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Abstract

It is broadly known that topographic irregularities effect ground motions, with a particular enhancement of the ground
response close to convex topographic features such as ridges and slope crests. Although there are many studies investigating
the ground motion in the vicinity of slope crests, the response at the toe has not been studied in great detail, as the toe
ground motion is normally considered to be smaller than that of the crest. However, for canyon topographies further
investigation of the ground motion at the slope toe, where a more complicated response is expected due to the interaction of
the canyon sides, is needed. The response of semi-circular and semi-elliptical canyons has been previously examined; but
mainly focusing on valleys filled with soft materials. This paper considers a fully weathered canyon (i.e., without any in-fill
material) aiming to investigate the influence of a canyon’s width on the surface ground motion through a parametric time-
domain finite element (FE) study. A two-dimensional plane-strain model of an idealised canyon is considered for vertically
propagating SV waves, using wavelets as input excitation. The model consists of two step-like slopes with slope height (H),
in a homogeneous linear elastic soil layer overlying rigid bedrock. The analyses focus first on the canyon slope areas, where
the ground motion is altered depending upon the proximity to the topographic irregularity, identifying the main parameters
that effect the response. Results are also presented for several points along the canyon ground surface showing that the
distribution of topographic aggravation varies significantly with canyon width.
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1. Introduction

The substantial effect of surface topography on earthquake ground motion is well-known; especially that
associated with convex areas at the ground surface during destructive earthquakes. Observations from past
events, e.g., Northridge 1994, Athens 1999, Haiti 2010 and Christchurch 2011, and numerical studies have
shown that seismic ground motion is mainly amplified around hills, ridges and at the crests of slopes. The
majority of previous numerical studies consider topographic irregularity as an isolated feature in a homogeneous
half space and usually obtain amplification factors smaller than those from field observations — typically 2-3
times the free-field motion [1] — compared with amplification magnitudes ranging from 2 to 10 and reaching
values up to 30 times reported in the literature [2]. Lack of numerical model complexity, presence of subsurface
soil layering, use of unrealistically simplified ground motions, topographic and soil amplification interaction
have been identified as possible reasons for these discrepancies.

Several studies on topographic effects have focused on the ground response around slopes, examining
different soil properties and slope configurations. In particular, attention has been given to topographic effects
around step-like slopes over an elastic half-space with SV input waves [3] and their dependence on the slope
geometry, the predominant frequency and the duration of the input motion [4]. Ground motion incidence angle
and soil stratigraphy have also been investigated as parameters effecting the response around the crest of a single
slope [5, 6]. Focusing mainly on canyon slopes and especially at the crest areas, the impact of canyon
topography on surface ground motion was examined for semi-cylindrical and semi-elliptical canyon shapes [7,
8]. Previous studies have indicated that the response at the canyon ground surface is effected by the canyon
width in relation to the input motion characteristics [5, 7, 8]. Based on these conclusions, this paper investigates
the ground response as a function of the canyon width for a range of input motion frequencies.

2. Methodology

Two-dimensional time-domain finite element analyses were performed, considering a canyon in a soil layer over
rigid bedrock subjected to vertically propagating in-plane shear (SV) waves. The soil is treated as a
homogeneous linearly elastic material, with properties listed in Table 1. The finite element (FE) model geometry
consists of a canyon of height (H), slope inclination angle (i) and soil layer thickness (z), as presented in Fig.1.
Parametric analyses focus on the impact of the normalised wavelength (H/X) on the response by varying both the
input motion wavelength (A) and the crest-to-crest distance (L) of the two slopes forming the canyon sides.
The distance of the crest from the lateral mesh boundary (L=500m), the slope height (H=50m) and the slope
inclination angle (i=90°) were fixed for the current study. The soil layer’s fundamental frequency was then
varied, using different values for the bedrock depth (z) to confirm that the conclusions are also valid for deeper
soil layers. The rigid bedrock assumption is considered realistic for high stiffness-contrast interfaces. The
assumed boundary condition corresponds to an impedance ratio (defined as the ratio of the bedrock properties
over the soil properties) equal to infinity, which results in zero transmission of energy in the bedrock and full
trapping of energy in the soil domain. Based on wave propagation analysis for impedance ratio values greater
than eight, the transmitted energy within the bedrock is nearly zero and most of the energy is reflected back into
the soil domain, i.e. approaching the perfectly rigid bedrock assumption.
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Fig. 1 — Geometry of the domain considered within the finite element analyses.

All numerical analyses were carried out with the Imperial College Finite Element Program, ICFEP [9],
employing the generalised-a time integration scheme [10]. This is an unconditionally stable implicit method with
second order accuracy and controllable numerical damping [11, 12]. In all analyses the time-step is taken as a
fraction of the predominant period of the input motion (At=T,/40). The largest element dimension, Al, of the
mesh follows the recommendation of Al<A.;;n/10 [13], where A, iS the wavelength determined for the lowest
input motion period T.

Concerning the location of the FE mesh boundaries, the distance of the bottom and lateral boundaries of
the problem needs to be specified such that the numerical results obtained are independent of the boundary
conditions. The bottom boundary location is determined based on the bedrock location. The Domain Reduction
Method was used to reduce the computational domain and to ensure free-field conditions were obtained at the
lateral boundaries of the FE mesh. This method is a two-step procedure for seismological applications which can
be used to reduce the size of the domain to be analysed [14, 15]. During the first step (Step 1), a simplified model
is considered, with much smaller computational cost than analysing the whole domain. The second step (Step I1)
focuses on the reduced domain (area) of interest and an external region (). Equivalent forces calculated from
the displacement field computed during Step I, are implemented as an input along the line T" in Step Il (Fig.1).
The perturbation of the external area is only outgoing and corresponds to the relative response between Steps |
and I1. Free-field conditions can be accurately represented in the numerical model of Step Il by introducing the
domain reduction method together with the standard viscous boundary at the lateral boundaries [16]. In Step | of
the analysis, a soil column of thickness z was used and a horizontal acceleration time-history was applied at the
base of the mesh, while the vertical movement along the lateral boundaries and the base was restricted. In Step
Il, the standard viscous boundary was applied along the lateral boundaries and both horizontal and vertical
displacements were restricted along the bottom boundary to represent the rigid bedrock assumption.

Table 1 — Considered soil parameters.

Modulus of elasticity, E 1333MPa
Mass density, p 2.0 Mg/m®
Poisson’s ratio, v 1/3
Horizontal coefficient of earth pressure, K, 1.0
5% (achieved by varying Rayleigh damping

Damping ratio, & parameters)

A harmonic wavelet with period T,, modulated by Saragoni and Hart temporal filter [17] was adopted for
the input motion, given by Eq. (1):

a(t) =/ e t” sin ? (1)

p

where a and y are constants controlling the shape of the acceleration-time history, B is a constant controlling the
amplitude, T, is the predominant period of the pulse and t is time. For every considered period T, the values of
a, B and y were varied so as to achieve a unit amplitude of the input wavelet. The number of cycles of the input
motion is kept constant and equal to 12 for all the examined input motion periods T,. A plot of the acceleration-
time history of the input motion is shown in Fig.2 for T,=0.5sec and considered o=4, =50 and y=5.
Acceleration time-histories at discrete points along the ground surface were obtained as the main output of the
analysis. The free-field motion corresponding to the crest stratigraphy was used for the Step | column analyses
(i.e., the 1D model thickness for Step | was considered as z).

Topographic effects are numerically assessed by de-coupling them from the soil layer effects. To achieve
this decoupling, results from the 2D seismic response analyses accounting for both topographic and soil layer
amplification are compared with 1D column analysis results which represent the free-field response and account
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only for the soil layer amplification. The topographic amplification factor is usually determined as the ratio of
2D to 1D (column) peak ground acceleration values or as the ratio of 2D to 1D Fourier spectra at the ground
surface. For this study, the ratio of the peak horizontal ground accelerations A, is considered in order for the
amplification factors to be comparable with those of previous studies using the same definition [3, 4].
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Fig. 2 — Input motion for input period T,=0.5sec (with considered a=4, f=50 and y=5).

3. Analysis Results

In the first set of analyses the depth to bedrock (z), the crest-to-crest distance (L) and the predominant input
motion period (T,) are varied in order to investigate their effect on the topographic aggravation at the ground
surface. The examined frequency range is 0.1Hz to 10Hz. Table 2 summarises all the parametric analyses which
include three depths to bedrock (z) and seven crest-to-crest distances (L.). The results are presented in terms of
the normalised horizontal acceleration (Ay) at the crest and the toe of the slopes. Normalised response for the
crest refers to the ratio of the maximum horizontal acceleration at the crest of the slope resulting from the 2D
numerical analyses to the maximum horizontal free-field acceleration, i.e., acceleration of the 1D soil column
with height equal to the crest height (z). Similarly, normalised response for the toe refers to the ratio of the
maximum horizontal acceleration at the toe of the slope resulting from the 2D numerical analyses to the
maximum horizontal acceleration of the 1D soil column with height equal to the toe height (z-H).

Table 2 — Parameters varied within the numerical model

Depth to bedrock Crest-to-crest distance
z(m) L (M)
125 20, 40, 80, 280, 520, 1000, 2000
250 280, 520, 1000
500 20, 40, 80, 280, 520, 1000

3.1 Ground motion at the crest and toe of the canyon slopes

The absolute peak horizontal acceleration conditional upon a unit amplitude input motion, was computed at
several points along the ground surface, both inside and outside of the canyon. The response in terms of
normalised horizontal acceleration computed at the crest (X, y)=(0,H) and the toe (X, y)=(0,0) of the slope with
H/X\ is presented in Figs 3 to 5, for the three considered depth to bedrock values respectively, where A refers to
the wavelength corresponding to the predominant input motion period. The normalisation of the maximum crest
or toe acceleration by the corresponding free-field value allows the topographic effects on the ground surface to
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be isolated from the combined topographic and soil layer aggravation. The transfer functions of 1D soil columns
corresponding to the free-field soil layer examined thicknesses are also superimposed in each figure (1D elastic).
These transfer functions describe the ratio of the displacement amplitudes at the top and the bottom of the
uniform, damped soil layer overlying rigid bedrock. In Fig.5a, the crest response computed in this study for a
depth to bedrock of z=500m, is compared to the results of Ashford et al. [3] and Bouckovalas & Papadimitriou
[4] who analysed a slope of height H=30m within an elastic half-space (i.e., infinite depth to bedrock).
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Fig. 3 — Crest (a) and toe (b) amplification response for different crest-to-crest distances for depth to bedrock
z=125m.

The maximum normalised amplification for the crest of the slope occurs at H/A=0.2 for z=125m (Fig. 3a).
The maxima lie in between the first and second natural periods of the 1D crest profile (1D elastic). They occur at
H/A=0.2 mainly because the 1D crest maximum horizontal acceleration, which is used for the normalization, has
a very small value at these periods. As the soil layer amplification is much smaller in that range, it is easier for
the topographic amplification to be observed. The specific H/A ratios of topographic amplification maxima
correspond to the oscillation frequencies of the slopes. These frequencies depend on the slope height (H), the
considered shear wave velocity (Vs), the depth to bedrock (z) and the crest-to-crest distance (L). The maxima
occur at similar H/A ratios, irrespective of the crest-to-crest distance variation. However, the magnitude of the
amplification varies for the different examined canyon widths, with the largest occurring for L.=280m. The
high amplification for this scenario can be explained by the fact that the corresponding input wavelength of
A=250m for H/A=0.2, is comparable to the canyon width, and the canyon appears to resonate with the input
motion in this case. This confirms the observation that canyon response maximizes for input motion wavelengths
comparable to the canyon dimensions [7, 8].

(b)

Maximum normalised amplification at the toe of the slope occurs at H/A=0.1 for all the examined crest-to-
crest distances. This input motion frequency corresponds to the first natural frequency of the crest thus the toe
response seems to be mainly affected by the crest resonance. The amplitudes of the maxima observed at the toe
become larger for smaller values of the crest-to-crest distance. This arises because for narrower canyon
geometries, the toe area is mainly effected by the interaction of the canyon sides. In Fig. 3b it is seen that the
interaction of the canyon slopes is greater for canyon widths up to 80m. For larger canyon widths the toe
normalised maxima remain almost the same for all the examined input motion frequencies.

Fig.4 and Fig.5 depict the response at the slope crest and toe points for the intermediate (z=250m) and the
largest (z=500m) examined depths to bedrock, respectively. The maxima for the crest occur at ratios of H/A
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equal to 0.1 and 0.2 for z=250m (Fig. 4a) and H/A=0.2 for z=500m (Fig.5a). Similar to the smallest depth to
bedrock case (z=125m), the maxima for z=250m lie in between the first and second natural periods of the crest
(1D elastic). The maxima locations do not shift with varying canyon widths, however the amplification values
change with crest-to-crest distance. Although only a small number of canyon widths have been examined for the
intermediate depth to bedrock case, the largest maximum occurs for L.=520m as expected. The examined
canyon width in this case is comparable to the input motion wavelength of A=500m for case of H/A=0.1. For the
intermediate depth to bedrock case, the maximum toe response occurs at H/A ratios corresponding to the first
natural frequency of the crest, as in the shallow depth to bedrock case (H/A=0.05 for 250m). Similarly, the toe
maxima values increase for narrower canyon cases. For the deepest soil layer case, the slope height is very small
compared to the crest and toe heights which are similar, and therefore the slope response maximizes at an H/A
ratio much larger than the ratios corresponding to the fundamental frequencies of the crest and the toe.
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Fig. 4 — Crest (a) and toe (b) amplification response for different crest-to-crest distances for depth to bedrock
z=250m.
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Fig. 5 — Crest (a) and toe (b) amplification response for different crest-to-crest distances for depth to bedrock
z=500m.

The amplification magnitude depends on the depth to bedrock (z) value and increases with decreasing
depth to bedrock due to the stiff interface being closer to the ground surface. The case of z=500m approaches the
response of the half-space case as seen from the comparison with the results from the literature (Fig.5a). The
oscillation mechanism of the slope depends on the considered depth to bedrock (z) in comparison to the slope
height (H). The effect of the depth to bedrock parameter on the surface ground response for a single slope has
been discussed in detail by [18]. The crest-to-crest distance variation does not significantly affect amplification
for the z=500m case because the topographic irregularity is small compared to the soil layer thickness.

3.2 Ground motion at several points on the canyon surface

For the results presented above, the overall maximum normalised acceleration response is observed for the
shallowest depth to bedrock case of z=125m and for a crest-to-crest distance value of L .=280m. In this section,
only this shallow depth to bedrock case is considered. The focus now is upon the variation of the maximum
horizontal aggravation A, with normalised distance from the centre of the canyon for several points at the
ground surface, both inside and outside the canyon (Fig.6). This case refers to the overall maximum normalised
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amplification observed for H/A=0.2 for the crest point, which corresponds to an input motion with a period
T,=0.5sec.
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Fig. 6 — Maximum horizontal aggravation A, with normalised distance from the canyon axis of symmetry for
several points on the ground surface for input motion period T,=0.5sec (H/A=0.2) and z=125m.

As previously discussed, when the input motion wavelength coincides with the canyon width, response at
the crest and the toe of the canyon slopes maximises. As seen in Fig.6, the maximum on the slope itself is
observed for L.=280m for both the crest and the toe. The response decreases towards the free-field response for
the points behind the crest. Canyons with crest-to-crest distances equal or larger than the input motion
wavelength are mainly affected. For the points in the canyon, the response maximises at the centre for all the
canyon widths except the largest examined one (L.=2000m). This occurs due to the interaction of the canyon
sides at this specific input motion frequency. For specific input motion wavelengths, comparable and larger than
the canyon width, the maximum at the canyon centre becomes even larger. This happens both due to the
interaction between the slopes and the canyon oscillation with the input motion period. Finally, for L¢.=2000m,
although response at the crest is similar to the other examined values of the canyon width, the response in the
canyon differs. This is because as the canyon sides are too far apart, there is no interaction between them and the
change in the ground motion is only observed close to the topographic irregularity for this specific input motion
frequency.

4. Conclusions

For the crest of the slope, amplification maxima locations depend on the slope oscillation and its characteristics —
i.e., slope height and shear wave velocity. Amplification maxima occur at H/A ratios intermediate to those
corresponding to the fundamental periods of the 1D crest response. Since the slope characteristics were not
altered during the parametric analyses of this study, amplification maxima locations do not change with varying
the crest-to-crest distance. However, the magnitude of maximum amplification changes and is larger for the
canyon width corresponding to the input motion wavelength. Response at the toe of the slope is mainly affected
by the crest oscillation, thus it maximizes for H/A ratios corresponding to the fundamental ratios of the 1D crest.
The amplification magnitude becomes larger for smaller canyon widths, because of the proximity of the two
canyon slopes and their interaction. The depth to bedrock parameter controls only the value of the maximum
amplification which is larger for smaller depth to bedrock values.

For all the points on the ground surface of the canyon, either back from the crest or inside the canyon, the
response is controlled by both the interaction of the slope sides and the canyon width. Especially when the
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canyon width coincides with the input motion wavelength, response at the canyon crest and toe maximizes. For
the specific input motion wavelength that was presented herein, a maximum is observed at the canyon centre for
a range of canyon widths and not only for the case where the width coincides with the input motion wavelength.
For very wide canyons, the canyon centre is further away from the topographic irregularity and is not affected.
The maximum response in that case is observed near the canyon sides, close to the topographic irregularity.
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