map. Figure
3.2 shows the finite difference model used for simulating wave propagation in homogeneous and
layered cases (all simulations have been performed using the finite difference code FLAC3D™).
The material properties of different layers are listed in Table 3.1 for each model. The thin crust of
weathered rock only presents in the true layering model. We expect to see the effect of this low
velocity thin layer in the high frequency range when the short wavelength direct and scattered
waves are caught. Two types of excitations have been applied at the base of each model: A single
Ricker wavelet of central frequency f, = 3.5 Hz and an ensemble of three Ricker wavelets with
central frequencies f, = 1, 3 and 7 Hz that are superposed at their center. The time histories of
these pulses along with their Fourier spectra have been shown in Figures 3.3 and 3.4. It is clearly
seen in the topographic map that the feature is not symmetric with respect to the azimuth angle.
Therefore, we defined two major axes (based on the geometry and expected wave focusing) along
them the input shear wave is polarized (Figure 3.5).

Figures 3.6 to 3.8 show the amplification factor maps overlaid by topography contour lines of
5m interval respectively for homogeneous, V3, and true layering cases. The amplification factor
is defined as the ratio of peak ground acceleration of each point to corresponding value of
homogeneous model at free-field (FF). Values of peak and free-field amplification factors are
also shown on each plot for reference. However, a more important factor in seismic response
evaluation is the region of influence. Gridlines help us to have an approximate extension of
amplified regions. For the homogeneous model, as it is expected from the geometry, X-
polarization results in larger amplification. In addition, the pattern is consistent with the general
perception of topographic amplification i.e. amplification/de-amplification in convex/concave
regions. The isolated model (Figure 3.2) can be considered as a superposition of two topographic
features. In fact, the central 3D irregular hill is located on top of the 1D single slope. For each
polarization scenario, the amplification pattern of homogeneous model can be explained by the
resultant effect of these features. For example, when the incoming shear wave is polarized in the
X direction, the central feature shows amplification around the top and de-amplification along the
toe. The background single slope, on the other hand, is subjected to a SH wave and shows a small
amplification in regions A and B. We can also see amplification in region C where there is a 2D
dam-type topography subjected to incoming SV wave. For Y-polarization case, we can see a
similar amplification and de-amplification patterns around the central feature. However, the
background single slopes plays a more important role as the incoming SV wave is amplified
behind its crest (regions D and E). Adding a 30m surface layer of half shear velocity results in



larger amplification over a wider range (Figure 3.7). However, the general amplification pattern
and regions are similar to the homogeneous case (pure topography). That is the geometry
(thickness) and material properties (stiffness contrast) of upper layer cannot adequately scatter the
incoming wave of specified wavelength. Furthermore, while the 1D site response shows 21%
increase (1.21) with respect to the homogeneous case, the 3D amplification is only magnified
12% (2.30). This is the first notion of nonlinear coupling between topography and soil layering.
Finally, the amplification factors of true layering model have been shown in Figure 3.8 for both
polarization. We can see a similar pattern as in the previous cases with a little less amplification
with respect to Vg, model. Therefore, the Vg, model presents an overestimated amplification
factors for this site.

In order to understand the energy distribution among various frequency components more
clearly, it is useful to obtain the frequency response of topographic feature. Figure 3.9 shows the
amplitude of 1D transfer function (surface to borehole) of site BK-KCC. The characteristic
behavior of rock sites at low frequencies is clearly depicted in this figure. The fundamental
frequency of the site i.e. f, = 21.4 Hz is beyond the practical frequency range of interest for
Earthquake Engineering (1-15 Hz). The frequency range covered by Ricker ensemble is also
highlighted in this figure. Figures 3.10 to 3.14 show the same transfer function values at various
frequencies. Over the frequency range of interest, “3D transfer function” has more variations
compared to the 1D case. In addition, at lower frequencies, the large wavelength of incoming
wave is barely seen by the feature and results in a coarser scattering pattern. Increasing the
frequency will result in finer scattering pattern as the incoming energy is captured by features of
smaller size.

Figure 3.15 shows snapshots of the total wavefield at different time steps. The top plot depicts
amplification of incoming shear wave by the 2D topographic feature (region C in Figure 3.6). The
middle one corresponds to the moment of peak amplification when we have maximum
constructive interference between incoming shear and diffracted surface waves. The last plots
shows that after the direct wave reflected back to the medium, a minor portion of energy remains
in the upper layer while the major part is discharged.

Table 3.1. Thickness and material properties for different layering scenarios — site BK-KCC

Layering Scenario Layer Thickness (m) Vg (m/s) v o (kg/m?)
Homogeneous 1 -- 2445 0.3 2500
1 30 1252 0.3 2390
VS30

2 - 2445 03 2500
1 25 239 0.3 1870
. 2 6.0 1072 0.3 2300

True Layering
3 6.0 1865 0.3 2400
4 - 2445 03 2500




Figure 3.1. BK-KCC site — 1:bird-eye view, |:topographic map

Figure 3.2. Numerical model used for BK-KCC station — 1:homogeneous, |:true layered
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Figure 3.13. Transfer function amplitude of true layering, BK-KCC - 1:f=11Hz, |:f=12Hz
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Figure 3.15. Snapshots of total wavefield, BK-KCC — (1: 0.2s, <>: 0.29s, |: 0.47s)



3.2 Strong Motion Station CI-LCP

The bird-eye view of CI-LCP site map is shown in Figure 3.16 along with its topographic map.
The location of strong motion station is designated by a yellow triangle on the site map. Figure
3.17 shows the finite difference grids used for modeling wave propagation in homogeneous and
layered cases. The material properties of different layers have been listed in Table 3.2 for each
model. As compared to the site BK-KCC, which is characterized as a rock site, site CI-LCP has
surface soft layers of considerable thicknesses. Therefore, we expect to see the coupling soil-
topography effect more clearly. Furthermore, the geometry and material properties of near surface
layers seems to be adequate for trapping the incoming wave. That is, having a different
amplification pattern by adding soil layering to the homogeneous model is plausible. Another
distinct feature of site CI-LCP is that it contains a set of topographic features (as compared to the
isolated feature of site BK-KCC). Thereby, we can examine the combined effect of several
adjacent features and see how it differs from the isolated case. Similar to the previous model, we
applied two types of excitations at the base of each model: A single Ricker wavelet of central
frequency f, = 3.5 Hz and an ensemble of three Ricker wavelets with central frequencies f, =1, 3
and 7 Hz that are superposed at their center (Figures 3.3 and 3.4).

Polarization scenarios used for this site have been shown in Figure 3.18. Figures 3.19 to 3.21
show the amplification factor maps overlaid by topography contour lines of 5m interval
respectively for homogeneous, Vg3, and true layering cases. Since the feature is more symmetric
with respect to the azimuth angle (compared to site BK-KCC), we see less difference between
amplification factors/patterns of X and Y polarization scenario for homogeneous model. However,
it is still evident that vertical/horizontal ridges are more amplified by X/Y polarized input motion
(lines A, B and C vs. lines D and E). Larger amplification is observed at the intersection of
horizontal and vertical ridges. Similar to the rock site, the pattern is consistent with the general
topographic amplification i.e. amplification/de-amplification in convex/concave regions.
Nevertheless, the presence of adjacent topographies and the consequent extra amplification and
de-amplification regions alters the pattern to some extent. The amplification map of Vg;, model
(Figure 3.20) clearly shows how soil layering can change the amplification pattern.

While the free-field values are larger than the homogeneous case, the coupled values show
less amplification in most regions (smaller factors over narrower regions). The general pattern of
topographic amplification along convex and concave regions is no longer valid. The results get
more surprising when we consider the true layering model. As we can see in Figure 3.21, the
coupling effect renders a completely different amplification pattern: amplification now occurs
along the canyons and de-amplification does so along the ridges. In addition, the top soft layers,
which have an adequate thickness compared to the incident wavelength, play a decisive role in
the overall amplification pattern. For the site CI-LCP, the Vg, model gives rise to lower
amplification factors compared to the true layering case. Again, the amplification factors of
layered models demonstrate the nonlinear coupling effect. For example, while the 1D site
response of true layering shows 80% increase (1.80) with respect to the homogeneous case, the
3D amplification is only magnified 33% (2.98) for Y polarization and even less for X.

As in the case of rock site, we are able to observe the energy distribution among various
frequency components the frequency response of topographic feature. Figure 3.22 shows the
amplitude of 1D transfer function (surface to borehole) of site CI-LCP. It shows the fundamental
frequency of the site i.e. f, = 21.4 Hz along with those frequencies of higher modes (located
within the practical frequency range of interest).

Figures 3.23 to 3.27 show the amplitude of transfer function at various frequencies. Similar to
the 1D case, the “3D transfer function” has several peaks and troughs over the frequency range of
interest. Similar to the rock site, at lower frequencies, the large wavelength of incoming wave is
barely seen by the feature and results in a coarser scattering pattern (Figures 3.23 and 3.24).



Increasing the frequency will result in finer scattering pattern as the incoming energy is captured
by features of smaller size (Figure 3.26 and 3.27).

Figure 3.28 shows snapshots of the total wavefield at different time steps. The top plot depicts
1D site response over the lower part of the feature. The middle one corresponds to the moment of
peak amplification along the ridges when we have maximum constructive interference between
incoming shear and diffracted surface waves. The last plots shows that even after the direct wave
reflected back to the medium, a considerable amount of energy remains in the upper layers which
manifests as surface waves.

o~
Canada De Las

Calaveras

1000) Los Alamos
Cem

D

\, v

Figure 3.16. CI-LCP site — 1: bird-eye view, |:topographic map

Figure 3.17. Numerical model used for CI-LCP station — 1:homogeneous, |:true layered



Table 3.2. Thickness and material properties for different layering scenarios — site CI-LCP

Layering Scenario Layer Thickness (m) Vg (m/s) v o (kg/m?)
Homogeneous 1 - 486 0.333 2000
1 30 267 0.333 1880
VS30
2 -—- 486 0.333 2000
1 7.0 179 0.333 1800
True Layering 2 17.0 255 0.333 1870
3 -—- 486 0.333 2000
N’ N~ - 1 . " H/AL :
— = ~ Ll N
\ ~—— \\/// | Canada De Las =
‘/ / \\\ S \'\//’ x\ /_/ C a [ ave ra S
/ ) // \ ,‘ —
( / |04 ) .
N 7 L — 4
| i\ = ‘ \ = \ ,///
K\\ i VE)OO — Los \A‘lamgs N \
= — \X //»Cem =2
‘/'/‘I A "/’ ﬂ Il\\

Figure 3.18. Polarization directions of input shear wave — site CI-LCP
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Figure 3.19. Amplification factor for homogeneous case, CI-LCP — 1: X, |: Y polarization
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Figure 3.30. Snapshots of total wavefield, CI-LCP — (1: 0.26s, <>: 0.37s, |: 0.73s)



4. Conclusions

In this study, we investigated the coupling effects of surface topography and soil stratigraphy
through a series of systematic analysis and case studies. We first built upon our previous work on
the response of dam-type topographic features [4,24,25,42] and developed 2 types of idealized
geometries. Controlling parameters of the latter in excess of those homogeneous dam-type
geometry (see [1] for more information) include the thickness of upper layer and the stiffness
contrast between two layers, normalized by the incident wavelength and by the far-field 1D site
fundamental frequency and site amplification factors.

To keep the total number of possible cases within a practical range, we performed the analysis
using fixed slope angle (a =45°) and dimensionless height (7 = 1). For each layering scenario,
amplification factors have been presented as a function of dimensionless width at several sets of
dimensionless thickness and stiffness contrast. For the layered model with horizontal interface
(M1), the scattered wavefield is similar to the homogeneous case as no scattering occurs at the
interface. However, there exists a lower boundary at a finite depth bringing about multiple
reflections. Since the amplitude of these reflections is not dominant (energy leakage at the
interface), the form of amplification pattern is similar to that of homogenous case. Furthermore,
the peak amplification factor of all parameter sets occurs at the same dimensionless width as in
the homogeneous case (C = 0.88). As for the effects of stiffness contrast and thickness, the former
cluster the curves in distinct categories while the latter shows negligible impact.

The layered model of parallel interface (M2) contains several more sources of scattering and
narrower surface region for trapping the incident energy compared to M. Therefore, it involves a
different wave mechanism and consequently a different amplification pattern (peaks and troughs
are no longer coincide with homogeneous case). Furthermore, the thickness of upper layer has
more influence on the form of amplification curves. It could be explained as the free surface
boundary and interface act as a single scatterer whose characteristic length (thickness) controls
the overall behavior. As for the single slope response, we observed that the threshold
dimensionless width shifts toward larger values. The reflection of transmitted energy between two
boundaries (free surface and interface) accounts for such oscillatory behavior. The spatial
variation of amplification factors clearly shows the nonlinear coupling between soil and
topography amplification, a pattern that is more dependent on the stratigraphy than the surface
geometry of the feature. Finally, and to have a better understanding of soil-topography coupling
effects in more realistic settings, two case studies have been presented and discussed. The results
show that 3D layered model, which contains out-of-plane scattering effects in addition to 2D soil-
topography effect, generally gives larger amplification factor. In addition, it can considerably
change the amplification pattern compared to the homogeneous case. Finally, the Vy; model,
which is very common in the seismic hazard studies, may overestimate or underestimate the
overall response of topographic feature.

We then studied two case studies at strong motion stations located on irregular topographic
features in California. We specifically combined digital elevation maps (DEM) and the ARRA
USGS profiles [66] to develop finite volume models of irregular topography, stratigraphy and
material properties. We considered 3 different layering scenarios: a homogeneous model, the
same model but whose top 30m have been replaced by a 30 m homogeneous layer of velocity
equal to VS30, and a model constructed using the site-specific profiles available at the station
[66]. While the first model represents the pure topographic (geometric) amplification, the other
two cases introduce soil-topography coupling effect at different levels of model complexity. Since
VS30 is frequently the only data available on a regional scale that conveys information about the
near surface soil stiffness, a simplified way to include topography-soil coupling effects could
have potentially been to use VS30 as the velocity of a 30m soil layer. However, as we will
demonstrate in the following sections, this approach may not only lead to erroneous results in



terms of amplification magnitude, but more importantly perhaps, in terms of spatial amplification
pattern and frequency response. This lead to perhaps the most important conclusion of this study,
namely that —contrary to their name-- topography effects are much less dependent on the ground
surface topography than on the underlying stratigraphy, and that the same exact feature may yield
completely different patterns and amplitudes of topographic amplification depending on the soil
layering.

While not yielding a universal answer on how to predict this very complex, nonlinear problem,
the significance of this project lies on the fact that numerous strong motion stations in the U.S. are
located on topographic features; recent site characterization efforts [66] showed that several of
these stations are installed on or in the vicinity of soft sediments. We thus hypothesized that
ignoring 3D site effects may have so far been leading to biased ground motion predictions at sites
located on elevated topography characterized by soft site conditions. We tested this hypothesis by
developing canonical cases of idealized models of coupled soil-topography features, and detailed
site-specific 3D models of selected station sites on irregular topography with underlying stiff and
soft sediments, computing site-specific amplification factors that include the coupled effects of
soil and topography, and assessing impact of the coupling effects relative to the simulated
response of rock-outcrop ground motions (topography in absence of stratigraphy) as well as the
response of rock-outcrop features whose top 30m were replaced by homogeneous 30 m deep
layers of the Vg, velocity. At sites with strong impedance contrasts of soft surficial sediments to
deeper stiff basement rock layers, the latter approximation failed to capture the coupling effects
outside the wavelength range of 30m. The following sections describe our findings in detail, and
highlight the needs for future research on the subject, particularly as it pertains to extreme ground
motion predictions; parameterization of ground motion prediction equations; and physics-based
simulated ground motions and hazard maps that properly parameterize and simulate 3D site
effects in a way that integrates site, topography and coupling effects.

The most important finding of our work, therefore, is that the causative factor of what is
frequently referred to as topographic amplification is not the ground surface geometry alone, but
instead the nonlinear coupling of geometry and underlying soil stratigraphy that affects the
amplitude, frequency, duration and direction of wave propagation, even if the underlying soil
behavior is linear. Our findings have significant implications that we expect to see precipitating to
extreme ground motion predictions; parameterization of ground motion prediction equations; and
physics-based simulated ground motions and hazard maps, which should revisit, parameterize and
simulate 3D site effects in a way that integrates site, topography and coupling effects thereof.
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