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ABSTRACT
The substantial effect of irregular surface features, broadly known as topographic
irregularities, on earthquake ground-motion has been identified in a number of case histories,
involving both empirical observations from past events and numerical studies. The ground
response during earthquakes at areas close to convex topographic features such as ridges
and slope crests is particularly altered in terms of amplitude, duration and frequency content.
Several parametric studies have been performed on the subject, illustrating its importance and
identifying the main parameters that control the ground surface response. These parameters
are shown to be related to the different geometric configurations, ground stratigraphies and
characteristics of the input motion. However, topographic amplification is not accounted for in
a consistent manner in simplified design according to codes. For this reason, this thesis aims
to develop a rigorous methodology to account for topographic effects within design codes or
probabilistic seismic hazard analysis. A methodology to estimate topographic amplification
factors for the horizontal component of ordinates of spectral acceleration for canyon
topographies lying on a soil layer over rigid bedrock is developed with the aid of numerical
modelling. It should be noted that although this study focuses on canyon geometries, the
results for wide canyons are also applicable to single slope geometries.
With the aid of finite element analysis an extensive dataset is firstly populated by
computing the spectral accelerations along the canyon surface under a broad range of
parametric scenarios. Topographic amplification factors are defined as the ratios of these
surface motions with respect to the free-field response without topographic effects. This set of
numerical topographic amplification factors are then regarded as an 'empirical dataset' from
which design equations for the definition of topographic factors are derived. Topographic
amplification is seen to be affected by the distance of the site of interest from the crest or the
toe of the canyon, the slope angle, the slope height, the canyon width and the depth to rigid
bedrock. The effect of different types of input motion on the resulting ground-surface response
is also examined in this study. Two different types of wavelet motions, as well as 30
earthquake recordings, are used as input excitations in both the horizontal and the vertical
direction. The use of wavelet input motions results in comparable topographic amplification
variation across the canyon surface to that caused by the earthquake records.
The effect of parameters such as non-uniform soil stiffness with depth and different
values of the water compressibility on topographic amplification is also investigated for a single
canyon geometry. This later set of analyses highlights that topographic amplification is
affected by the presence of multiple soil layering because the wave scattering is affected both
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by the irregular topography and the impedance contrast between the successive soil layers.
These analyses are performed to gain intuition about the robustness of the design equations,
however, these analyses have not considered a sufficient range of realistic stratigraphies to
incorporate their effect within the design equations at this point. The necessity for performing
further numerical simulations to include the variation of these parameters in the design
methodology is then highlighted.
An approach for considering the horizontal component of the topographic amplification
factors within the design at locations close to canyon geometries is finally proposed. Equations
for the estimation of the topographic factors are derived for the crest and the toe areas of the
canyon based on the dataset corresponding to the case of a homogeneous soil layer over
rigid bedrock. Horizontal topographic amplification varies with the distance of the site of
interest from the crest or the toe of the canyon slope and the spectral period of interest, unlike
the constant value of topographic amplification recommended in Eurocode 8. Moreover, an
estimation of the expected topographic amplification at the toe area of a topographic
irregularity is provided by the proposed design equations, contrary to other literature design
proposals which focus on the expected ground amplification at the crest area of a single slope.
The amplitude of the topographic factors in this study is higher than the topographic
amplification values reported in the literature. This is due to the rigid bedrock presence in the
numerical simulations which effects the amplitudes of the proposed horizontal topographic
factors. A framework to use these equations within the design code recommendations or when
performing PSHA is also proposed. This framework serves as a first approximation of the
expected horizontal topographic amplification at the canyon. Several other parameters such
as variations in the canyon geometry, subsurface soil characteristics and soil nonlinearity
should be also considered to further refine the proposed equations as mentioned above.
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INTRODUCTION
1.1

Background

The seismic motion recorded at the ground surface can be effected by several factors such
as the earthquake source characteristics, the wave travel path from the source to the site, the
local site conditions and geometry of the site of interest (Stewart et al., 2001). This study
focuses on the site conditions that can significantly alter the duration, amplitude and frequency
of ground motion. Site effects refer both to soil layer and topographic amplification. The former
relate to the surficial geological formations, their thicknesses and geological characteristics,
while the latter refer to ground motion modification due to topographic irregularities like slopes,
ridges, canyons etc. Topographic amplification is not examined as extensively as soil layer
effects in the literature and therefore this thesis focuses on the topographic amplification
phenomenon.
Topographic effects have been reported at several sites around the world after major
earthquakes. In fact, severe damage of structures located at the tops of hills and crests of
slopes has been attributed to the irregular ground topography. Field motion recordings after
major events have been conducted to investigate the magnitude and the main features of
these phenomena. Analytical and numerical studies are also performed to replicate the effects
of some of the basic irregular geometries that are found in nature in order to explain the
manifestation of topographic effects. It is, however, observed that overly simplified analytical
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and numerical analyses tend to imply lower topographic amplification than what has been
inferred from the field (Geli et al., 1988). This is reasonable because analytical studies are
often limited to analyses of simplified geometries and soil characteristics. In fact, some of the
more recent numerical studies have managed to replicate better the recorded topographic
amplification on site. This is achieved by introducing extra complexity in the numerical
modelling by including multiple soil layers, realistic earthquake excitations and sometimes
accounting for nonlinear soil response.
Amplification related to soil layer effects can be considered during the design process
by performing site response analyses. The impedance effects in that case are accounted for
in modern ground-motion models using the time average shear wave velocity of the upper
30m of a deposit (Vs,30) as a proxy estimate of site response. For this reason, this parameter
is also used in the soil classification scheme of Eurocode 8 and in probabilistic seismic hazard
assessment (PSHA). Nevertheless, there is no similar parameter in design guidelines to
account for topographic amplification. Eurocode 8 specifies a constant amplification factor with
spectral period to be applied in case of site proximity to topographic irregularities, implicitly
assuming that topographic amplification is independent of soil layer amplification. Only the
geometry of the site is taken into account to determine the magnitude of the proposed factor.
It is then important to firstly investigate the parameters that control the magnitude and the
occurrence of topographic amplification. The review on the existing literature on the subject
highlights some of these parameters. However, quantifying their effects in a systematic
manner and developing a methodology to account for topography in the design is still
essential.

1.2

Scope of the research

The investigation of the parameters that effect topographic amplification and their
consideration in a rigorous design methodology are, as mentioned above, the next steps in
research about topographic effects. The development of a framework to account for
topography in design would be advantageous for seismic risk estimation. The overall aim of
this research is thus building up on the development of a design methodology for topographic
effects.
The first aim of this study is to identify which are the individual components that are
required for building up the design methodology. The components that mostly influence the
ground response close to topographic irregularities would ideally be developed by observing
a compiled empirical dataset of ground-motions. However, there is limited access to the very
little (if any) existing empirical data including topographic effects. Therefore the development
of expressions for the variation of the ground surface response in this study is based on
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numerical simulations. This methodology has clear implications on the validation of the
numerical results which is consequently important as it sets bounds upon the complexity of
the derived design model for the topographic amplification estimation.
According to the existing numerical studies in the literature, there are several parameters
that influence the topographic amplification at the surface of irregular ground, which are mainly
related to the geometry of the topographic feature. Many existing parametric studies highlight
the influence of the ground surface geometry on the incident wave scattering mechanism and
consequently the topographic amplification factors at the ground surface. These studies
mostly focus on hills, ridges or single slope geometries, while less extensive analyses are
performed for empty canyon geometries. Therefore, the canyon topographic irregularity is
considered in this study and extensive parametric analyses are performed for several canyon
geometries to identify the basic parameters that influence topographic amplification and to
compile a dataset comprising of topographic amplification factors at several points on the
canyon surface.
The second aim is to investigate how different excitations affect topographic
amplification at the ground surface of canyons. The majority of literature studies uses wavelets
to highlight the influence of the input motion characteristics on the ground surface response,
while there are fewer studies using earthquake records as excitations. It seems that the
amplitude of topographic amplification resulting from earthquake record input motions is lower
than the amplitude of topographic factors resulting from wavelets (Bouckovalas and
Papadimitriou, 2005). However, this conclusion is based on limited numerical analyses using
earthquake record excitations and therefore there is an uncertainly on whether these results
provide reliable ranges of the expected topographic amplification fluctuation on site after an
earthquake event. For this reason, this study will compare the topographic amplification
variation at the canyon surface resulting from several input motions to explore which of their
characteristics mostly affect the ground surface response. The canyon surface amplification
resulting from different types of wavelet motions is first examined. Similarly, response resulting
from wavelet input motions will be compared to response related to real earthquake record
excitations. This is to determine any earthquake record parameter that may influence the
topographic amplification variation at the ground surface and that may be related to the input
motion fundamental frequencies or the earthquake magnitude. Finally, the influence of the
simultaneous consideration of the horizontal and the vertical earthquake record components
will be investigated.
Another aim of this research is to examine the influence of more realistic soil conditions
underneath the topographic irregularity. Some of these parameters relate to presence of
multiple soil layering and inclusion of the water table in the numerical analyses. The soil layer
and topographic amplification dependency is highlighted in the literature mostly through
3
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numerical representation of case studies, however, there are not many conclusions on the
quantification of the correlation between soil layer and topographic amplification. This study
will then examine if there is any additional effect on the response at the canyon surface related
to more complicated soil conditions.
The overall scope of this thesis is the derivation of a mathematical formula describing
the variation of the topographic amplification factors at the canyon surface based on the results
of the numerical analyses which quantify the effect of the above mentioned parameters. The
proposed equations for topographic amplification will be included in the proposed design
methodology, considering both Eurocode recommendations and probabilistic seismic hazard
assessment. A consistent incorporation of topographic factors into ground motion prediction
equations is the final target of this research.

1.3

Layout of the thesis

This thesis is organised in nine chapters, including the current one which serves as an
introduction. A brief summary of the contents of the remaining chapters is provided below, in
accordance with the overall scope of the research and the several aims as described in the
previous section.
Chapter 2 presents a review of the existing literature on topography effects. A brief
description of the manifestation and field evidence of topographic amplification is firstly
provided. The existing analytical and numerical studies on the estimation of topographic
amplification are then categorised in terms of the geometry of the irregularity that is examined
each time (wedges, hills and ridges, single slopes, canyons and valleys). The assumptions of
each study and the basic conclusions are also discussed. The main parameters that are seen
to affect the response at the irregular ground surface are also discussed. The current code
provisions on topographic effects and some of the literature studies that propose design
factors to account for these effects are finally presented.
Chapter 3 is a summary of the methods that are used for the dynamic numerical
analyses in this study and the initial analyses that were performed to validate the adopted
numerical model. The numerical analyses of this thesis are performed with the Imperial
College Finite Element Program (ICFEP) (Potts and Zdravkovic, 1999), so Chapter 3 firstly
focuses on the dynamic features of the software. The direct integration method parameters
and the appropriate spatial discretisation of the numerical model are some of these features.
A description of the calibration of the Rayleigh damping parameters is then provided. The
boundary conditions of the numerical model are discussed in more detail due to their
significance when modelling a wave propagation problem. Some validation analyses are
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finally provided varying the shear wave velocity parameter of the model and comparing the
numerical results of this study to other studies in the literature.
All the numerical analyses related to several canyon geometries lying on a
homogeneous, isotropic and elastic soil layer on a rigid bedrock with wavelet incident motions
are summarised in Chapter 4. A comparison of the response resulting from two different
wavelets (Ricker and Saragoni and Hart respectively) is firstly presented. Based on the results
from the comparison of the two wavelet input motions, the remainder of the chapter focuses
on varying the canyon geometry considering the Saragoni and Hart wavelets as an input
motion. The depth to bedrock, the slope height, the crest-to-crest distance and the slope angle
are the parameters varied considering SV wave incidence. P wave incidence is also analysed
for several canyon widths and slope angle values.
Chapter 5 focuses on the response at the canyon surface considering a homogeneous,
isotropic and elastic soil layer on rigid bedrock and earthquake records input motion. The
earthquake records selection procedure is firstly described, followed by the Rayleigh damping
calibration for the selected motions. The effect of canyon geometry and earthquake magnitude
on the canyon response is then investigated. Finally, the focus is on the topographic
amplification factors variation at the ground surface considering either only the horizontal
component of the earthquake records as an input excitation or both the horizontal and the
vertical components imposed simultaneously. A comparison between the response resulting
from earthquake record input motion to wavelet input motion is finally made.
Chapter 6 is a summary of the numerical analyses that are performed to assess the
impact of more realistic soil conditions on the ground surface response. The canyon in this
case lies on a soil layer above rigid bedrock and the effect of the soil layer stiffness variation
and the presence of water table on the response are investigated. Three different stiffness
profiles are used for the stiffness variation and analyses are performed considering both
wavelets and earthquake records as input excitation for a single canyon geometry. This set of
analyses highlights the inter-dependent relationship of topographic and soil layer amplification
and the more complicated wave scattering mechanisms related to a simultaneous presence
of multiple soil layering and irregular ground geometry. The consequences of the presence of
water table on the variation of the ground surface topographic amplification factors are also
discussed.
Chapter 7 describes the methodology that was used to derive design equations for the
variation of the mean and the standard deviation values of the horizontal topographic
amplification factors across the canyon. Regression methods are used to derive the
coefficients of these relationships based on the numerical results of Chapters 4 and 5.
Specifically, equations are provided for the estimation of the horizontal component of
topographic amplification based on the analyses considering SV wavelet input motions and
5
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varying the geometrical parameters of the canyon. The robustness of the design model is
assessed by considering different sample sizes from the full dataset of the performed
numerical analyses. The goodness of fit of these equations to the numerical results is
qualitatively evaluated by examination of the model residuals and their correlation to the varied
geometrical parameters of the canyon.
The proposed design methodology is summarised in Chapter 8. Probabilistic seismic
hazard assessment calculations are performed to assess the expected hazard differences
between a site with pronounced topography to a site on flat ground. A methodology is then
proposed to account for topographic effects in PSHA, as well as in a deterministic design
based on Eurocode 8 recommendations. Moreover, the Eurocode 8 design recommendations
are compared to existing literature design proposals and the current design proposal. Finally,
Chapter 9 summarises the conclusions of this study and focuses on recommendations for
future work related to studies on topographic effects.

6

2
LITERATURE REVIEW
This chapter is a summary of the relevant literature on topographic effects. The definition of
topographic amplification is firstly provided, followed by a discussion of field studies with
topographic effects manifestation. A brief explanation of the main features of topographic
effects is firstly provided based on case studies and field experiments on sites with irregular
topography. A historical presentation of the analytical and numerical methods to account for
these effects is then presented for wedges, hills and ridges, single slopes, canyons and alluvial
valleys. The main parameters that affect the resulting response at the ground surface are
moreover listed, considering the findings of the aforementioned studies for different shapes of
topographic features. Finally, there is an overview of the existing code provisions for
topographic effects and the limited literature studies that provide a design guidance to account
for topographic amplification.
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2.1

Difference between soil layer and topographic amplification

Earthquake induced ground motion can be affected by many parameters, namely the
earthquake source, the travel path of the earthquake motion and local site conditions. The
latter refer to amplification effects related to the mechanical properties and thickness of
surficial geological formations (soil layer effects) and the surface geometry (topography
effects) (Stewart et al., 2001). Soil layer amplification may result in significant variation of the
ground motion in terms of its magnitude, duration and frequency content, while topographic
effects can also prolong the duration and alter the amplitude of the ground motion. These
conditions are very important for the seismic risk estimation and the design of facilities of major
importance. Soil layer and topographic effects are two interdependent phenomena. Many
previous studies have investigated their interaction, but this issue remains inconclusive.
Ashford et al. (1997) claimed that amplification caused by topography and site amplification
could be considered independently. However, more recent studies (Tripe et al., 2013;
Rizzitano et al., 2014; Asimaki and Mohammadi, 2017) demonstrated the interaction between
these effects and the difficulty of decoupling them.

2.2

Topographic effects occurrence

Topographic effects can be identified by observations of structural damage after destructive
earthquakes. That is why, reconnaissance missions after catastrophic events are very useful
to investigate these phenomena. It has been observed that buildings located at slope crests
usually suffer more damage than those located at the toe. Figures 2.1 depict the localised
damage at slopes of the Port Au Prince area and the top of a hill in Christchurch after the Haiti
and the Canterbury earthquakes in 2011 respectively (Rathje et al., 2011; Hancox et al., 2011).
Bard and Riepl-Thomas (1999) attributed topographic effects to three physical
phenomena, related to the scattering and diffraction of the incident seismic waves by the
existing topographic irregularity:
- The sensitivity of the surface motion to the angle of incidence (i.e. polarization) of the
input waves. This is shown to be larger for incident SV waves with angle of incidence
near the critical angle.
- The focussing and defocussing of the seismic waves due to the incident wave reflections
along the irregular ground surface.
- The diffraction of the surface and body waves which interfere with the direct waves.
These patterns have been predicted by theoretical models and already described by
Pedersen et al. (1994) using data of diffracted waves propagating from the top towards
the base of a hill in Greece. Ohtsuki and Yamahara (1983) investigated the surface
ground motion around cliffs and claim that Rayleigh wave formation is followed by
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surface waves produced at the cliff toe propagating upwards. Incident SV and diffracted
Rayleigh wave interaction result in a zone of high amplification close to the topographic
irregularity. It is also shown that the amplitude of topographic amplification for SH waves
(shear body waves with direction of particle movement in the horizontal plane and
perpendicular to the direction of motion – see Figure 2.2) is usually lower than that for
SV waves (shear body waves with direction of particle movement in the vertical plane
and perpendicular to the direction of motion – see Figure 2.2). However, the surface
motion fluctuation with distance from the irregularity is similar for both SH and SV waves.

Figure 2.1: Topographic effects manifestation in Port Au Prince, Haiti (top) and Christchurch, New Zealand (bottom)
(Hancox et al., 2011; Rathje et al., 2011).

The same physical phenomena are reported by Gazetas et al. (2002) based on
investigation of soil layer effects and canyon topography after the 1999 Parnitha (Athens)
earthquake. It is seen that the incident SV waves interact with the reflected waves at the
ground surface and the inclined faces of the cliff. There are also wave diffractions and
reflections at the existing subsurface layer interfaces. In case of critical or near-critical SV
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wave incidence, diffracted P waves (compressonal body waves with direction of particle
movement parallel to the direction of motion – see Figure 2.2) are created at the cliff’s surface.
Those interfere with the incident SV waves and Rayleigh waves created at the area close to
the cliff’s crest. Bouckovalas and Papadimitriou (2005) confirm the above conclusions with the
aid of numerical analyses considering the seismic response of step-like slopes to vertically
propagating SV waves. An illustration of the waves created by the incoming SV waves into
the medium is presented in Figure 2.2. According to their results, topographic effects can be
attributed to the upcoming SV wave reflections on the inclined slope surface. This generates
P and SV waves at the free ground surface behind the crest and Rayleigh waves are formed
by the interaction of body waves with the ground surface. These waves reach different points
on the ground surface at different times and their superposition to the incoming SV waves may
result in an increase in the horizontal seismic motion amplitude. The resulting wave field at
the ground surface comprises of both horizontal and vertical wave components due to the
interaction and reflection of those waves. Since the input motion comprises only of a horizontal
component in these studies, the resulting vertical component of the ground motion is of
parasitic nature.

Figure 2.2: Incoming SV waves and the produced P, SV and Rayleigh waves for step-like slopes (Bouckovalas and
Papadimitriou, 2005). Definition of body waves in the box.

Based on the above, topographic amplification is defined as the ratio of the resulting
motion close to the irregular feature (topo) to the motion at the free-field (ff) at flat ground away
from the topographic irregularity. When considering the propagation of an SV wave, both the
horizontal and parasitic vertical ground motion are normalised by the horizontal component of
the free-field ground motion in case of wave incidence of a horizontal component. This is
because there is no vertical component of the ground motion in the free-field case as the
incident waves are simply reflected at the flat ground surface with absence of wave scattering.
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The ratio of ground motion refers to either peak ground acceleration, spectral acceleration or
Fourier spectral acceleration components as shown below:
Peak ground acceleration definition:
𝐴ℎ =

𝑃𝐺𝐴𝑡𝑜𝑝𝑜

ℎ

𝑃𝐺𝐴𝑓𝑓 ℎ

and 𝐴𝑣 =

𝑃𝐺𝐴𝑡𝑜𝑝𝑜

𝑣

𝑃𝐺𝐴𝑓𝑓 ℎ

Response spectra definition:
𝑆𝐴ℎ (𝑇) =

𝑆𝑎𝑡𝑜𝑝𝑜 ℎ (𝑇)
𝑆𝑎𝑓𝑓 ℎ (𝑇)

and 𝑆𝐴𝑣 (𝑇) =

𝑆𝑎𝑡𝑜𝑝𝑜 𝑣 (𝑇)

[2.1]

𝑆𝑎𝑓𝑓 ℎ (𝑇)

Fourier spectra definition:
𝐹𝑆𝐴ℎ (𝑓) =

𝑓𝑆𝑎𝑡𝑜𝑝𝑜 ℎ (𝑓)
𝑓𝑆𝑎𝑓𝑓 ℎ (𝑓)

and 𝐹𝑆𝐴𝑣 (𝑓) =

𝑓𝑆𝑎𝑡𝑜𝑝𝑜 𝑣 (𝑓)
𝑓𝑆𝑎𝑓𝑓 ℎ (𝑓)

A detailed comparison of the resulting topographic factors using the three definitions is
presented in Section 4.2 of Chapter 4. Most of the literature studies reviewed in this chapter
use the peak ground acceleration ratio definition; any deviation from this definition is clearly
mentioned.

2.3

Field evidence of topographic effects

Several studies have been performed mainly during the last 50 years, attempting to quantify
topography effects based on evidence from dense instrumental arrays. These studies are
limited to aftershock recordings of low amplitude, small-magnitude earthquakes, artificial
seismic events, nuclear tests and mine blasts. Some of them are listed below for different
shapes of topographic irregularities.
Mountains: Kagel mountain and Josephine Peak, California (Davis and West, 1973),
Appalachian mountain area (Griffiths and Bollinger, 1979), Epire, Greece (Chávez-García et
al., 1996), Santa Monica, California (Graizer, 2009).
Ridges: Canal Beagle, Chile (Çelebi, 1987), Sourpi ridge, Greece (Pedersen et al., 1994),
Robinwood ridge, California (Hartzell et al., 1994), Narni area, Italy (Massa et al., 2010), Hotel
Montana area, Haiti (Assimaki and Jeong, 2013), Poverty ridge, San Francisco (Hartzell et al.,
2014), Mission Peak area, San Francisco (Hartzell et al., 2017).
Slopes / cliffs: Aegion area, Corinth, Greece (Athanasopoulos et al., 1999; Bouckovalas et al.,
1999; Pitilakis et al., 2004), Coalinga area, California (Stewart and Sholtis, 2005).
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Hills: Tien Shan of Garm region, USSR (Tucker et al., 1984; Bard and Tucker, 1985), Puente
hills, California (Kawase and Aki, 1990), Canal Beagle, Chile and Coalinga and Superstition
hills, California (Çelebi, 1991), Tarzana hill, California (Bouchon and Barker, 1996; Spudich et
al., 1996), Kitherion area, Corinth, Greece (LeBrun et al., 1999), Matsuzaki, Japan (Paolucci
et al., 1999), Nocera-Umbra area, Italy (Caserta et al., 2000; Marra et al., 2000; Pischiutta et
al., 2010).
Canyons: Kifisos river canyon in Adames region, Athens, Greece (Gazetas et al., 2002;
Assimaki and Gazetas, 2004; Assimaki et al., 2005a, 2005b, 2005c), Pacoima canyon, Los
Angeles, California (Sepúlveda et al., 2005).
Valleys: valley of Mexico (Singh et al., 1988), Caracas valley, Venezouela (Papageorgiou and
Kim, 1991), Kanto basin, Japan (Hisada et al., 1993), Alluvial valley in Nice, France (Semblat
et al., 2000), Grenoble basin, France (Cornou and Bard, 2003), Tachia valley, Taiwan
(Sepúlveda et al., 2005), Taipei basin, Taiwan (Lee et al., 2008; Lee et al., 2009), Nera river
valley, Italy (Lenti et al., 2009), Gubbio basin, Italy (Bindi et al., 2009), Heathcote valley, New
Zealand (Jeong and Bradley, 2015), Koutavos - Argostoli valley, Cephalonia, Greece (Imtiaz
et al., 2018; Theodoulidis et al., 2018).
Topographic effects can be measured by field experiments employing either reference
techniques (like the standard spectral ratio SSR) or non-reference site techniques (like the
horizontal to vertical spectral ratio HVSR). A comparison of pairs of records at nearby sites is
made in the SSR method to obtain amplification factors at different frequencies of peak ground
motion parameters. One record represents a soil / alluvial site and the other a reference / rock
site. The reference site needs to be located fairly close to the comparison sites, so that the
source and path effects on the records are identical and any differences in the signals can
then be attributed to site effects. The reference site should also be unaffected by soil and
topography effects. Although the SSR method is the most reliable to account for site effects,
it is not always possible to fulfil the above-mentioned conditions. Therefore, non-reference site
techniques are sometimes preferred since a reference site is not needed. The HVSR uses the
spectral ratio of the horizontal to vertical shear wave components to estimate site effects. The
method’s basic assumption is that local site effects do not influence the vertical component of
ground motion. Numerical studies though have shown that vertical parasitic acceleration
components could result from purely horizontal input SV waves (Ashford et al., 1997;
Bouckovalas and Papadimitriou, 2005). Therefore the HVSR method should be applied
cautiously. Chávez-García et al. (1996) implemented HVSR on topographic features in Epire,
Greece for comparing amplification values resulting from observations and predictions and
they proposed that HVSR can give legitimate estimates of topographic effects without the
need of a reference station.
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The presence of a reference site is the factor that determines the applicability of those
methods in the above mentioned field experiments. The basic conclusions on the site effect
characteristics from the field studies are summarised below:
1. Ground motions recorded at the top of a topographic irregularity are larger than those
recorded at the base (Davis and West, 1973; Griffiths and Bollinger, 1979; Tucker et
al., 1984; Çelebi, 1987, 1991; Pedersen et al., 1994; Bouchon and Barker, 1996;
Spudich et al., 1996; Athanasopoulos et al., 1999; Pitilakis et al., 2004; Stewart and
Sholtis, 2005; Lee et al., 2009; Lenti et al., 2009; Massa et al., 2010). A recent example
of this observation is that of the Haiti earthquake in 2010 (Rathje et al., 2011). The map
in Figure 2.3 presents the geology, topographical setting and damage concentration at
Port Au Prince, using aerial photo interpretation and satellite imagery by UNOSAT.
The red and black circles denote damaged and not-damaged structures respectively.
The concentrated damage on top of the Holocene alluvium deposits is associated with
more seismically vulnerable buildings being underlain by moderately stiff soils, which
resulted in soil layer amplification. However, the damage concentrated at the north and
south steep hillsides of the alluvial plain can be attributed to topographic amplification.
Pervasive damage across the city is associated with topographic effects, mostly
concentrated on ridge tops and steep valleys.
2. The level of amplification and the frequency that it occurs varies with the size of the
topographic irregularity. In fact, some correlation is observed between the incoming
waves and the half width of the examined mountain in Davis and West (1973) and
Tucker et al. (1984). The amplitude of topography effects may be associated with the
scale of the wrinkles being present on the sides of the examined mountains in
comparison with the incoming seismic waves (Bouchon and Barker, 1996; Spudich et
al., 1996). Also, amplification of motion happens for input motion wavelengths
comparable to the width of the examined ridge in Hartzell et al. (1994); Massa et al.
(2010) and Assimaki and Jeong (2013). The frequency of the first amplification of the
ground motion is also associated with the size of the examined topographic feature
(Pedersen et al., 1994; Chávez-García, Sánchez and Hatzfeld, 1996; LeBrun et al.,
1999). Sepúlveda et al. (2005) and Hartzell et al. (2017) also demonstrate the
existence of relationships between the slope dimensions (both width and height) and
the dominant wavelengths of the incident waves.
3. Spectral ratio plots from the field exhibit amplification values at different spectral
periods depending on the considered component of the input motion thus topographic
amplification is frequency dependent (Davis and West, 1973; Çelebi, 1987; Pedersen
et al., 1994).
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4. The field data referring to the vertical component of ground motion exhibit lower
topographic amplification than the these referring to the horizontal one (Griffiths and
Bollinger, 1979; Tucker et al., 1984; Paolucci et al., 1999; Wang et al., 2006; Bindi et
al., 2009).
5. Analytical calculations and numerical simulations (if available in literature studies)
predict smaller topographic amplification amplitudes than what has been recorded in
situ (Griffiths and Bollinger, 1979; Bard and Tucker, 1985; Pischiutta et al., 2010). In
some cases the amplification factors can be as high as 20 or 30 (aftershocks from
1985 Chile earthquake – Çelebi (1987, 1999), aftershocks from Kagel Mountain of the
San Fernando earthquake in California – Davis and West (1973) and aftershocks of
the Superstition Mountain from the 1987 Superstition Hills earthquake in California –
Çelebi (1991)). Nevertheless, in cases where a more detailed and realistic numerical
calculation is performed (for example by including soil layering in the model), the
calculated results are in agreement with the recorded ones (Pedersen et al., 1994;
Paolucci et al., 1999; Lenti et al., 2009; Assimaki and Jeong, 2013; Jeong and Bradley,
2015; Hartzell et al., 2017)

Figure 2.3: UNOSAT damage inventory overlaid on the local geology of Port-au-Prince (Rathje et al., 2011).

6. Higher ordinates of topographic amplification were recorded at field studies where
except the presence of the topography irregularity, soil layering with low velocity was
also present. The low velocity alters the interference pattern of the seismic waves and
the resulting scattering and diffraction on the irregularity (Bard and Tucker, 1985;
Çelebi, 1987). Shapiro et al. (1997) also found that incorporating the presence of a low
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velocity layer in the numerical simulations for the examined Mexico valley sites,
resulted in better prediction of the recorded results found in situ. The increased signal
duration of the recorded motions due to the wave dispersion was also matched by the
numerical signals in this case. The fact that topography acts in addition to soil layering
effects was also mentioned by Gazetas et al. (2002). The recorded ground motion is
altered due to the presence of transmitted and reflected waves at the boundaries of
the soil layers on top of the diffracted waves created by the irregularity (Assimaki and
Gazetas, 2004). Graizer (2009) also observed extra ground motion amplification at the
top of the hill examined due to presence of a low shear wave velocity zone above a
layer of higher velocity. He attributed this increase of amplitude to a wave trapping
mechanism created by the stiffness difference of the two soil formations. The level of
the observed amplification and distributed damage on site cannot be attributed solely
on topography effects (Assimaki et al., 2005b, 2005c) and a combined effect of soil
stratigraphy and topography should be considered (Assimaki and Jeong, 2013;
Hartzell et al., 2017).
The presence of softer soil layer formations in the soil layer sequence can also lead to
more pronounced amplification recordings in valleys (Singh et al., 1988; Assimaki et
al., 2012; Imtiaz et al., 2018; Theodoulidis et al., 2018) and higher dispersion of the
locally generated waves (Papageorgiou and Kim, 1991; Hisada et al., 1993; Semblat
et al., 2000). A combination of small-scale topographic irregularities and near-surface
soil heterogeneity is responsible for the large values of amplification (up to 20) that are
observed in Caserta et al. (2000), Lee et al. (2008) and Bindi et al. (2009). Recorded
amplifications correspond to frequency ranges which depend on the shape ratio of the
valley, the velocity contrast between the soil layers in presence and the heterogeneities
of the alluvial deposits (Lenti et al., 2009).
7. Stronger amplification and polarisation of the recorded ground motion is observed in
the direction perpendicular to the axis of the examined ridge (Hartzell et al., 1994;
Massa et al., 2010) or hill (Bouchon and Barker, 1996; Spudich et al., 1996; Graizer,
2009). This azimuthal dependence of ground motion amplitude is due to the ridge
excitation by shear waves from sources along its axis according to Assimaki and Jeong
(2013).
8. Almost all of the recorded data using seismic arrays refer to earthquake magnitudes
in the range 1≤M≤5, since most of the recordings are either aftershocks of main events
or triggered excitations. Chávez-García et al. (1996) obtained a good comparison of
the resulting horizontal response on the examined topography using aftershock
recordings as compared to noise recordings. However, Assimaki et al. (2005c) claim
that weak motion data could only be used as a guidance of the expected topographic
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effects but cannot be directly compared to the topographic effects resulting from strong
ground motions. Nevertheless, the weak motion data successfully produced similar
features of the topography effects associated with strong ground motion and nonlinear
soil behaviour in Assimaki et al. (2005b).
9. Case studies as that of the Tarzana hill in Los Angeles show that extremely high
acceleration levels can take place despite the small height and low slope angle of the
topographic configuration (Bouchon and Barker, 1996). These high amplification
values cannot be predicted by considering very simple numerical simulations of the
topographic configuration taking into account an elastic and uniform soil profile
(Assimaki and Gazetas, 2004).

2.4

Analytical and numerical studies for estimating topographic effects

The wave field around a topographic irregularity was firstly investigated theoretically, by
analytical computations produced for the calculation of the displacement field at different
irregular ground surfaces. The basic problem of SH, SV, P and Rayleigh wave incidence has
been solved for most of the topographic shapes. The problem of wave diffraction is simpler to
be solved for SH wave incidence since there is no mode conversion from the reflection and
refraction of these waves. For this reason, most of the analytical studies deal with SH waves.
Nevertheless, more recent semi-analytical and numerical analyses aid the solution for more
complicated problems with multiple soil layer presence and soil nonlinearity. Some of the most
important of these studies are presented below for different topographic shapes.

2.4.1 Wedges
Kraut (1968a; 1968b) analytically solved the problem of an incident compressional plane wave
on a rigid quarter plane (i.e. a wedge of 90o) and produced a closed form solution for the
generated reflected and diffracted elastic waves. The particle displacement field in his problem
is mainly dependent on the soil properties (wave velocity and density) and the input motion
frequency. He showed that this wave incidence on the wedge creates diffracted spherical
waves which radiate away from the tip of the quarter plane with shear and compressional
wave speeds. As shown in Figure 2.4, the compressional wave spreads spherically and
excites secondary shear waves on the surfaces and edges of the wedge. There is an envelope
created from the spherical waves that propagates away from the plane at a critical angle. The
reflected compressional (VPt) and shear (VSt) plane waves interact with the diffracted ones to
form a geometric shadow on the quarter plane.
The analytical solution for the propagation, reflection and refraction of elastic longitudinal
P and transverse SV waves in a two layered half-space with an inclined layer interface (Figure
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2.5) is provided by Ziegler and Pao (1984). The layers are considered to be homogeneous
and isotropic, while due to the assumption of the inclined layer interface, this solution can be
used to describe the resulting wave field in a wedge shape. Sánchez‐Sesma (1985) provided
an analytical solution for SH wave incidence in an elastic wedge, while Krylov and Mozhaev
(1986) dealt with the same problem for Rayleigh wave incidence. The motion at the vertex of
the wedge is shown to be 2/v where vπ is the internal wedge angle (Sánchez‐Sesma, 1985;
1990) for SH wave incidence, while values much larger than 2/v are found in other regions of
the wedge surface in some cases. The general solution for SV and P waves is a challenge
because complicated couplings arise from the boundary conditions. For this reason, analytical
results are only provided for internal wedge angles of vπ=90o and 120o and Poisson’s ratio
v=0.25 (Sánchez-Sesma, 1990) in Figure 2.6.

Figure 2.4: Plan view of the scattered wave field and the face of the wedge. The normal to the incident plane wave
lies in the plane of the wedge (Kraut, 1968b).

Figure 2.5: The source and receiver locations and the considered inclined layer interface (2) by Ziegler and Pao
(1984) and the consequent Ray paths after 3 reflections assuming a source of P waves.
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Figure 2.6: (a), (b) Ray diagrams for SH (a and c) and SV (b and d) wave incidence for vπ=90o and vπ=120o
respectively, (e) Amplifications at the vertex of the wedge versus internal wedge angle for plane SH and SV wave
incidence (Sánchez-Sesma, 1990).

The diffraction of Rayleigh waves encountering a topographic irregularity of arbitrary
shape at the ground surface is described by Komatitsch and Vilotte (1998) who used the
spectral element method. Figure 2.7 represents the wave field in the case of two elastic layers
with strong impedance contrast lying above half-space considering a curved layer interface
and an irregular ground surface. The Rayleigh waves reaching the irregular surface (arrow a)
are converted to body waves (arrow b) and also produce S waves (arrow c). The specific case
of an elastic homogeneous quarter space (i.e. wedge) with a line force source of Rayleigh
waves located just below the upper free surface is also examined (Figure 2.8). A Rayleigh
wave propagates along the upper side in this case (arrow a), which is partly reflected (arrow
b) and partly transmitted (arrow c) at the corner. The transmitted wave travels down the right
side of the model and the corner acts as a diffraction point triggering spherical P and S waves
and smaller Rayleigh waves.
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Figure 2.7: Snapshot of the wave propagation for a layered elastic half-space with curved free surface and layer
interface. The explosive source is located at point S, while the dotted line marks the position of the receivers. A
Rayleigh wave propagates along the topography (arrow a) and creates S waves (arrow c) when it encounters the
change of curvature at the free surface. A strong Rayleigh to body wave conversion (arrow b) is also created
(Komatitsch and Vilotte, 1998).

Figure 2.8: Seismogram synthetics of the horizontal and the vertical components of the displacement vectors at
the receivers placed around the corner of the model consisting of a step at the free surface. A strong Rayleigh
wave propagating along the upper free surface is observed (arrow a). The surface wave is partly reflected (arrow
b) and partly transmitted (arrow c) by the corner that acts as a diffraction point, triggering P and S waves (arrows
d and e respectively) with typical diffraction hyperbola (Komatitsch and Vilotte, 1998). x is the x distance in the
used (x,z) domain of the spectral element model.
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2.4.2 Hills and ridges
Topographic effects are more pervasive for hills and ridges thus more numerical studies have
been conducted for these features. The difference of the resulting wave field for these features
compared to the wedge problem is the additional wave reflections due to the existence of the
corners at the base (Figure 2.9). The majority of studies focus on simulations of an isolated
feature on the ground surface within a homogeneous, linearly elastic half-space subjected to
vertically propagating incident harmonic waves. The older studies provide a physical
explanation of the resulting wave field around the ridge and / or an analytical calculation of the
expected topographic amplification. More recent studies focus on parametric analyses using
numerical methods (the finite element method, the finite difference method or the boundary
element method) to investigate the effect of the ridge dimensions and the input wave
characteristics on the resulting response at the ground surface.

Figure 2.9: Sketch of the wedge in half-space compared to a ridge / hill in half-space.

Boore (1972) was the first to examine topographic effects on ground surface of a ridge
due to SH wave incidence using the finite difference method. He observed that topographic
amplification is frequency dependent and mostly significant for input motion wavelengths
comparable to the size of the ridge. Increased topographic amplification values resulted from
ridges with larger slope angles. These conclusions were confirmed by Rogers et al. (1974)
using a scale model experiment to examine a ridge response for P wave incidence. Larger
amplifications occured for wavelengths equal to the width of the ridge, while topographic
amplification was found to increase at the ridge crest with increasing angle of incidence. The
authors were also able to identify the scattered wave field using seismogram synthetics. The
majority of the waves are Rayleigh waves created at the crest and the corners at the base of
the ridge. A cylindrical wave originating at the corners at the base of the ridge and propagating
away from the corners at all angles was also identified (shadow zone). The limits of the shadow
zones result from the reflections of the incident P wave at the bottom corners of the ridge.
These are illustrated in Figure 2.10 considering Ray theory; both the ridge angle and the angle
of incidence equal to 30o.
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Figure 2.10: Ray theory shadow zones for a P wave incidence and 30o slope angle and angle of incidence (Rogers
et al., 1974).

Bard (1982) examined the differences of a ridge response for several incident waves
(SH, SV and P) using the discrete wave number method. He identified that the scattered wave
field comprises of SH waves for SH wave incidence, Rayleigh waves for P wave incidence
and both Rayleigh and horizontal P waves for SV wave incidence. As a result, the SV waves
were found to have a more complicated diffracted wave field and the greatest scattering
power. Amplification at the ridge crest is systematically larger for SV waves than for P waves.
His results are consistent to the previous studies, however, an increase of amplification was
observed for decreasing incidence angle contrary to the previous studies. Sánchez‐Sesma et
al. (1982), Sánchez-Sesma (1983), Sánchez-Sesma and Campillo (1993) and Pedersen et al.
(1994) also confirm the strong dependency of topographic amplification to the angle of wave
incidence, the examined frequency and the dimensions of the ridge. Geli et al. (1988) and
Bard and Riepl-Thomas (1999) reviewed several studies providing a comparison between
instrumental and theoretical topographic amplification results. They highlighted that most of
the numerical studies underestimate the topographic amplification recorded in the field for
ridge topographies. This difference results from the pronounced 3D character of the surface
topography, the inability to model accurately the actual soil surface profile in terms of geometry
and the presence of surficial soil layers and neighbouring features that were not simulated.
Nevertheless, the resulting topographic amplifications from studies considering subsurface
layering and neighbouring irregularities, were still much smaller than the field recordings. The
agreement of the boundary element predictions to the measured field amplification of the
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Sourpi ridge in central Greece by Pedersen et al. (1994) were attributed though to the simple
nature of the investigated ridge.
3D numerical simulations of ridges mainly show that the variation of topographic
amplification is a function of the input motion frequency in relation to both the ridge height and
width. Bard and Tucker (1985), Sánchez-Sesma (1983), Bouchon and Barker (1996) and
Bouchon et al. (1996) incorporated neighbouring features and 3D simulations into their
modelling, resulting in the same conclusions with Geli et al. (1988). Both Bouchon and Barker
(1996) and Bouchon et al. (1996) analysed wave scattering around a 3D hill using the
boundary integral equation scheme and a semi-analytical, semi-numerical method
respectively. Both studies confirmed that topographic amplification happens at the top of the
hill, while amplification is stronger on the transverse direction of the hill elongation. Bouchon
et al. (1996) also mention that the diffracted wave field is composed of Rayleigh waves only
at some distance from the hill. The topographic effects of 3D ridges examined by Paolucci
(2002) using the spectral element method were shown to be larger for incident wavelengths
comparable to the ridge base.
Both Nguyen and Gatmiri (2007) and Kamalian et al. (2008) performed numerical
analyses of 2D ridges and hills respectively using the boundary element method. Both
examine SV wave incidence, while Kamalian et al. (2008) provides results due to P waves as
well. The seismic ground motion is always amplified at the crest of the ridge, due to the
focusing of seismic waves inside the ridge (Nguyen and Gatmiri, 2007). Kamalian et al. (2008)
also specify that the topographic amplification depends on the shape ratio of the hill, i.e. the
comparative dimensions of the hill width to the hill height (B/H in Figure 2.9). Nguyen and
Gatmiri (2007) also show a relation of the distance to the free-field response with the excitation
frequency and the dimensions of the irregularity. Moreover, they found that the parasitic
vertical response is sometimes of comparable amplitude to the horizontal. Kamalian et al.
(2008) claims that factors like the incident wave type and the Poisson’s ratio do not affect the
amplitude of topographic amplification as much. Papadimitriou and Chaloulos (2010) used the
finite difference method to highlight that the conclusions of Kamalian et al. (2008) apply to
both the horizontal and the parasitic vertical motion of 2D hill irregularities. The dependence
of topographic amplification on the hill dimensions is expressed in terms of the ratio of the hill
width to the input motion wavelength (B/λ) in Papadimitriou and Chaloulos (2010) rather than
any other ratio of the hill dimensions (like the shape ratio of Kamalian et al., 2008). An increase
in the hill width results in a decrease of the amplification at the crest of the hill, while the
response at the toe is unaffected. The hill’s response is also shown to be larger than the
response of a slope with the same dimensions and that is because of the finite hill width (B)
resulting in greater wave scattering inside the hill. The finite difference method was also
employed on a 2D ridge formation at Hotel Montana, Haiti to investigate the topographic and
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soil layer amplification dependence after the M7 Haiti earthquake in 2010 (Assimaki and
Jeong, 2013). Their research illustrates that numerical analyses results can produce
comparable topographic amplification values to the field measurements only if realistic ground
conditions are considered (i.e. the presence of a soil-bedrock interface at 100m depth in that
specific case, the actual thickness of the soil sediments, the soil layer stiffness and the
impedance contrast between the layers). This is because the wave scattering phenomena
between the multiple layers and the diffracted wave interactions with the incident waves are
more realistically accounted for in the numerical analyses. A similar conclusion resulted from
the study of Hartzell et al. (2017) who performed numerical analyses using a 3D velocity model
to confirm the observed topographic amplification results from a field study at a ridge over
Mission Peak in the San Francisco Bay. The numerical and field results are comparable in this
case since a representative shear wave velocity model is used for the examined site.
Finally, several site parameters are used as proxies for the topographic effects
prediction in Rai et al. (2016a, b). These parameters include the relative elevation (i.e.
elevation of a site respective to the other sites around it) and the smoothed curvature. Using
the Chiou et al. (2010) ground motion prediction equation, an extra factor accounting for
topography is implemented into the GMPE residuals function. 2D numerical analyses at
ground motion stations from the NGA – West 2 database are performed in Rai et al. (2016 b)
to assess if any other site parameters correlate well with the topographic amplification at each
site. The logarithm of 2D amplifications when averaged over multiple orientations (lnAmp avg)
was found to have the largest predictive power of topographic effects. This parameter has also
a high correlation to the relative elevation parameter of Rai et al. (2016a). Based on the
statistical analyses and parameter correlations performed in this study, the relative elevation
parameter is preferred to the lnAmpavg so the authors suggest to use the former for topographic
effects prediction.

2.4.3 Single slopes
The problem of single slopes is similar to that of hills with infinite width B (see Figure 2.9). This
geometric difference usually results in smaller topographic amplitudes at the crest of the slope
compared to the hills / ridges case. For finite values of B the response is enhanced at the crest
of the hill due to the trapping of waves between the two hill sides.
A good representation of the wave scattering mechanism on step-like slopes at linear
elastic half-space is provided by Boore et al. (1981). They used the finite difference method to
simulate a slope considering SV and P wave incidence and slope angles of 45o and 90o. For
the vertical slope angle (see Figure 2.11 top), the toe of the slope was found to be a more
efficient scatterer of P waves. The incident P wave and the reflected P wave from the ground
surface at the bottom slope of the corner produce scattered P and Rayleigh waves of about
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equal amplitudes and opposite polarity. On the contrary, the crest of the slope is a more
efficient scatterer of incident SV waves. The scattered wave field at the toe of the slope in this
case is similar in character and amplitude to that of the P wave incidence. Nevertheless, the
crest produces Rayleigh waves of large amplitude. The toe of the slope is a less efficient
scatterer for the inclined slope angle (Figure 2.11 bottom) than for the vertical slope, while the
crest produces much larger surface waves. The amplitude of the produced wave field is similar
between the inclined and the vertical slope angles for the SV wave input. The produced
Rayleigh waves at the crest of vertical slopes are larger in amplitude for SV wave incidence
than for P wave incidence. The Rayleigh wave production at the crest for the inclined slope
case is attributed to the reflected waves that travel along the inclined surface.
The study by Sánchez-Sesma (1987) is an overview of the studies on topographic
effects, detailing all the analytical and numerical methods to account for them. The Rayleigh
wave creation from SV wave incidence to a slope, as described by Ohtsuki and Yamahara
(1983), is also considered in this study. Figure 2.12 describes qualitatively the travelling waves
in the slope with and without a softer layer presence at the toe. A detailed study on step-like
slopes above a half-space is provided by Ashford et al. (1997) using the generalised consistent
transmitting boundary method and considering both SH and SV wave incidence. This is one
of the first studies that quantifies the relationship of topographic amplification to the input
motion period and the slope angle. Results are provided for the crest of the slope where
horizontal and parasitic vertical topographic amplification are presented as a function of the
normalised frequency (i.e. the ratio of the slope height to the input motion wavelength – H/λ).
This relationship is shown in Figure 2.13 where a peak of the horizontal topographic
amplification occurs for H/λ=0.2 considering SV wave incidence. A peak is observed at the
same normalised frequency value for SH wave incidence (not shown here) that is why Ashford
et al. (1997) mention this value as the “topographic frequency”, ft=Vs/5H. The increase of
topographic amplification with slope angle that has been observed by other authors in the
past, is also evident from the topographic amplification variation of Figure 2.13 especially for
the parasitic vertical topographic factors. It is seen that the natural frequency of the site behind
the crest dominates the horizontal response, while the vertical amplification is not dependent
on the natural frequency of the site. The horizontal response is amplified when the natural
frequency of the site is equal to the “topographic frequency”. Due to that, the authors claim
that the natural site frequency (soil layer amplification) and the topographic frequency can be
examined separately. Ashford and Sitar (1997) also considered the effect of the angle of
incidence on the topographic response. It is found that amplification increases for waves
travelling into the slope and less attenuation happens if waves are travelling away from the
slope. The direction of incident waves, however, does not affect much the vertical topographic
amplification resulting from SV wave incidence.
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…
Figure 2.11: Scattered wave field time histories for the vertical (top) and the inclined (bottom) slope with P (left)
and S wave incidence (right). Time is in dimensionless units (Vs·t/H, where Vs=incident wave velocity, t=real time
and H=slope height. Subscripts refer to the corner from which the wave was scattered, superscript to scattering of
incident (0) or reflected (I) wave. The reference motion is included in the rightmost vertical trace for comparisons.
The cliff height and horizontal spacing between seismograms is to scale. The small phase propagating to the left
in the horizontal component of the inclined slope (bottom left and right figures), is a numerical artefact from the
right edge of the model. The phase labelled P1,2 corresponds to a P wave travelling from corner 1 to corner 2, then
horizontally away from corner 2 (Boore et al., 1981).
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Figure 2.14 presents the relationship of the ratio of horizontal and vertical ground surface
motion to the input motion with the angle of incident waves for a Poisson’s ratio of 0.3 for flat
ground. It is obvious that the ground motion dependence on the angle of incidence is strong
even without the presence of the topographic irregularity. Two more numerical studies by
Athanasopoulos et al. (1999) and Pitilakis et al. (2004) examining 2D town sections of Aegion
in Greece with finite elements and finite differences respectively, confirm that slope crests
suffer more topographic amplification than the toe. Also, Stewart and Sholtis (2005) examine
a shallow slope (slope angle of 18.4o and slope height of 20m) and confirm the results of
Ashford et al. (1997) and Ashford and Sitar (1997) in terms of topographic amplification
amplitude values and the topographic peaks occurrence in a certain frequency range.

Figure 2.12: Generation of Rayleigh surface waves from SV wave incidence at a single step-like slope with and
without a softer layer presence (Ohtsuki and Yamahara, 1983).

Figure 2.13: Horizontal (left) and parasitic vertical (right) topographic amplification at the crest of a single inclined
step-like slope above half-space with SV wave incidence (Ashford et al., 1997).

The topographic factor relationship to the normalised frequency presented in Figure 2.13
by Ashford et al. (1997) was also reproduced by Bouckovalas and Papadimitriou (2005) who
examined the response of a single step-like slope above half-space using the finite difference
method. The effect of the number of input motion cycles and the soil damping on the
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topographic response were also investigated, as well as the slope height and slope angle
dependence of topographic amplification. It was shown that the effects of the slope height and
angle are greater than the effects of the two other parameters. Approximate relations of
estimating topographic amplification are finally provided based on statistical analyses of the
numerical results. The resulting equations refer to the relationship of the four examined
parameters and the horizontal and parasitic vertical topographic amplification as well as the
distance behind the crest where free-field conditions are met.

Figure 2.14: Normalised amplitude of the horizontal and vertical motion at the surface of a half-space due to an
incident SV wave for Poisson’s ratio equal to 0.3 and amplitude of incident wave equal to 0.5 (Ashford and Sitar,
1997).

The Athens earthquake in 1999 and the slopes of the Kifisos river canyon serves as a
case study for the examination of several soil parameters on the topographic response at the
crest area of the feature. Numerical analyses using a 2D slope representative of the slope on
site examine the nonlinear soil behaviour with spatially variable soil properties (Assimaki,
Kausel and Gazetas, 2005c), soil layering and properties variations (Assimaki et al., 2005b)
and soil structure interaction effects (SSI) (Assimaki and Kausel, 2007). The three studies
highlight the importance of the soil layering characteristics and the need for these to be
examined in addition to the topographic geometry. It was found that the field recordings and
the associated damage cannot be predicted by considering only the topographic geometry
and neglecting the soil conditions. Soil layering and lateral soil heterogeneity were found to
alter the topographic amplification amplitude, frequency content and spatial distribution at the
crest area. The parasitic components of ground motion are majorly altered by the soft soil
layering presence. Also, the presence of a structure at the crest of the slope alters the
topographic response by filtering certain frequency components depending on the structure’s
stiffness. The parasitic vertical motion component also produces a rocking effect to the
structure. Finally, the SSI was found to alter the topographic amplification at the crest area
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and consequently scattered waves from the soil-structure interface change the free-field
response at the crest and the toe of the slope. This phenomenon entirely depends on the
impedance contrast of the structure and the soil. Soil structure interaction effects are also
assessed in the studies of Stamatopoulos et al. (2007) and Brennan and Madabhushi (2009).
Both studies use centrifuge testing to investigate the large accelerations at the slope crests
and their reduction by using anchors (Stamatopoulos et al., 2007) or their effect on buildings
existing at the crest area (Brennan and Madabhushi, 2009). The anchors are characterised
as a good mitigation measure to reduce the ground motion close to the slope crests. Their
effectiveness depends mainly on their location, inclination and total number of used anchors.
A presence of a structure at the slope crest is also seen to reduce the recorded accelerations
at the area, causing extra tensional forces to the structure. The natural frequency of the soil
column behind the crest is once more shown in this study to largely affect the topographic
amplification peaks in terms of frequency.
The interaction of the soil layer amplification with the topographic amplification is
investigated in Tripe et al. (2013) for a single vertical slope in a layer above rigid bedrock for
SV wave incidence using the finite element method. The rigid bedrock presence was found to
significantly alter the topographic amplification amplitudes compared to the half-space results
of Ashford et al. (1997) and Bouckovalas and Papadimitriou (2005). It is also shown that the
topographic amplification amplitudes reduce for increasing values of the soil layer thickness
to the rigid bedrock (i.e. the depth to bedrock parameter). The location of the topographic
peaks is the same to that of Ashford et al. (1997) for very large depth to bedrock values (500m
in Tripe et al., 2013) and secondary peaks are observed for smaller depth to bedrock as the
rigid bedrock presence alters the wave travelling in the soil layer. Tripe et al. (2013) concluded
that the depth to bedrock, and consequently the soil layer amplification associated with the
natural frequencies of the crest response strongly affect the topographic amplification peaks
and the two amplification values cannot be examined separately. Similar conclusions arose
from the study of Jeong and Assimaki (2015) where the effect of soil layering and bedrock
presence on topographic amplification at the crest of a slope were examined. Finite element
analyses were compared to centrifuge tests in this study for a slope angle of 30 o. The slope
height was confirmed to be a good scaling parameter of the topographic amplitude
dependency on frequency. This is not only valid for homogeneous soils as Ashford et al.
(1997) first described, but also for layers with smooth soil stiffness variation with depth. The
influence of soil layering was examined by considering 3 layers in total with varying
thicknesses and layer impedance contrasts. It is found that both the horizontal and the
parasitic vertical crest response increases monotonically with increasing impedance contrast.
The effect of a rigid bedrock presence is also assessed by considering three different layer /
bedrock impedance ratios. Amplification factors were found to increase with increasing soil /
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bedrock impedance contrast, while the frequency components of the topographic amplification
remained the same. The vertical motion component was found to be more sensitive to the soil
/ bedrock contrast than the horizontal one.
Finally, Zhang et al. (2018) used the finite difference method to investigate topographic
effects in single slopes overlying a linear elastic half-space with SV wave incidence. The
authors performed numerical analyses for wave angle of incidence of θo≤45o and using Snell’s
law they defined the expected θ1 and θ2 reflection angles for SV and P waves respectively
(see Figure 2.15).

Figure 2.15: Schematic illustration of the incident SV waves and the reflected SV and P waves at the inclined slope
surface and the corresponding incident and reflected wave angles as described in Zhang et al. (2018).

For the θo≤45o considered in this study, the reflected SV waves at the inclined slope surface
cannot reach the ground surface at the crest area. The reflected P waves reach the horizontal
crest surface for θ2>90-θo. Especially for θ2=90-θo and a Poisson’s ratio of v=0.3, the P waves
reach the horizontal surface for a critical angle of θo=22.2o as:

𝑠𝑖𝑛𝜃𝑜 = 𝑠𝑖𝑛𝜃2 ∙

𝑉𝑆
𝑉𝑆
𝑉𝑆
= sin(90𝑜 − 𝜃𝜊 ) ∙
= cos 𝜃𝑜 ∙
𝑉𝑃
𝑉𝑃
𝑉𝑃
and

[2.2]

𝑉𝑆
1−2∙𝑣
=√
𝑉𝑃
2 ∙ (1 − 𝑣)

Similarly, for θ2≥90o, the critical angle is θo=32.3o and the reflected P waves travel along the
inclined slope surface. For the intermediate case of 22.2o<θo<32.2o there are always reflected
P waves travelling to the horizontal ground surface which constructively interfere with the
incoming SV waves and the created Rayleigh waves at the crest of the slope. That is why the
topographic amplification fluctuation across the crest area is characterised by secondary
peaks reflecting the complicated wave field superposition. The amplitude of the reflected P
waves, A1, is found as a function of the amplitude of the incident motion (Ao) and the slope
angle:
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𝑉𝑃
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The relationship of the ground motion amplification at the slope crest to the incident angle is
provided by the authors as shown in Figure 2.16 left. The reflected P waves are transformed
to surface waves which propagate along the free crest surface for incident wave angles larger
than the critical one. For this reason, the amplitude of the reflected P waves is zero in this
case. For incident angles lower than θo=22.2o, the reflected SV and P waves propagate
downwards and the amplification at the crest ground surface is only caused by the generation
of Rayleigh waves. The topographic amplification at the crest area fluctuates around the freefield amplification value (i.e. equal to 1) and has a fluctuation period dependent on the
wavelength of the Rayleigh waves created near the crest. The location of the peak topographic
amplification measured with the distance from the crest for each examined slope angle is
provided in Figure 2.16 right. It is seen that for small slope angles the peak topographic
amplification is located at the crest point (x=0m), while the topographic amplification maxima
are located further away from the crest as the slope angle increases. This is attributed to the
reflected P waves that can propagate to the ground surface for θo>22.2o and have a phase
difference to the created Rayleigh waves at the crest of the slope and the incident SV waves.
The phase difference does not exist for θo<22.2o as the wave field is mainly dependent on the
created Rayleigh waves as described above.

Figure 2.16: Left: Amplitude ratio of the reflected P wave as a function of the incident angle. The arrow points to
the critical angle 32.3o. Right: Location of the maximum amplification as a function of the slope angle. For slope
angle i>22.2o, the maximum amplification is observed at a short distance behind the crest (Zhang et al., 2018).

The effect of the curvature at the corner of the slope was also investigated by Zhang et
al. (2018) as sharp corners are not usually found in nature due to soil erosion. Two different
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slope curvatures were examined, a small and a large corner curvature, and compared to the
sharp corner numerical results. The comparison of the topographic amplification results for
each considered slope curvature and slope angle are presented in Figure 2.17. Small and
large curvature refers to curvature radii of around 50m and 200m respectively. Overall, an
increase of the topographic amplification factor is seen for slope angles smaller than the critical
angle of i=θo=32.3o, while a decrease is observed above this value. The maximum value of
topographic amplification is observed for the critical angle of incidence. This trend is observed
for all the examined slope curvatures. A larger effect of the slope curvature on the horizontal
topographic amplification variation is seen for smaller slope angles (i≈20o). The topographic
factors are generally larger for slopes with sharp corners and for angles smaller than the
critical one (32.3o).

Figure 2.17: Amplification factor as a function of slope angle. Squares, cycles and triangles represent results of a
slope with the sharp corner, corners of small curvature and large curvature (Zhang et al., 2018).

2.4.4 Canyons
There are many analytical and numerical studies in the literature, investigating wave scattering
in canyons of different shapes as shown in Figure 2.18. All the studies presented in this section
examine a canyon configuration in an elastic, isotropic and homogeneous half-space. Most of
the analytical studies provide the distribution of the displacement field at the canyon surface
considering different wave incidence angles and input wave types. The displacement variation
across the canyon x-distance from the canyon middle point is usually plotted for several values
of the input motion frequency. The input motion frequency is examined in a dimensionless
frequency format, expressed as the ratio of the canyon horizontal dimension to half
wavelength of the incident waves. The canyon horizontal dimension refers to the radius of the
canyon for cases of cylindrical or elliptical canyon shapes or the crest-to-crest distance in case
of triangular, trapezoidal or rectangular canyon configurations.
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Figure 2.18: (a) The semi-cylindrical canyon shape as analysed by Trifunac (1973), (b) the circular cylindrical
canyon as analysed by Cao and Lee (Cao and Lee, 1989, 1990; Lee and Cao, 1989) and (c) other canyon shapes
found in literature.

Trifunac (1973) examined a semi-cylindrical canyon (Figure 2.18a) with SH wave
incidence at 0o, 30o, 60o and 90o and provided the displacement amplitude at the canyon
surface with dimensionless frequency. This is shown in Figure 2.19 for an angle of incidence
equal to γ=0o. The author mentions that amplification varies around a mean value equal to 1
and has always a maximum value less than 2. The points near the slope crest were generally
found to suffer larger amplification. Wong and Trifunac (1974) analysed a semi-elliptical
canyon with SH wave incidence and showed that topographic amplification is greatly affected
by input motion wavelengths comparable to the canyon dimensions. The same conclusions
rise from Sánchez-Sesma (1983) who applied the boundary element method to examine the
displacement field around a spherical 3D canyon with P wave incidence. Moreover, Bouchon
(1973) defined the horizontal and vertical displacement field of a canyon of arbitrary shape for
P, SV and SH wave incidence using the single frequency method developed by Aki and Larner
(1970). He showed that de-amplification is usually expected to occur at the bottom (i.e. middle)
of the canyon regardless of the incident wave type. Canyons with an arbitrary shape with SH
wave incidence were also examined by Wong and Jennings (1975), providing another
analytical relationship for the displacement field on the canyon surface. Cao and Lee
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examined the diffraction wave pattern in circular cylindrical canyons due to SH, SV and P
wave incidence (Cao and Lee, 1989, 1990; Lee and Cao, 1989). Similarly to the previous
studies, they found that the horizontal and vertical displacement distributions on the canyon
surface depend on the angle of wave incidence, the canyon dimensions (specifically the
canyon depth to width ratio) and the dimensionless frequency. They also show that the
amplitude of topographic amplification is always less than 2, with larger values of amplification
occurring for SV and P wave incidence due to mode conversions. An analytical calculation of
the displacement field at a semi-circular canyon with SV, P and Rayleigh wave incidence is
also provided by Wong (1982).

Figure 2.19: Surface displacement amplitudes at the semi-cylindrical canyon surface considered in Trifunac (1973)
for SH wave incidence as a function of the distance from the middle of the canyon (x) and the dimensionless
frequency (η) for an angle of incidence γ=0o.

The numerical study by Zhao and Valliappan (1993) used a combination of finite and
infinite elements to derive the diffracted wave field at canyons of triangular, trapezoidal and
rectangular shape lying on half-space with P and SV wave incidence. The dependence of
topographic amplification on the canyon shape is highlighted in this study. In fact, the larger

33

Chapter 2: Literature Review
amplification observed for rectangular shaped canyons is attributed to the rapid change of the
canyon banks compared to the other two examined shapes. Gatmiri et al. (2009) applied SV
wave incidence to a broader consideration of canyon shapes (triangular, rectangular,
trapezoidal, elliptical and truncated elliptical) using a hybrid finite and boundary element
method. They noted that topographic amplification is generally observed at points above the
mid-slope point, while de-amplification is seen below this point. The strongest response is
located at the crest of the canyon slope. The response of the curved geometries (elliptical and
truncated elliptical) is found to be lower in amplitude to the response of the canyons with
rectangular or trapezoidal shapes.
Sánchez-Sesma and Campillo (1993) used the indirect boundary element method to
investigate the wave field in canyons of arbitrary shape due to SV, P and Rayleigh wave
incidence. The application of this method on a triangular and a semi-elliptical canyon shows a
large dependence of the wave field on the input motion frequency. Seismogram synthetics are
used as a tool for investigating the waves created upon incident wave reflection on the
irregular topography. It is seen that Rayleigh waves are created at the canyon surface in the
cases of SV or P wave incidence. A similar study by Pedersen et al. (1994) using the same
method shows that the resulting wave field around semi-circular canyons seems to be
independent on the direction of wave incidence (i.e. parallel or perpendicular to the canyon
axis of symmetry). The location of the topographic amplification maxima depends on the
canyon geometry and shape and the input motion characteristics, however, the amplitude of
topographic amplification maxima is not significantly altered due to the variation of these
parameters. Two more analytical solutions for semi-cylindrical and U-shaped canyons are
provided by Hui and Yushan (2011) and Gao et al. (2012) respectively. The difference of these
studies compared to the other existing ones in literature is that Hui and Yushan (2011) use a
Fourier-Bessel series expansion of wave functions to broaden the application range of the
existing analytical relations and include a solution for incident motions of high frequency.
Moreover, Gao et al. (2012) showed that amplification in the middle of the canyon can actually
occur when the canyon has very steep slopes , unlike most of the literature results that show
ground motion de-amplification in this area (Bouchon, 1973; Assimaki et al., 2005a).
Nguyen and Gatmiri (2007) used the direct boundary element method to investigate the
wave field created in triangular canyons due to SV wave incidence. Their study basically
confirms all the topographic amplification dependencies on the several parameters as already
mentioned above. A more detailed study on the response of triangular canyons due to SH
waves is that of Tsaur and Chang. The canyon depth to half width ratio is used to discriminate
whether the examined canyon is shallow (ratio<1) or deep (ratio>1). Two analytical
relationships for the derivation of the surface displacements are provided for shallow (Tsaur
and Chang, 2008) and deep canyons (Tsaur et al., 2010). An updated analytical solution for
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the same problem is provided by Zhang et al. (2012) using a wave function expansion method
that is applicable to both shallow and deep canyons. The resulting ground surface motion is
found to be more dependent on the wave angle of incidence than the canyon dimensions. The
seismogram synthetics shown in Figure 2.20 present the superposition of the scattered and
the incident waves in the canyon for zero angle of wave incidence (i.e. the incident waves
propagate vertically) and canyon shape ratios of 0.2 and 0.4. The shape ratio is defined as
the ratio of the canyon depth to half canyon width. It is seen that the scattered wave field
pattern is similar, however, the different canyon dimensions result in creation of scattered
waves at different times (t). Figure 2.21 shows that the direct wave D1 reaches the canyon
bottom at t=7.8sec and then three scattered waves appear at the left (SL1, SL2, SL3) and the
right (SR1, SR2, SR3) sides of the canyon. Due to the canyon symmetry and the wave
incidence at zero degrees, the scattered waves at the two sides are equal. The waves SL3
and SR3 are created at the two crests of the canyon slopes, travel along the canyon inclined
slope faces and then reach the canyon bottom at around t=9sec. Then, they pass each other
and continue to travel outwards and along the canyon surface. The traces of these waves are
also seen at the seismogram synthetics Figure 2.20.

Figure 2.20: Seismogram synthetics for canyon shape ratios of 0.2 (left) and 0.4 (right) and incidence angle of 0o
(Zhang et al., 2012).

Finally, application of the finite difference method by Papadimitriou and Chaloulos
(2010) for canyons under SV wave incidence shows that the parameter that differentiates the
canyon from the single slope configuration is the crest-to-crest distance. They showed that
the response of a canyon is identical to that of a single slope if the canyon width to canyon
height ratio is larger than 20. The topographic response is found to be larger at the canyon
crest areas like most of the literature studies, while large parasitic vertical topographic
amplifications were identified at the crest area regardless of the canyon width. Smaller
amplification was noticed for smaller slope angles as in the single slope response. A decrease
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Figure 2.21: Wave snapshots for canyon shape ratio of 0.4 and wave incidence angle of 0o (Zhang et al., 2012).
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of the crest-to- crest distance was found to increase both the horizontal motion amplification
at the middle of the canyon and the vertical topographic amplification across the canyon.
Trapezoidal canyons produce similar horizontal amplifications, but larger parasitic vertical
ones compared to the single slope case with same slope angle and slope height. The spatial
variability of the ground motion was finally found to be more intense for high frequency incident
motions due to the Rayleigh wave creation at the slope corners and their travelling horizontally
with comparable wavelengths to the incident SV waves. Other numerical studies in literature
are more focused on real case studies and investigate the influence of the complex soil
layering on site, the angle of wave incidence, the nonlinear soil behaviour and the spatial
variability of soil characteristics on the resulting wave field at the canyon surface (Assimaki
and Gazetas, 2004; Assimaki et al., 2005c). The basic conclusions of these studies are
discussed in Sections 2.5.3 to 2.5.5.

2.4.5 Valleys-basins
The wave scattering mechanism in alluvial valleys and the geometrical parameters and input
motion characteristics associated with the variation of topographic amplification at the ground
surface are briefly described in this section. The topographic amplification phenomenon in
valleys is very well studied in literature. Furthermore, the wave creation in the medium is quite
different from the wave scattering mechanisms in single slopes or canyons due to the
presence of the softer soil layer in the valley. Thus a detailed representation of the parameters
affecting this phenomenon is not considered as necessary in this study.
Several analytical studies on the response at the ground surface of alluvial valleys show
that the topographic amplification amplitude and variation with distance along the valley are
mostly influenced by the input motion frequency, the valley dimensions and the impedance
ratio of the material in the valley to the material out of the valley (often referred to as the
bedrock material). Analyses for semi-cylindrical (Trifunac, 1971), semi-elliptical (Wong and
Trifunac, 1974) and arbitrary shape (Sánchez‐Sesma and Esquivel, 1979) valleys due to SH
wave incidence show that a 1D analysis is inadequate to predict the 2D phenomena occurring
close to the edges of the valley. The resonant modes of the valley depend on the 1D resonant
frequency modes at the centre of the valley, however, extra modes occur which relate to the
more complex wave mechanism in the valley (Bard and Bouchon, 1985). Moreover, analyses
performed for SH input motion in semi-cylindrical, semi-elliptical and arbitrary shape valleys
(Trifunac, 1971; Wong and Trifunac, 1974; Sánchez‐Sesma and Esquivel, 1979), as well as
for Rayleigh and SH wave incidence in circular valleys (Todorovska and Lee, 1990, 1991)
showed that more complex amplification patterns result from higher incident motion
frequencies. Also, the shape ratio of the valley (depth to half width ratio) affects the
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topographic amplification at the ground surface. The largest amplification is observed at the
centre of the valley and decays towards the edges (Bard and Bouchon, 1985). A softer
material presence in the valley in comparison to the bedrock material also results in larger
amplification at the valley surface (Trifunac, 1971; Wong and Trifunac, 1974; Sánchez‐Sesma
and Esquivel, 1979). Analyses of valleys with arbitrary shapes with SH, SV and P wave
incidence showed that most of the energy of the input motion is trapped in the soft material of
the valley which maybe explains the larger observed amplifications and the increased duration
of the recorded motions on the valley ground surface (Bard and Bouchon, 1985). Finally, soil
anisotropy in the valley has a large effect on the amplification factor distribution across the
valley compared to the isotropic soil case for valleys of arbitrary shape and SH wave incidence
(Clements and Larsson, 1991). Soil layering consideration in the Caracas valley in Venezuela
with SH wave incidence results both in higher amplification values and stronger dispersion of
the generated waves in the soft material (Papageorgiou and Kim, 1991).
There are also several case studies which confirm the observed on site amplification
variation with the aid of numerical modelling. The period elongation of the recorded motion at
the surface of the Kanto basin after the 1980 Izu-hanto-toho-oki earthquake in Japan, as well
as the recorded amplification magnitude at several stations across the valley have been
attributed to the surface wave generation at the edges of the valley during the earthquake.
This was confirmed by reproducing the wave scattering mechanism in the valley using 3D
surface wave boundary element modeling (Hisada et al., 1993). The observed site
amplification in the Grenoble basin resulting from post processing of the site recordings by
Cornou and Bard (2003) is attributed to the edge generated surface waves as well. Numerical
modelling of the valley of Mexico was also performed to compare the response to this resulting
from recordings at a network of seismograms between March to May 1994 across the Mexican
Volcanic Belt (Shapiro et al., 1997). The numerical results confirm the signal period elongation
which is caused by the surface wave dispersion in the valley. The numerical simulations result
in similar amplitude of amplification to this of the recorded motions which is attributed to the
soft layer presence in the valley. The complexity of existing soil layering in a valley
configuration is investigated by Semblat et al. (2005) using the geometry and ground
characteristics of the European test site EuroSeis located in Volvi, Greece. Boundary element
analyses is performed for SH and SV wave incidence and an increased response is found at
the surface in comparison to the 1D analyses. The period elongation and increased
amplification values recorded on site are also attributed to the softer superficial soil layers in
this study and many other studies in literature related to the Taipei basin (Lee et al., 2008),
the Gubbio plain in central Italy (Bindi et al., 2009) and the Heathcote Valley during the 201011 Canterbury earthquake sequence (Jeong and Bradley, 2015).
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Finite element analyses are also performed for the case study of a valley in Kirovakan
after the 1988 Armenia earthquake considering SH wave incidence (Bielak et al., 1999). The
analyses show that the large amplification in the area is a result of a double resonance of the
excitation, the material of the valley and the building oscillating modes. The finite width of the
valley results in additional oscillating frequencies which cannot be predicted by a 1D response
analyses. Semblat et al. (2000) performed boundary element simulations for an alluvial valley
in Nice, France. They compared the numerical analyses results with experimental results from
an array installed in the area, considering SH, P and SV wave incidence. Numerical results
are in good agreement with the experimental ones and the maximum amplification is located
at the thickest part of the valley for the lower frequencies and at the thinnest for the higher
frequencies. A case study using microtremor measurements in a deep alluvial valley in
Caracas, Venezuela was also analysed with boundary elements and SH wave incidence by
the same authors (Semblat et al., 2002). The field and numerical results comparison shows
that motion of higher frequency results in larger amplification located further away from the
centre of the valley. The input motion frequency also alters the maximum amplification
magnitude, the location of its occurrence in the valley and the frequency at which it occurs.
The importance of building ground models capable of interpreting the large spatial variability
of the motion in valleys is finally highlighted in the case study of the Argostoli basin in
Cephalonia, Greece. A high resolution experiment was performed in the area (Theodoulidis et
al., 2018) comprising of 162 earthquake recordings with M=1 to 5.2 from September 2011 to
April 2012. The detailed ground model build in that case shows a very good consistency of
the topographic amplification with the recorded motions, using both HVSR and SSR
comparisons.
Numerical studies have finally been performed to investigate the influence of the above
mentioned parameters on the resulting amplification at the surface of alluvial valleys. Detailed
parametric analyses explain the wave creation mechanism in the valley and the expected
areas of amplification at the surface. A semi-elliptical valley with SH, SV and P waves was
analysed by Fishman and Ahmad (1995) using boundary elements. This study showed that
the shape of the valley plays an important role in the ground motion amplitude at the valley
surface. The latter is more impacted in case the valley is deep and specifically if the depth of
the valley is larger than one quarter of the incident motion wavelength. Larger amplification
was also observed at the centre of the valley for lower frequencies and shallow valleys. In
case of deep valleys and higher input motion frequencies, the maximum response is located
at the edges of the valley. The boundary element method was also used by Kamalian et al.
(2007) to examine topographic amplification in semi-sine valleys for SV and P waves. It was
found that topographic amplification could even be ignored for very shallow valleys (shape
ratios i.e. ratio of valley depth to half width <0.1). Amplification increases with the shape ratio
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and specifically two zones are identified, the central valley zone and the edges, where most
of the amplification is observed. Gatmiri et al. (2009) confirmed this conclusion by examining
several shapes of valleys under SV wave incidence using a hybrid finite element and boundary
element method. Finite elements and differences are used for shallow trapezoidal valleys by
Gelagoti et al. (2010, 2012) and Papadimitriou et al. (2011) respectively with similar
conclusions. Gelagoti et al. (2010, 2012) specifically demonstrate that soil effects dominate
the central part of the valley and 1D analyses could result in the observed amplification, while
topographic effects are mostly concentrated at the valley edges. The effects at the edges are
due to surface Rayleigh waves created at the corners and travelling towards the valley centre.
Thus the edge effects are geometry related and controlled by the slope angle and the
reflections of the wave rays (Figure 2.22). For this reason, the characteristics of the input
motion do not affect the response close to the edges in as much extend as they do at the
valley centre.
Other parameters that affect the ground motion amplification variation at the valley
surface are seen to be the material properties of the valley infill, the input motion type and the
slope angle of the valley. Softer material in the valley is causing more ground amplification
while the response for SV input motion is higher than the response for P or SH motion. Also,
for non-vertical wave incidence the amplification variation at the ground surface is non
symmetric and its amplitude was found to be double that of vertical wave incidence (Fishman
and Ahmad, 1995). Larger amplification is seen for shallower slope angles as more reflections
occur at the slope edges (Gelagoti et al., 2010, 2012) (Figure 2.22). The vertical motion
component is, however, higher for steeper slopes. Gelagoti et al. (2010, 2012) also mention
that equivalent linear analyses is able to describe the main features of the expected
amplification but cannot reproduce the amplification related to fully nonlinear soil analyses.
For nonlinear soil response the maximum amplification is located at the edges of the valley.
Generally, inelastic soil response reduces the large variation of topographic amplification
across the valley. The significance of the vertical motion component is also highlighted with
amplification values similar to the horizontal component in some cases.

Figure 2.22: Mechanism of wave interference for (a) mild valleys and (b) steep valleys (Gelagoti et al., 2012).
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2.5

Parameters affecting topographic effects

The main parameters that affect the topographic response of an irregular ground surface are
the incident wave motion characteristics, the geometry of the topographic irregularity and the
behaviour of the soil at the site. Other parameters like material damping and number of input
motion cycles have been examined in the literature, but their effect on topography was
considered as secondary compared to the effect of the aforementioned parameters (Ashford
and Sitar, 1997; Assimaki and Gazetas, 2004; Bouckovalas and Papadimitriou, 2005; Zhang
et al., 2018). The influence of these parameters is summarised below for all the basic
topographic geometry shapes that have already been discussed.

2.5.1 Incident wave characteristics
Any differences in topographic amplification variation on the ground surface due to different
input motions, angles of wave incidence and input motion frequencies are described here.
It is seen in the literature that topographic amplification is generally higher in case of SV
or P wave incidence, compared to the SH wave incidence case. This is because the reflected
waves from SH wave incidence are of SH type only, while both SV and P waves are created
in the case of SV or P wave incidence. The simpler wave field is also the reason why the
problem of SH wave incidence has been more frequently examined in analytical relationships
of topographic amplification in literature. Both the studies of Ohtsuki and Yamahara (1983)
and Ashford and Sitar (1997) confirm the above conclusions. Moreover, Ohtsuki and
Yamahara (1983) show that Rayleigh waves are created at the toe and the crest areas of the
examined single slope configuration and propagate horizontally on the ground surface in case
of SV or P wave incidence. The interference of the created Rayleigh waves with the incoming
waves and the reflected SV and P waves results in a more complicated zone of topographic
amplification around the slope of the examined topographic irregularities (Assimaki and
Gazetas, 2004; Assimaki et al., 2005a, 2005b, 2005c; Bouckovalas and Papadimitriou, 2005).
The differences of the scattered wave field between SV and P wave incidence are already
shown in Figure 2.11 (Boore et al., 1981). Also Bard (1982) mentioned that topographic
amplification due to SV wave incidence is larger than due to P wave incidence. Both SV and
P wave incidence is considered in the current thesis to ensure the examination of a more
complete wave field.
It is generally reported in the literature that topographic amplification at the ground
surface varies a lot with changing the angle of incidence of the input motion. Zones of larger
amplification or shadow zones are created in topographic irregularities depending on the angle
of incidence in relation to the orientation of the topographic irregularity (Figure 2.10). It is also
seen that when the incidence angle of SV waves is equal to the critical angle of incidence, the
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reflected P waves travel parallel to the sloping ground interface in case of a single slope
configuration (Assimaki and Gazetas, 2004). Figures 2.14 and 2.16 (left) already presented
the influence of the angle of incidence on topographic amplification for the SV wave case
(Ashford and Sitar, 1997; Zhang et al., 2018). It is seen that there is a larger dependency of
the horizontal component of ground motion on the angle of incidence than the vertical one. It
is also generally reported that the topographic amplification is higher for non-vertical wave
incidence for hills (Geli et al., 1988), slopes (Ashford and Sitar, 1997; Zhang et al., 2018) and
canyons (Wong, 1982; Cao and Lee, 1989, 1990; Lee and Cao, 1989). However, site specific
analysis show that although the variation of topographic amplification is large for non-vertical
wave incidence, the PGA values at the slope crests are higher for vertical incident waves
(Assimaki and Gazetas, 2004). Also, Papadimitriou and Chaloulos (2010) mention that the
angle of incidence is usually unknown in engineering practice and small angles of incidence
are expected for far field events, especially if the soil stiffness reduces towards the surface
(i.e. in most cases in practice). Following that perspective, the assumed angle of input motion
incidence is zero (vertical wave incidence) in the current thesis.
The input motion frequency plays an important role in both the topographic amplification
variation across the examined topographic irregularity and the amplitude of the response. The
fact that the ground motion is mostly amplified at incident motion frequencies related to the
dimensions of the irregularity is mentioned by almost every research on topography effects.
This was mostly observed for the analysed case studies that were presented previously for
canyons and ridges. For this reason, the topographic amplification is usually plotted with
normalised geometric parameters. For example, topographic amplification is examined with
normalised frequency to the slope height for the single slope case (Ashford and Sitar, 1997;
Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005; Tripe et al., 2013) or with canyon
half width (Trifunac, 1973; Wong and Trifunac, 1974; Wong, 1982; Sánchez-Sesma, 1983;
Cao and Lee, 1989, 1990; Lee and Cao, 1989). The latter is usually referred to as the
dimensionless frequency. The input motion frequency also influences the variation of
topographic amplification across the irregularity and the distance that is needed for the freefield response to be reached (Assimaki and Gazetas, 2004; Bouckovalas and Papadimitriou,
2005; Papadimitriou and Chaloulos, 2010). For this reason, the x-distance from the
topographic irregularity is usually normalised to the input motion wavelength. The effect of the
input motion frequency is also highlighted throughout this thesis. In fact, the normalisation of
the slope height to the input motion wavelength and the x-distance along the canyon
normalisation to the input motion wavelength are applied in the following chapters.
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2.5.2 Topographic geometry
The reviewed studies clearly show that the geometry of the topographic irregularity plays an
important role to the variation of the topographic amplification across the ground surface. The
detailed literature review presented in Section 2.4 can be used to extract fundamental
conclusions of the influence of the topographic feature dimensions on the topographic
response for the basic shapes of existing topographic irregularities in nature. It is generally
seen that higher hills suffer more topographic amplification. The conclusions are similar for
deeper and narrower canyons. The depth and width categorisation relates to the shape ratio
of these features (i.e. the depth to half width of the irregularity), which is usually used to extract
information on the expected topographic amplification. It is finally seen that maximum
oscillation for hills and canyons is observed for incident wavelengths comparable to the width
of these features. Therefore, the dimensions of the irregularity should always be examined in
relation to the input motion wavelength as features of the same dimensions oscillate differently
when subjected to different input motion frequencies.
Slope angle also plays an important role in the topographic amplification distribution
along the ground surface. The effect of the slope angle was first examined by Ohtsuki and
Yamahara (1983) and Boore et al. (1981). It is seen that there is a different scattered wave
mechanism based on the type of the wave incidence and the slope angle which affects the
amplification of ground motion at the crest and the toe areas of the slope (see also Figure
2.11). A detailed parametric study of the slope angle effect on topographic amplification on
single step-like slopes above half-space is provided by Ashford et al. (1997). Horizontal
amplification at the crest is seen to increase with slope angle but this trend is reversed at
higher frequencies (Assimaki and Gazetas, 2004). Vertical amplification generally increases
with slope angle (Figure 2.13 right). These results were later confirmed by Bouckovalas and
Papadimitriou (2005) and Zhang et al. (2018). Finally, the effect of the slope angle is also seen
in the response variation between rectangular, trapezoidal and elliptical canyon configurations
with same shape ratios (Zhao and Valliappan, 1993; Fishman and Ahmad, 1995; Gatmiri et
al., 2009). The slope angle as well as the slope height and canyon width are considered as
some of the major parameters affecting the topographic amplification at the ground surface of
canyon features and therefore they are considered in detail in Chapter 4 of this thesis.
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2.5.3 Subsurface soil layering
This section refers to the topographic amplification factors related to topographic irregularities
on a soil layer characterised by multiple layering presence or varying shear wave velocity
distribution with depth. In other words, the examined soil layer is no longer a homogeneous
layer with constant shear wave velocity distribution with depth. The topographic amplification
at the surface is expected to be different from the homogeneous soil layer case, as the wave
reflections at the irregular topography would be enhanced by further wave reflections at the
interface of the multiple soil layers before the waves reach the ground surface. For the variable
shear wave velocity with depth case, the distribution of velocity with depth alters the
fundamental frequency modes of vibration of the soil layer. As a result, the topographic
amplification extrema occurring at certain frequencies are altered; it is seen that the
fundamental mode vibrations of the crest of the topographic feature greatly affects the location
of the topographic amplification extrema with frequency (Ashford and Sitar, 1997; Ashford et
al., 1997).
A first approach of computing the topographic amplification ratio in a layered medium
over half-space is the analytical relationship of Aki and Larner (1970) who considered several
parallel, homogeneous and isotropic soil layers and a ground surface with an irregular
topography. Ohtsuki and Yamahara (1983) also included a softer layer at the toe of a single
slope model over half-space and showed that part of the incoming energy is trapped in the
softer layer formation (Figure 2.12). The presence of a softer layer close to the ground surface
in the canyon triangular geometry of Zhao and Valliappan (1993) also shows an amplification
of the free-field ground motion. In fact, the softer the surface layer, the higher the amplification
at the ground surface. The enhancement of ground amplification due to the presence of softer
layer formations close to the ground surface is also highlighted in several case studies like the
Kifisos river canyon after the 7th September 1999 Athens earthquake (Gazetas et al., 2002),
the Volvi European seismic test in Greece (Semblat et al., 2005) and the Tarzana hill in Santa
Monica mountains, California where the presence of a softer layer close to the ground surface
resulted in more focusing of the rays of the scattered waves in the soft material and a
consequent increase of topographic amplification at the top of the hill (Bouchon and Barker,
1996).
The Kifisos river canyon excited by the Athens 1999 event has been used as a case
study on a number of occasions and an extensive parametric investigation on the soil layer
configuration parameters on topographic response is performed in literature (Assimaki and
Gazetas, 2004; Assimaki et al., 2005a, 2005b, 2005c). Numerical analyses were performed
for an idealised geometry of the left canyon bank (i.e. one of the canyon slopes), considering
a homogeneous soil layer and a two layered soil profile overlying elastic bedrock (Assimaki
and Gazetas, 2004; Assimaki et al. 2005b). A comparison of the corresponding topographic
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amplification factor distribution with distance from the slope crest (x=300m) is shown in Figure
2.23 for both soil profiles and several values of the dimensionless frequency 𝛼𝜊 =

2∙𝑓𝑜
𝑉𝑆

∙ (𝐻 −

ℎ), where fo is the input motion frequency. It is seen that soil layering affects the distribution
of topographic amplification across the slope. Further analyses considering shear wave
velocity variation with depth based on cross-hole measurements in the area show that the
topographic amplification factor distribution is quite different depending on the considered
shear wave velocity profile and the frequency of the input motion. This is because of the
different reflections of the incident waves in the soil layer. Furthermore, Assimaki et al. (2005c)
showed that the topographic amplification recorded on site cannot be predicted using only the
variation of the ground surface geometry. Stiff surface soil layers can cause substantial
topographic amplification, while soft layers change both the horizontal and the parasitic vertical
ground motion.

Figure 2.23: The numerical model considered for the parametric analyses (above) and the analyses results for the
horizontal topographic amplification variation with distance from the slope crest (x=300m) for different
dimensionless frequencies αο and soil impedance ratios (below).
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The dependence of site amplification on both the geometry of the examined feature and
the subsurface soil conditions is also shown in Assimaki and Jeong (2013) who investigated
the combined topography and soil layer amplification effects for the case study of a ridge at
Hotel Montana after the 2010 Haiti earthquake. The numerical model predictions disagree with
the topographic amplification recorded on site in terms of amplitude value and frequency of
the observed amplification maxima when considering a ridge on a homogeneous half-space.
However, performing parametric analyses for an idealised 3 layer model over homogeneous
elastic half-space shows that the recorded amplification on site is both related to the hill
geometry and the subsurface soil layering. The amplification results of the 3 layer model show
that the impedance contrast of the layers significantly affects the distribution of amplification
at the ground surface. The maximum horizontal and vertical amplification components
increase monotonically with increasing impedance contrast. The number of extrema at the
slope crest increase as well. Topographic amplification similar to that recorded on site was
finally obtained by further including the soil-bedrock interface in the numerical model, which is
present on site at 100m depth. Similarly, a numerical parametric study on a ridge configuration
with a soft layer presence above half-space as shown in Figure 2.24 is performed by Asimaki
and Mohammadi (2017). It is firstly seen that the variation of the horizontal topographic
amplification with normalised width of the ridge is characterised by similar extrema for the soil
layer with horizontal interface to the half-space (Figure 2.24c). However, there is much more
variation for the soil layer with non-parallel interface to half-space (Figure 2.24d). It is obvious
then that there is extra wave scattering caused by the presence of the two corners in the
Figure 2.24b model, which causes a different variation of topographic amplification at the
ground surface. This is also seen at the bottom of Figure 2.24 (e and f) for both models, where
the horizontal topographic amplification factor is plotted across the ridge. It is obvious that the
distribution of amplification for both soil layer formations is quite different from the
homogeneous soil model.
Finally, Imperatori and Mai (2015) performed 3D finite difference method simulations
using three characteristic topography models of the Swiss alpine region to investigate the
differences of the wave scattering mechanisms in topographic features and areas of
heterogeneous soil velocities. They also mention that the ground motion is strongly affected
in case of a simultaneous presence of a topographic geometry and a soft layer formation close
to the ground surface. They attribute this effect to the large amplitude of the created surface
waves which are scattered both by topography and the heterogeneous velocity.
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Figure 2.24: (a) and (b): The two layered numerical models considered in Asimaki and Mohammadi (2017). (c) and
(d) the horizontal topographic amplification variation with normalised width of the ridge for both models and (e) and
(f) the horizontal topographic amplification variation with distance across the ridge for both models.

2.5.4 Soil parameters
The examined topographic irregularities in literature are usually lying on a homogeneous,
isotropic and linear soil formation. However, several studies focused on the investigation of a
non-homogeneous or nonlinear soil behaviour. This section aims to illustrate any differences
of the topographic amplification factors resulting from these studies to the well-studied factors
of a linear and homogeneous soil profile.
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A single slope lying on a non-homogeneous soil profile over elastic bedrock was
considered by Assimaki et al. (2005b). The soil was analysed as a random medium with
varying shear wave velocity in both the horizontal and the vertical direction. The shear wave
velocity stochastic Gaussian fields were created based on the probability distribution of several
soil properties that was derived considering field measurements. Their analyses show that the
local soil conditions generally affect the amplitude of topographic amplification, its spatial
distribution and frequency content. Velocity heterogeneity was also examined by Imperatori
and Mai (2015) who showed that PGV variability caused by irregular topography is lower than
the variability caused by heterogeneous velocity. PGV values considering a 3D numerical
representation of the topographic feature and heterogeneous velocity are comparable to the
measurements on site (a specific site in the Swiss alpine region). This latter observation
confirms the importance of including velocity heterogeneity in addition to irregular ground
geometry simulations during the design.
Soil nonlinearity is also taken into account in some studies, either considering an
equivalent linear soil behaviour or a fully nonlinear one. Assimaki et al. (2005c) examined
nonlinear soil behaviour including the spatial variability of the shear wave velocity discussed
above and showed that including these soil parameters in the numerical modelling resulted in
amplification values comparable to these recorded on site (at the Kifissos river canyon area).
Similar conclusions rise from nonlinear analyses for single soil slopes in half-space using the
hyperbolic stress-strain model as implemented in DYNAFLOW software (Assimaki et al.,
2005a) based on numerical simulations of the Kifissos river canyon case study and three
representative shear wave velocity profiles of the area. The above conclusion is also
highlighted in the study of Jeong and Assimaki (2015) where the effect of soil nonlinearity on
the variation of topographic response is examined amongst other parameters for a single slope
with slope angle of 30o above half-space. Figure 2.25 shows the variation of topographic
amplification at the slope crest (maximum acceleration at the crest to maximum acceleration
at free-field) with frequency for different levels of input peak ground velocity (pgv). The results
show significantly increased factors for input motion velocities above 0.04m/s. The effect on
the vertical response is larger than that on the horizontal.
Finally, an extensive numerical study is performed by Rizzitano et al. (2014) on the
nonlinear soil effects on topographic amplification for a single soil slope. The comparison of
the equivalent linear analyses (EL) results to the linear visco-elastic ones (LVEB) is shown in
Figure 2.26, considering a slope angle of 45o and a rigid bedrock presence in the numerical
model. It is seen that the soil response resulting across the slope (x=0m is the slope crest
point) from the equivalent linear analyses is characterised by a higher amplification amplitude
to the linear elastic response for some input motion periods that is why the authors claim that
topographic factors may be underestimated by neglecting the nonlinear soil response.
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Figure 2.25: Effect of input motion intensity highlighted in plots of the horizontal and parasitic vertical topographic
amplification with frequency at the crest point of a single slope above half-space (Jeong and Assimaki, 2015).

Figure 2.26: Comparison of the linear visco elastic (LVEB) analyses with the equivalent linear ones (EL) considering
a soil slope of slope angle 45o lying above rigid bedrock for different input motion frequencies (Rizzitano et al.,
2014).

2.5.5 Rigid bedrock presence
Most of the considered literature studies for topographic effects used the basic assumption for
the soil conditions under the topographic irregularity which is mainly a linear, isotropic and
homogeneous half-space. It is, however, seen from the two previous sections that the
inclusion of the variation of shear wave velocity with depth or the presence of multi layers
conditions in topographic amplification problems for case studies usually leads to numerical
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modelling prediction values of topographic amplification factors comparable to those recorded
during site experiments. This is because the homogeneous half-space is an idealised model
of the soil configurations found in nature, so most of the time the soil below the examined
topographic irregularity would not be a half-space. The presence of either a compliant or a
rigid bedrock below the soil formation is also a common case in nature. If a single soil layer
formation above bedrock is examined as shown in Figure 2.27, the incident SV waves travel
to the ground surface and are reflected back down to reach the soil-bedrock interface (SVi).
The relation of the motion that is reflected back in the soil domain (SVref) to the waves
impinging the bedrock (SVi) is defined by the bedrock rigidity or the impedance ratio az (i.e.
the relative stiffness) between the bedrock and the soil formation above the bedrock:

a𝑧 =

𝜌𝑅 ∙ 𝑉𝑠𝑅
𝜌𝑆 ∙ 𝑉𝑠𝑆

[2.4]

where ρR and ρS are the mass densities of bedrock and soil layer and VsR and VsS the shear
wave velocities of the same materials respectively. The relation of the transmitted motion in
the bedrock (SVtr) to the impinging motion in the bedrock (SVi) is also related to the impedance
ratio.

Figure 2.27: Sketch of a single soil layer above bedrock with SV wave incidence.

If the displacement amplitudes of the incident, reflected and transmitted waves in the
domain are symbolised as Ai, Ar and At, their relationships (wave displacement amplitude
coefficients) in relation to the impedance ratio are calculated as:
𝐴𝑟 1 − 𝘢𝑧
=
𝐴𝑖 1 + 𝘢𝑧

[2.5]

𝐴𝑡
2
=
𝐴𝑖 1 + 𝘢𝑧
and plotted in Figure 2.28 for several values of the impedance ratio. It is seen that for
impedance ratios greater than five, the transmitted energy within the bedrock is nearly zero
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and most of the energy is reflected back into the soil domain approaching the perfectly rigid
bedrock assumption.

Figure 2.28: Reflected and transmitted waves in the numerical domain in relation to the considered impedance
ratio.

The rigid bedrock assumption (az practically higher than 5) was firstly considered by
Tripe et al. (2013) in finite element modelling of topographic effects on single slopes lying on
a layer over rigid bedrock. The authors analysed three layers with thicknesses of 125m, 250m
and 500m above rigid bedrock (depth to bedrock values). It is found that the soil layer effects
interact with the topographic ones and the interaction decreases with increasing depth to
bedrock. This was possibly attributed to fewer topographic amplification effects with depth or
the soil layer frequencies being out of the range of the topographic effects frequencies so the
maximum interaction was not captured for the analysed frequency range for the greatest
values of depth to bedrock. The study concludes that the depth to bedrock is another important
parameter that needs to be included in the analyses for topographic effects as larger
topographic amplification amplitudes are expected for shallower bedrock presence and
consequently different amplification pattern at the ground surface in terms of extrema location
with frequency. The results of this study are similar to the current thesis thus more information
on these analyses is presented in Chapter 4.
Gallipoli et al. (2013) also mention that the presence of a strong impedance contrast
between a soil layer and bedrock is not currently accounted for in the Italian code provisions
which fail to take into account the high stratigraphic amplification due to the strong impedance
contrast in this case. This conclusion resulted from comparison of the code provisions with
data of spectral ratios from two recording sites in Italy after the L’ Aquila 2009 earthquake.
The bedrock presence in the numerical model of Jeong and Assimaki (2015) for single slope
geometries refers to compliant bedrock. This means that the impedance ratio az is below 5
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and in fact values of 1.2, 2 and 3 were considered (shown as αΒ in Figure 2.29). The
topographic amplification at the crest point of the slope is seen to be affected by the rigidity of
the bedrock according to this analyses and the influence is greater on the parasitic vertical
component of the ground motion. Topographic amplification generally increases for higher
impedance contrasts, thus lower amplification is observed for the single slope above halfspace case (original in Figure 2.29).

Figure 2.29: Comparison of the horizontal and parasitic vertical topographic amplification at the crest point of a
single slope above half-space (original) and in case of a bedrock presence in the numerical model with different
soil to bedrock impedance ratios (Jeong and Assimaki, 2015).

A similar study of single soil slopes lying on a layer over half-space or compliant bedrock
was performed by Rizzitano et al. (2014). The soil to bedrock impedance ratio is noted as
IR=1/az in their study. Figure 2.30 presents the effect of several impedance ratios on the ground
surface response across the slope (x=0m is the slope crest) for both the horizontal and the
parasitic vertical ground response. It is seen that the effect alters with the examined input
motion frequency, but the response has usually higher amplitudes for the rigid bedrock case
(IR=1/az=0).
It is apparent from all these studies that the observed amplification at the surface of a
topographic irregularity is not only affected by the shape of the irregularity and the input motion
characteristics, but it is also related to the thickness of the soil sediments, the impedance
contrast between them and the possible presence of a stiff bedrock formation. The geometry
of the irregularity, the input motion characteristics and the rigid bedrock presence are
discussed in Chapters 4 and 5 of this study, while the presence of variable shear wave velocity
with depth in presence of a rigid bedrock is further examined in Chapter 6.
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Figure 2.30: Influence of the input motion frequency and the impedance ratio of the soil formation and the bedrock
material on the resulting response at the ground surface using linear visco elastic analyses (Rizzitano et al., 2014).

2.6

Design guidelines for topographic effects

Topographic effects are rarely accounted for in seismic design codes. The French seismic
code (AFPS, 1995) and Eurocode 8 (EC-8, 2005) provide recommendations for topographic
effects incorporation to design. Design codes generally account for the expected topographic
factor in the horizontal direction (Ah).
The French seismic code (AFPS, 1995) accounts for topography effects for slopes and
ridges. The geometrical feature characteristics are presented in Figure 2.31, where I and i
refer to the upper and lower inclination angles (in rad) of the slope respectively. The
dimensions of the feature are determined as (a, b, c). The minimum slope inclination below
which topographic effects are neglected is i=22o. 2D maximum acceleration is calculated by
multiplying the maximum ground acceleration resulting from a 1D analysis with the horizontal
topographic amplification factor:
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[2.6]

𝑎𝑚𝑎𝑥 (2𝐷) = 𝑆𝑇 ∙ 𝑎𝑚𝑎𝑥 (1𝐷)

The French code prescribes an increase of peak ground acceleration of 40% as shown for ST
in Figure 2.31. The topographic amplification has a value of 1.4 at the crest of the slope and
a value of 1 in areas away from the slope crest. The variation between these two values in
distances a and c across the slope is linear.

I

A

Η

i
τ

D
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C

ST

1.0

1.0
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b
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y

Figure 2.31: French seismic code geometrical feature characteristics (AFPS, 1995) as described in Bouckovalas
and Papadimitriou (2005) and shown in Assimaki et al. (2005c).

EC-8 accounts for topographic effects, mainly for slopes. The code provisions for irregular
topographies are included in the informative Annex A of EC-8 Part 5 as listed below:
a. The topographic factors are considered as constant values, independent of the period
of vibration of the topographic irregularity. The elastic design response spectrum is
then multiplied with a constant value of topographic amplification (ST).
b. Topography should be accounted for slopes being part of a two dimensional
topographic irregularity (i.e. a ridge or cliff) with height larger than 30m.
c. For strongly irregular topographies a site-specific study is needed.
d. Topographic factors depend on the slope angle of the irregular feature:
1. For i<15o topographic effects can be neglected.
2. For i>15o:
Isolated cliffs and slope topographies: ST≥1.2 near the slope edge, gradually
reducing to 1.0 with slope height
Ridges with crest to base width ratio significantly small:
o

For i≥30o: ST≥1.4 near the slope edge, gradually reducing to 1.0 with slope
height
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o

For i<30o: ST≥1.2 near the slope edge, gradually reducing to 1.0 with slope
height

In presence of a loose surface layer the above mentioned values should be increased
by 20%.
e. If a pseudo-static analysis is performed (i.e. for deep seated landslides) topographic
effects may be neglected.

2.7

Numerical studies on topographic effects with design proposals

There are several numerical studies on topographic effects, dealing with slopes, ridges and
canyons, however, only some of them present methodologies for considering these effects in
the design (Assimaki et al., 2005c; Bouckovalas and Papadimitriou, 2006; Papadimitriou and
Kontogianni, 2013). The latter studies focus on design proposals for topographic amplification
factors in spectral terms at the crest area of single slopes overlying half-space. Design values
refer to topographic amplification factors resulting both from the horizontal spectral
acceleration and the parasitic vertical one (SAh and SAv respectively).
Assimaki et al. (2005c) performed a numerical case study to examine the topographic
amplification at Kifissos river canyon after the Ms 5.9 Athens earthquake in Athens, Greece. A
single slope at the one side of the canyon with i=30o and H=40m is analysed, focusing on the
canyon crest area. Both Ricker (1953) wavelets and six earquake records were examined as
input horizontal excitation, while nonlinear soil response is also considered. The proposed
topographic factor (Ftopo) is to be applied in addition to the acceleration response spectrum of
Eurocode 8 to account for motion alteration of cliff-type topographies. Design considers both
the horizontal and the parasitic vertical response at the canyon surface for three typical soil
profiles of the examined area (A, B and C) classified as very stiff, just stiff and moderately stiff,
(Vs,30=500, 400 and 340m/s) according to EC-8. The proposed factors for the horizontal and
parasitic vertical topographic amplification respectively are presented in Figures 2.32 and
2.33.
The researchers define the topographic amplification factor (TAF) as the ratio of the 2D
to 1D spectral acceleration resulting from 2D nonlinear simulations for the considered soil
profiles A, B and C. The proposed values of TAF are spectral period dependent as shown in
Figure 2.32 (a and b) for the two subsoil classes. The TAF is combined with the topographic
amplification factor (ψ) in the proposed design. The topographic amplification factor ψ is
defined as the ratio of the 2D to 1D peak horizontal acceleration and it depends on the
examined location across the slope (Figure 2.32 panel c). L is the lateral dimension of the
topographic feature (70m in their study) and is used for normalisation purposes, while the
slope crest lies at normalised distance x=0. The proposed relationship shows a maximum
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topographic dependency at distance L/2 behind the crest. The two factors (TAF and ψ) are
combined to determine the overall topographic amplification factor (Ftopo), which is used to
multiply the elastic response spectrum of EC-8. A representation of the code design spectrum
accounting for local soil effects (Sa) and the resulting spectrum accounting for both soil and
topographic effects (Satopo) is shown in Figure 2.32 (panel d). The relationship of the factors is
also presented at the bottom of Figure 2.32.

Figure 2.32: Proposed design for the horizontal topographic factor (Assimaki et al., 2005c)

A proposed design methodology for the parasitic vertical topographic factor (pvTAF)
(Figure 2.33) is also provided for all the soil profiles considered. The parasitic topographic
factor varies only with distance from the irregularity and reaches a maximum value at the slope
crest (x=0). This will multiply the ground motion acceleration Sa (T=0sec).

Figure 2.33: Proposed design for the parasitic vertical topographic factor (Assimaki et al., 2005c)
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Bouckovalas and Papadimitriou (2006) provide relations for the estimation of
topographic amplification at the crest area of a single slope within a uniform elastic half-space.
Sinusoidal input motions with a Saragoni and Hart (1974) temporal filter, as well as few
earthquake records were imposed horizontally in the numerical domain to derive these
relations. The proposed design expressions are based on the main outcomes of the
Bouckovalas and Papadimitriou (2005) numerical study and refer to horizontal and parasitic
vertical topographic aggravation factors (Ftopoh and Ftopov) which are defined to scale the
respective design response spectra of Eurocode 8. The topographic aggravation factors are
defined as a function of the maximum topographic amplification across the slope based on the
numerical analyses (𝐴𝐵&𝑃2006
and 𝐴𝐵&𝑃2006
𝑣,𝑚𝑎𝑥 ), the distance from the slope (x) and the slope
ℎ,𝑚𝑎𝑥
dimensions (B=H/tani) where H is the slope height and i the slope angle.

1.1 +
ℎ
𝐹𝑡𝑜𝑝𝑜
=
𝐵&𝑃2006
{𝐴ℎ,𝑚𝑎𝑥 −

𝐴𝐵&𝑃2006
− 1.1
ℎ,𝑚𝑎𝑥
(𝑥 + 𝐵), 𝑥 ≤ 0
𝐵
𝐴𝐵&𝑃2006
ℎ,𝑚𝑎𝑥 , 0 ≤ 𝑥 ≤ 0.2𝐷

𝐴𝐵&𝑃2006
ℎ,𝑚𝑎𝑥

− 1.1
(𝑥 − 0.2𝐷),
0.8𝐷

≥ 1.0

0.2𝐷 ≤ 𝑥 }
[2.7]

𝑣
𝐹𝑡𝑜𝑝𝑜

𝐴𝐵&𝑃2006
− 0.1
𝑣,𝑚𝑎𝑥
(𝑥 + 𝐵 + 0.2𝐷), 𝑥 ≤ −𝐵
0.1 +
0.2𝐷
𝐴𝐵&𝑃2006
, − 𝐵 ≤ 𝑥 ≤ 0.2𝐷
=
≥ 0.0
𝑣,𝑚𝑎𝑥
𝐵&𝑃2006
𝐴𝑣,𝑚𝑎𝑥 − 0.1
𝐵&𝑃2006
(𝑥 − 0.2𝐷),
0.2𝐷 ≤ 𝑥 }
{𝐴𝑣,𝑚𝑎𝑥 −
0.5𝐷

𝐵&𝑃2006
𝐴𝐵&𝑃2006
and D depend on the geometrical properties of the slope and the input
ℎ,𝑚𝑎𝑥 , 𝐴𝑣,𝑚𝑎𝑥

motion wavelength (λ). The affected distance to the free-field is different in the horizontal and
the vertical direction (Dh and Dv).
𝐻 0.4 (𝑖/90𝑜 )2 + 2 ∙ (𝑖/90𝑜 )6
𝐴𝐵&𝑃2006
=
1
+
0.2
∙
(
) ∙
ℎ,𝑚𝑎𝑥
𝜆
(𝑖/90𝑜 )3 + 0.02
𝐻 0.8
𝐴𝐵&𝑃2006
=
0.7
∙
(
) ∙ (𝑖/90𝑜 )0.5 + 1.5 ∙ (𝑖/90𝑜 )5
𝑣,𝑚𝑎𝑥
𝜆
𝐻
𝐷
(𝑖/90𝑜 )1.5 + 3.3 ∙ (𝑖/90𝑜 )8
𝜆
=2∙
∙
𝐻
(𝑖/90𝑜 )4 + 0.07
𝐻 2
( ) + 0.2
𝜆
𝐷 = 𝐷ℎ 𝑎𝑛𝑑 𝐷𝑣 = 0.7 ∙ 𝐷ℎ
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According to Bouckovalas and Papadimitriou (2006), topography may be neglected for
slopes with angle i<17o and height H<max[13m,0.16λp], where λp is the predominant
wavelength. For any other case, the above mentioned frequency dependent topographic
aggravation factors should be used for designing important structures in the vicinity of slopes.
Papadimitriou and Kontogianni (2013) continued the research of Bouckovalas and
Papadimitriou (2005, 2006). They agree to the dependency of topographic factors to distance
from the irregularity and provide additional dependencies to spectral period. The proposed
expressions are based on elastic analyses of a single slope above half-space with three
earthquake records imposed in the horizontal direction. The performed numerical analyses
consist of plotting the horizontal and parasitic vertical topographic amplification factors using
the spectral definition (SAh and SAv respectively) for all the considered input motions. Their
design for topographic amplification in spectral terms forms an envelope of the spectral
topographic amplification in both directions resulting from all the inputs. These spectral
topographic amplification terms are then defined in relation to the maximum topographic
amplification values across the slope in both directions (Ah,max and Av,max) by Bouckovalas and
Papadimitriou (2005) estimated by Equation [2.11].

𝐴ℎ,𝑚𝑎𝑥 , 𝑇 ≤ 𝑇𝑒
𝐴ℎ,𝑚𝑎𝑥 − 1.0
𝑆𝐴ℎ = 𝐴ℎ,𝑚𝑎𝑥 −
∙ (𝑇 − 𝑇𝑒 ), 𝑇𝑒 ≤ 𝑇 ≤ 𝑇𝑜
𝑇𝑜 − 𝑇𝑒
1.0,
𝑇𝑜 ≤ 𝑇
{
[2.9]
𝐴𝑣,𝑚𝑎𝑥 ,
𝑆𝐴𝑣 =

𝑇 ≤ 𝑇𝑒

𝐴𝑣,𝑚𝑎𝑥
∙ (𝑇𝑜 − 𝑇), 𝑇𝑒 ≤ 𝑇 ≤ 𝑇𝑜
𝑇𝑜 − 𝑇𝑒
0.0,
𝑇𝑜 ≤ 𝑇
{

where T is the spectral period of interest, Te the input wavelet period and To the period of the
system (i.e. the slope). Papadimitriou and Kontogianni (2013) assumed that this period varies
as follows:

𝑇𝑜 = {

2 ∙ 𝑇𝑒 for 𝑇𝑒 > 0.5𝑠𝑒𝑐
1 sec for 𝑇𝑒 ≤ 0.5𝑠𝑒𝑐
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𝐴ℎ,𝑚𝑎𝑥

𝐻 0.4 (𝑖/90𝑜 )2 + 2 ∙ (𝑖/90𝑜 )6
0.225 ∙ ( ) ∙
𝜆
(𝑖/90𝑜 )3 + 0.02
=1+
1 + 0.9 ∙ 𝜉

𝐴𝑣,𝑚𝑎𝑥

𝐻 0.8
0.75 ∙ ( ) ∙ (𝑖/90𝑜 )0.5 + 1.5 ∙ (𝑖/90𝑜 )5
𝜆
=
1 + 0.15 ∙ 𝜉 0.5
[2.11]

𝐻
𝜆

𝐷ℎ
(𝑖/90𝑜 )1.5 + 3.3 ∙ (𝑖/90𝑜 )8
𝑁 0.43
=
∙
∙
𝐻
(𝑖/90𝑜 )4 + 0.07
(0.71 + 3.33 ∙ 𝜉)
𝐻 2
( ) + 0.2
𝜆
𝐻
𝐷𝑣
(𝑖/90𝑜 )1.5 + 3.3 ∙ (𝑖/90𝑜 )8 0.233
𝜆
=
∙
∙ 0.78
𝐻
(𝑖/90𝑜 )4 + 0.07
𝜉
𝐻 2
( ) + 0.2
𝜆
where N is the number of cycles of the input motion which is considered equal to 2-4.5 in
Bouckovalas and Papadimitriou (2005) and ξ is the target damping ratio of Rayleigh damping
considered as 10% in Papadimitriou and Kontogianni (2013). The resulting proposed design
is presented in comparison to this of Assimaki et al. (2005c) for two slope geometries (H/λ=0.2
and 0.45) in Figure 2.34.

Figure 2.34: Proposed design for the horizontal and vertical topographic factors (Papadimitriou and Kontogianni,
2013) in comparison to Assimaki et al. (2005c).
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They finally compare the distribution of topographic aggravation factors with distance
from the crest of the slope derived by Assimaki et al. (2005c) and Bouckovalas and
Papadimitriou (2006) to their numerical results. They both consider the resulting response for
spectral period T=0sec across the single slope surface and the envelope of the response
resulting from all the spectral periods (T=0sec to 2sec), noted as SAT=0 and SAmax respectively.
This comparison is shown in Figure 2.35.

Figure 2.35: Proposed design for the horizontal and vertical topographic aggravation factors (Assimaki et al., 2005c;
Bouckovalas and Papadimitriou, 2006) compared to the numerical results of Papadimitriou and Kontogianni (2013).

60

Chapter 2: Literature Review
According to Papadimitriou and Kontogianni (2013), horizontal amplification factors
based on Assimaki et al. (2005c) are qualitatively right, but rather conservative at small
spectral periods (T<TA=0.15sec) for soil class B compared to their outcomes. Topographic
factors for T=0sec across the slope are slightly underestimated by Bouckovalas and
Papadimitriou (2006) or overestimated by Assimaki et al. (2005c). Bouckovalas and
Papadimitriou (2006) predict quantitatively the affected distance by topography behind the
crest, while Assimaki et al., 2005c underestimate this distance.
However, the observed discrepancies between the spectral topographic amplification
variation with distance of Figure 2.35 by Papadimitriou and Kontogianni (2013) are probably
related to the following:
-

It appears that Papadimitriou and Kontogianni (2013) did not consider the distance
behind the crest in the negative x-axis as Assimaki et al. (2005c) did. This results in
plotting the distances with an opposite sign to what should be considered.

-

The height of the slope is not the same since Assimaki et al. (2005c) considers H=40m
and Papadimitriou and Kontogianni (2013) H=50m. Although, topographic factors of
Assimaki et al. (2005c) do not depend on this parameter, those of Bouckovalas and
Papadimitriou (2005, 2006) consider the affected distance behind the crest (Dh) which
is H dependent. Since Assimaki et al. (2005c) based the design on numerical analyses
for H=40m, Papadimitriou and Kontogianni (2013) should have considered the same
parameter for the comparative plots of the designs. The distance Dh behind the crest
presented in Figure 2.35 is larger than what would result from H=40m. However, they
probably used the value of H=50m since they only performed analyses for this case.

-

Papadimitriou and Kontogianni (2013) also do not comment on the value of the
considered cycles of the input motion (N). This parameter is important since it controls
the value of Dh and consequently Ah,max according to Equation [2.11] by Bouckovalas
and Papadimitriou (2005). Similarly, they do not refer on the Rayleigh damping value
(ξ). Presumably those values are N=2-4.5 cycles and ξ=10% as those were used by
Bouckovalas and Papadimitriou (2005).

-

Papadimitriou and Kontogianni (2013) plot topographic amplification as equal to 1.0 in
the areas far away from the slope. However, Bouckovalas and Papadimitriou (2005)
propose a range of 1.0-1.1 at these areas. Comparison to design of Assimaki et al.
(2005c) should consider this range instead.

-

The parasitic vertical topographic amplification equation in spectral terms of
Papadimitriou and Kontogianni (2013) does not correspond to the curve shown in the
accompanying graph. Equation [2.9] that is presented above has been changed to
correspond to the graph shown in Papadimitriou and Kontogianni (2013), assuming
that the graph is correct.
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An updated version of the comparison of the design proposals by Assimaki et al.
(2005c), Bouckovalas and Papadimitriou (2006) and Papadimitriou and Kontogianni (2013) is
presented in Figures 2.36 and 2.37. The following slope geometry is considered to derive
comparable design curves: Vs=500m/s, H=50m, i=30o and H/λ=0.2 and 0.45 resulting in
Tp=0.5sec and 0.22sec respectively. The slope height of H=40m was also used for
comparative purposes. N=4.5 and ξ=10% was also considered.

Figure 2.36: Comparison of design proposals in the literature (Assimaki et al., 2005c; Bouckovalas and
Papadimitriou, 2006).
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Figure 2.37: Comparison of design proposals in the literature (Assimaki et al., 2005c; Bouckovalas and
Papadimitriou, 2006)

The black lines result from Equation [2.7] considering Ftopoh and Ftopov as 1.10 and 0.1
respectively in the areas away from the slope. However, this design sets a limit of the
horizontal amplification factor between 1.0 and 1.1. Similarly, the limits for the parasitic vertical
topographic amplification are 0.0 to 0.1. Papadimitriou and Kontogianni (2013) considered the
lower limits of 1.0 and 0.0, thus the extend of the topographic amplification factors in x-distance
is larger (presented with grey lines in the figure). The original design by Bouckovalas and
Papadimitriou (2005) however assumes that the horizontal and parasitic vertical factors would
range between 1-1.1 and 0-0.1 respectively away from the slope (indicated by the grey shaded
area in Figure 2.37). The full and dashed lines representing different slope heights are similar
so this small difference in the slope height does not alter the prediction of the topographic
factors. Since the design factor is dependent on the slope height though, it is expected that

63

Chapter 2: Literature Review
the limits of topographic amplification extend in x-distance would be affected by the slope
height.

2.8

Conclusions

This chapter summarises several studies on topographic effects. The definition of topographic
amplification is firstly provided, which is the ratio of the motion around the topographic
irregularity to the free-field motion. This definition varies considering the horizontal and the
vertical components of the ground motion or the peak ground acceleration, spectral
acceleration or Fourier spectral acceleration values.
The main field experimental studies and case studies on topographic effects are then
discussed to illustrate these effects’ manifestation and basic features. It is seen that these
effects relate both to the geometry of the irregular topography and the incident motion
characteristics, especially the input motion wavelengths, in comparison to the dimensions of
the examined irregularity. It is important to note that the direction of the input motion relative
to the orientation of the irregularity plays an important role in the maximum topographic
amplification manifestation in the field.
The main topographic irregular geometries that could be found in nature are then
analysed, focusing on wedges, hills and ridges, single slopes, canyons and valleys. The basic
analytical and numerical solutions for the above mentioned features are presented, as well as
the main conclusions on the parameters that mostly affect the ground surface response on
these features. It is seen that both analytical and numerical relationships mostly fail to
reproduce the field amplifications measured on site, basically because they considered
idealised and isolated topographic features. Thus the natural site complexity is not included in
the modelling.
A list of the main parameters that are seen to affect topographic amplification variation
across the examined irregular ground surface are then presented. Most studies conclude that
the frequency of the input motion is an important parameter that controls the topographic
amplification recorded on site, especially if the dimensions of the topographic irregularity are
comparable to the input motion wavelength. There are also several studies showing that the
topographic amplification amplitudes recorded on site depend on the subsurface soil layer
properties. For example, several studies considering subsurface soil layering of a varying
shear wave velocity distribution with depth on top of the irregular topography managed to
estimate topographic factors values similar to those of field experiments. Numerical studies
considering a compliant or rigid bedrock presence also managed to approach the value of
amplification seen in various case studies.
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Finally, a summary of the design code provisions for topographic effects is listed.
Eurocode as well as the French code are some of the design codes that provide a better
description on how to account for topographic effects in the design. Some numerical studies
which contain design proposals for altering the design spectrum of Eurocode to account for
topography are also presented and a comparison is made on their application.
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3
NUMERICAL MODEL VALIDATION ANALYSES
This chapter is a summary of the basic dynamic features of the Imperial College Finite Element
Program (ICFEP) (Potts and Zdravkovic, 1999) and their use for the numerical analyses of
canyon geometry in this thesis. The direct integration method and the spatial discretisation of
the numerical domain are firstly described. A sensitivity analysis is performed to ensure that
the element size used for all the analyses presented in this thesis is appropriate so that it can
accommodate the wave travelling in the analysed medium. The Rayleigh damping formulation
is then discussed, as well as its calibration for the input wavelets used in this study.
The employed boundary conditions on the numerical model are firstly examined
considering the single slope problem that was analysed by Tripe et al. (2013) using ICFEP.
The difference between the boundary conditions for numerical models of a single slope and a
symmetric canyon is analysed and appropriate boundary conditions are found for the canyon
analyses carried out in this study. The necessity to use the domain reduction method is also
investigated. Moreover, the effect of any change in the constant shear wave velocity value on
the topographic amplification variation across the canyon is examined. Finally, the results of
the current study are compared to those in the literature to ensure that the numerical model is
properly calibrated to produce similar topographic response to this reported in other published
studies.
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3.1

Basics of the dynamic finite element analysis

The change of the applied forces with time differentiate static and dynamic numerical
analyses. The applied loads in static analyses are slow compared to the dynamic ones and
the inertia forces can be neglected. The rapid application of forces compared to the natural
frequencies of the system lead to consideration of the inertia forces in dynamic analyses. A
damping force opposite to the motion is introduced by any change in the inertia force of a
vibrating system. The damping forces (i.e. dissipation of energy due to friction, heat generation
and plastic yielding) should be taken into account in finite element (FE) analyses.
The finite element methodology consists of five steps: element discretisation,
approximation of the primary variables, formulation of the element equations, assembly and
solution of the global equations. The geometry of the problem is approximated during the first
step using an equivalent FE mesh. The mesh is formed by finite elements that are defined by
their nodal coordinates. The soil behaviour for 2D analyses is frequently modelled using
triangular or quadrilateral elements. The computational time and the accuracy of the numerical
analyses are controlled by the number of the finite elements. Mesh refinement at stress
concentration areas and reduction of the element number for a smaller run time of the
analyses are the required criteria of an optimum mesh design. Additionally, spatial
representation of the smallest wavelength of interest is necessary for dynamic problems. The
mesh design is usually determined by experience or by comparing the numerical results to
analytical solutions. A polynomial form is used to describe the displacement variation over the
computational domain in the displacement based FE method. The order of the polynomial is
related to the number of nodes of the finite element. The displacement field in 2D plane strain
analyses consists of the global displacements u and v in the x and y coordinate directions
respectively.
The equations that describe the deformation of each element are formulated based on
compatibility, equilibrium and constitutive conditions. For geotechnical analyses these
equations are formulated in an incremental form as soils are usually characterised by a nonlinear behaviour. Saturated soils are composed of two phases, the soil skeleton and the fluid
of the pores between the individual soil particles. The drained and undrained problems can be
differentiated in geotechnical engineering, depending on the rate of loading and the soil
permeability. Fully drained conditions with constant pore fluid pressure are assumed when the
rate of loading is slow compared with the permeability. When the rate of loading is high relative
to the permeability and for fully saturated conditions, the response is undrained, there is no
volumetric change and the constitutive behaviour can be expressed in terms of total or
effective stresses, considering the effective stresses principle. The governing equation is a
result of assembling the element equations, using the direct stiffness method (Potts and
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Zdravkovic, 1999). This method considers the global element terms as a result of the
summation of the individual element terms, taking into account the common degrees of
freedom between the elements. The application of the boundary conditions (i.e. body forces,
point loads, surcharges and forces from excavated and constructed elements) is followed by
the solution of the global equations to determine the nodal displacements. Direct algorithms
based on Gaussian elimination are most commonly used (Potts and Zdravkovic, 1999) for the
solution of the global equations. The stresses and strains are calculated after the computation
of the nodal displacements.
In dynamic analyses, inertia and damping forces due to energy dissipation during
vibration should be taken into account for the formulation of the body equilibrium. The damping
forces are often assumed to depend on velocity, considering an equivalent viscous damping.
Finally, the displacement variation across an element is assumed to be identical to the velocity
and acceleration ones, thus all these terms can be expressed using their nodal values.

3.2

Direct integration method

The governing dynamic FE equation is a system of second order differential equations which
can be solved using modal analysis, frequency domain analysis or direct integration. The
dynamic equation is transformed into a system of uncoupled equations in modal analyses.
The response of each vibration mode can then be computed independently and the total
response is determined based on a superposition the modal responses. Although this method
is very popular in structural dynamics, it is not widely used in wave propagation problems as
it cannot properly model the variation of material damping within the soil mass and geometric
attenuation (Chopra, 2007). Modelling of the soil damping is better performed by the frequency
domain analysis that is why it is preferred in wave propagation problems. The loading is
assumed to be approximated by a Fourier series in frequency domain analyses and the total
response results from the superposition of the response for each harmonic. Both analyses are
not applicable to nonlinear systems as they are based on the principle of superposition.
The method employed in this study is the direct integration method which can also be
used for the solution of nonlinear systems. A set of algebraic equations is used to approximate
the solutions of the equations of motion during this method. These equations are estimated
using a step-by-step procedure during which both the excitation and the response are
discretised into small time increments Δt. The equation of motion is assumed to be satisfied
only at the discrete increments Δt. The various available integration time-schemes are
distinguished by the way that they approximate the variation of displacement, velocity and
acceleration within a time interval. The generalized-α algorithm of Chung and Hulbert (1993)
is the only time marching scheme which is discussed herein. This algorithm is unconditionally
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stable, second order accurate with controllable numerical damping which was implemented in
ICFEP and used in a number of case studies (Kontoe et al., 2008a, 2008b). The default
algorithm parameters correspond to spectral radius at infinity, ρ∞ = 9/11, and are used in all
the dynamic analyses of this work.

𝛼𝑚 =

2 ∙ 𝜌∞ − 1
= 0.35
𝜌∞ + 1

𝛼𝑓 =

𝜌∞
= 0.45
𝜌∞ + 1

[3.1]

1
𝛼 = ∙ (1 − 𝛼𝑚 + 𝛼𝑓 )2 = 0.3025
4
𝛿=

1
− 𝛼𝑚 + 𝛼𝑓 = 0.6
2

Two types of input motion are considered in this study, wavelets and earthquake
records. The time step of the numerical analyses varies depending on the input motion type.
For the wavelet analyses, the time step is calculated as a fraction of the predominant pulse
period of the input motion (Δt=Τp/40), while for the actual records the time step is equal to the
individual earthquake record time step.

3.3

Spatial discretisation

Mesh refinement at areas of stress concentration and reduction of the element number for a
smaller run time of the analyses are the required criteria of an optimum mesh design. The
mesh can become coarser away from areas of stress concentration in static analyses to
reduce the number of degrees of freedom. Nevertheless, the spatial discretization of the mesh
is closely related to the frequency content of the excitation in wave propagation problems.
Mesh elements that are too large will filter waves with short wavelengths. Kuhlemeyer and
Lysmer (1973) proposed that for an accurate representation of wave transmission through a
finite element mesh the element side length, 𝛥𝑙, should be calculated considering Equation
[3.2] for 4-noded elements with linear shape functions:

𝛥𝑙 ≤

𝜆𝑚𝑖𝑛 𝜆𝑚𝑖𝑛
𝑉𝑚𝑖𝑛
𝑉𝑚𝑖𝑛
÷
=
÷
10
8
10 ∙ 𝑓𝑚𝑎𝑥 8 ∙ 𝑓𝑚𝑎𝑥

[3.2]

where 𝑉𝑚𝑖𝑛 is the minimum shear wave velocity in the simulation and 𝑓𝑚𝑎𝑥 the highest
frequency component of the input motion, which can be found from a Fourier analysis of the
input motion. The wavelength condition of Equation [3.2] agrees well with the results from a
sensitivity analysis by Hardy (2003). Kuhlemeyer and Lysmer (1973) also claim that this
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condition is only valid when a consistent mass matrix is employed, while this criterion should
be stricter for the case of a lumped mass matrix. Bathe (1996) recommends that the length 𝛥𝑙
can be taken as the spacing of the finite element nodes, thus for an 8-noded solid element
Equation [3.2] becomes:

𝛥𝑙 ≤

𝜆𝑚𝑖𝑛 𝜆𝑚𝑖𝑛
𝑉𝑚𝑖𝑛
𝑉𝑚𝑖𝑛
÷
=
÷
5
4
5 ∙ 𝑓𝑚𝑎𝑥 4 ∙ 𝑓𝑚𝑎𝑥

[3.3]

The change of wave velocity and the uncertainty regarding the value of 𝑉𝑚𝑖𝑛 should be
considered for the element size calculation in nonlinear analysis.
The element size of the mesh in this study is chosen as 𝛥𝑙 ≤ 𝜆𝑝,𝑚𝑖𝑛 /10 considering the
Kuhlemeyer and Lysmer (1973) recommendation, to ensure wave transmission across the
mesh. The input motion comprises of wavelets with period Tp, modulated by the Saragoni and
Hart (1974) temporal filter. The 𝜆𝑝,𝑚𝑖𝑛 is the wavelength determined from the largest frequency
of all the input pulses that are taken into account. For the analysed range of input motion
periods of this study (0.1sec≤Tp≤10sec), 𝜆𝑝,𝑚𝑖𝑛 = 50𝑚 for 𝑇𝑝,𝑚𝑖𝑛 = 0.1𝑠𝑒𝑐 and 𝑉𝑠 = 500𝑚/𝑠.
The element size that is used for all the parametric analyses is then 5m by 5m. This value
resulted from the

𝜆𝑝,𝑚𝑖𝑛
10

= 5𝑚 criterion and was confirmed by performing a set of comparative

analyses with different element size. A finite element mesh of a slope configuration as
presented in Figure 3.1 was used for the element size variation analyses. This slope has a
vertical slope angle and a slope height of H=50m. The slope lies on a single soil layer with
depth to rigid bedrock equal to z=125m.

H=50m

x

z=125m

140m

140m

Figure 3.1: Considered numerical model for the sensitivity analyses of the element size.

Two element sizes (1m by 1m and 5m by 5m) are considered to investigate any potential
mesh dependency of the results for four input motion wavelets with different excitation periods
(Tp=0.01sec, 0.1sec, 1sec and 10sec). It is noted here that the period of T=0.01sec is not part
of the parametric study of this thesis but is shown here to demonstrate the impact of element
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size on the response. The acceleration time history is a wavelet of harmonic nature, modulated
by the Saragoni and Hart (1974) temporal filter. Further details about this motion are provided
in Section 4.1 of Chapter 4. This wavelet is imposed at the x direction of the bottom boundary
of the mesh (SV input motion). The displacements of the lateral and bottom nodes of the
numerical model are kept constant and equal to zero at the y direction. The resulting
acceleration time history at selected points on the ground surface (black dots of Figure 3.1)
from the numerical models of different element size are normalised to the free-field PGA at
the crest and toe areas respectively. The horizontal and parasitic vertical topographic
amplification factors resulting from this normalisation (Ah and Av respectively) are compared
in Figure 3.2. It is seen that reducing the element size to 1m by 1m would result in the same
response as that of element size 5m by 5m for the period range of 0.1sec≤T p≤10sec. The
different response at Tp=0.01sec is because the element size is not small enough compared
to the imposed wavelengths (λ=500·0.01=5m and λ/10=0.5m) so an element size of 0.5m by
0.5m would be needed in that case. It is thought that this will not affect the current results
because the numerical analyses of this theses are performed for an input wavelet period range
of 0.1sec to 10sec as this corresponds to the range of the period of vibration for the most
common engineering structures. However, numerical models with a reduced element size
would need to be used in case oscillations of smaller structures or equipment were to be
examined and if accounting for those equipment fundamental periods in the ground motion
prediction equations (GMPEs).
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Figure 3.2: Comparison of the horizontal and parasitic vertical topographic amplification factors for four input
wavelet motion periods and three element sizes.
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3.4

Rayleigh Damping

Damping refers to any reduction of the wave amplitude during wave travelling in real materials
and can be caused due to several mechanisms. Reduction of amplitude due to spreading of
energy over a greater volume of material is referred to as radiation or geometric damping.
Radiation damping is accounted for in numerical analyses by use of appropriate boundary
conditions at the finite element mesh. This should be distinguished from the material damping
caused by viscous, hysteretic or other mechanisms. Viscous damping is the conversion of
elastic energy to heat during the wave travelling through a medium while hysteretic damping
is the loss of energy due to non-linear stress-strain material relationship and friction. Damping
in the latter case depends on the strain level and the number of vibration cycles.
The effects of material damping are accounted for in numerical modelling using Rayleigh
damping (Woodward and Griffiths, 1996). The damping matrix is a linear function of the
stiffness and mass matrices in that case thus the damping [CE] is assumed to be proportional
to these quantities:
[𝐶𝐸 ] = 𝐴 ∙ [𝑀𝐸 ] + 𝐵 ∙ [𝐾𝐸 ]

[3.4]

where A and B are constants for the mass and stiffness matrices respectively. The damping
ratio (ξ) is defined as the ratio of the damping coefficient to the critical damping coefficient.
The damping ratio for a single mode i (ξi) of a multiple degree of freedom system depends on
the circular frequency (ωi) of the system and is given by Bathe (1996).

𝜉𝑖 =

𝐴
𝐵 ∙ 𝜔𝑖
+
2 ∙ 𝜔𝑖
2

[3.5]

The stiffness, mass and Rayleigh damping are plotted with frequency in Figure 3.3. It is
seen that the proportion of mass damping is greater in the low frequency range, while stiffness
damping rises at higher frequencies. The coefficients A and B can be determined from
specified damping ratios for two modes of vibration. If these two modes are assumed to have
the same damping ratio (target damping ξt), which is reasonable based on experimental data,
those parameters can be calculated from Equations [3.6]:

𝐴=

2 ∙ 𝜔1 ∙ 𝜔2 ∙ 𝜉𝑡
2 ∙ 𝜉𝑡
and 𝐵 =
𝜔1 + 𝜔2
𝜔1 + 𝜔2

[3.6]

where ω1 and ω2 represent the frequency range and ξt is the target damping ratio. The target
damping is approximated at the frequency range that is each time considered as important for
the specific problem. Zerwer et al. (2002) showed that appropriate values for ω1 and ω2 are
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the natural frequency of the examined problem and the largest frequency that has a high
contribution to the problem vibration respectively. In theory, Rayleigh damping is a way to
approximate the modelling of material damping in linear analysis. However, in practice it is
also used for non-linear material simulations. It is though better to use non-linear modelling
for the simulation of the hysteretic behaviour of soils and the loss of energy due to pore
pressure generation.

Figure 3.3: Relationship between frequency and various types of damping.

The target Rayleigh damping ratio of this study is 5% with resulting parameters A and B
for the wavelet input motion as presented in Table 3.1. The circular frequencies ω1 and ω2 are
equivalent to periods T1 and T2 which correspond to the first fundamental mode of a 1D soil
column with thickness equal to the depth to bedrock (z) (T1=4·z/Vs) and the input pulse period
(T2=Tp) respectively. The A and B parameter values refer to shear wave velocity Vs=500m/s
and the three different values of the depth to bedrock that are considered herein (z=125m,
250m and 500m). A different Rayleigh damping calibration is performed for the earthquake
record input motion analyses with further details provided in Section 5.2 of Chapter 5.
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Table 3.1: Parameters A and B for the Rayleigh damping calibration using the Saragoni and Hart (1974) wavelets
with pulse period Tp and different canyon geometries.

Depth to bedrock, z (m) Input wavelet
[1st fundamental period period,
of the crest, T1 (sec)]
Tp (sec) = T2

125 / 250 / 500
[1 / 2 / 4]

3.5

Parameters
A

B

0.1

0.5712 / 0.2992 / 0.1532

0.00145 / 0.00152 / 0.00155

0.16

0.5417 / 0.2909 / 0.1510

0.00220 / 0.00236 / 0.00245

0.2

0.5236 / 0.2856 / 0.1496

0.00265 / 0.00289 / 0.00303

1/3

0.4712 / 0.2693 / 0.1450

0.00398 / 0.00455 / 0.00490

0.42

0.4435 / 0.2600 / 0.1423

0.00468 / 0.00549 / 0.00601

0.5

0.4189 / 0.2513 / 0.1396

0.00531 / 0.00637 / 0.00707

0.58

0.3968 / 0.2432 / 0.1371

0.00586 / 0.00719 / 0.00810

2/3

0.3770 / 0.2356 / 0.1346

0.00637 / 0.00796 / 0.00909

1.0

0.4189 / 0.2513 / 0.1257

0.00531 / 0.00637 / 0.01273

1.4

0.2618 / 0.1847 / 0.1164

0.00928 / 0.01311 / 0.01650

1.6

0.2417 / 0.1745 / 0.1122

0.00979 / 0.01414 / 0.01819

2.0

0.2094 / 0.2094 / 0.1047

0.01061 / 0.01061 / 0.02122

Boundary conditions

Boundary conditions (BCs) are necessary to obtain a solution of the considered finite element
problem. Prescribed displacements and stresses are the most common BCs for static
problems (Potts and Zdravkovic, 1999) while for dynamic analysis the major problem is the
accurate modelling of the free-field response. Artificial lateral boundaries are usually used to
reduce a large computational domain to a finite one. However, although the finite domain is
computationally preferred, any wave reflections at the artificial boundaries have an effect on
the results. Local absorbing boundary conditions are widely used in practice to overcome this
problem as they provide accurate and computationally efficient results. One of the most
frequently used absorbing BCs in literature is the Standard Viscous Boundary (SVB). This BC
is also used in this study.
The SVB was introduced by Lysmer and Kuhlemeyer (1969) and implemented in ICFEP
by Kontoe (2006). The reflected stresses from the boundaries are equal to zero in this method
due to an application of a traction condition to a free artificial boundary. As a result, any waves
that propagate normal to the boundary are absorbed using this BC. The SVB can be physically
represented by a series of normal and tangential dashpots on the FE boundary which are
described by Equations [3.7] for plane strain conditions (Kontoe, 2006;Kontoe et al., 2009).

𝜎(𝑡) = 𝜌 ∙ 𝑉𝑃 ∙

𝜕𝑢(𝑡)
𝜕𝑡

𝜕𝑣(𝑡)
𝜏(𝑡) = 𝜌 ∙ 𝑉𝑆 ∙
𝜕𝑡
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where, 𝜎(𝑡) and 𝜏(𝑡) are the normal and shear stresses on the boundary, 𝑢(𝑡) and 𝑣(𝑡) are
the normal and tangential displacements on the boundary, 𝑉𝑃 and 𝑉𝑆 are the compressional
and shear wave velocities of the medium respectively and 𝑡 is the time.
The distance of the bottom and lateral boundaries of the problem needs to be decided
so as the solution to be unaffected by the BCs. The location of the bottom boundary is
determined by any existing bedrock stiffness and location. In case of a very stiff bedrock
presence, the bedrock material does not need to be discretised due to the very high value of
the impedance ratio between the examined soil layer and bedrock. Nevertheless, a part of the
bedrock needs to be modelled in case of a smaller impedance ratio. In the latter case,
advanced numerical methods such as the Domain Reduction Method (DRM) are also used to
reduce the dimensions of the computational domain and the numerical effort of the analyses.
This method was developed by Bielak et al. (2003) for seismological applications. It has been
shown that the DRM can be used as an advanced BC if used together with local absorbing
boundaries (Yoshimura et al., 2003). DRM is a two steps procedure (Figure 3.4) and has been
implemented in ICFEP by Kontoe et al. (2009). A simplified model is considered during the
first step (Step I), consisting of the source and path characteristics of the analysed problem.
A detailed simulation of the local site conditions is not necessary during this stage. The
computational cost of step I is very small compared to analysing the whole domain, since the
geological features and structures at the area of interest are neglected. The second step (Step
II) focuses on the reduced domain of the area of interest and an external region ( ˆ ).
Equivalent forces calculated from the displacement field computed during Step I, are applied
as an input on zone Γ of Step II. The perturbation of the external area using this method is
only outgoing and corresponds to the relative response between Steps I and II.

Figure 3.4: Step I (left) and Step II (right) of DRM (Bielak et al., 2003).
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3.5.1 The single slope model of Tripe et al. (2013)
Tripe et al. (2013) performed a two-dimensional time-domain finite element study examining
a slope in a soil layer over rigid bedrock with vertically propagating SV waves. The soil was
considered as homogeneous and linearly elastic with properties as presented in Table 3.2.
The geometry of the FE model consisted of a slope with height (H), inclination angle (i) and
soil layer thickness (z). The performed parametric analyses focused on the variation of the
normalised input motion frequency (H/λp), the slope angle (i) and the soil layer’s fundamental
frequency, using different values of the bedrock depth (z). A slope height of H=50m and a
fixed mesh with total width L=1000m (L1=L2=500m) was examined as schematically shown in
Figure 3.5. This model is referred to as the Tripe et al. (2013) model in this chapter.
Table 3.2: Considered soil parameters in Tripe et al. (2013).

Varied parameter

Value

Modulus of elasticity, E (MPa)

1333

Mass density, ρ

(Mgr/m3)

2

Poisson’s ratio, v (-)

1/3

Horizontal coefficient of earth pressure, Ko (-)

1

Damping ratio, ξ (%)

5 (achieved by varying Rayleigh damping
parameters)

L1

L2

y
x

H
i
z

Γe
Γ

Ω

Figure 3.5: The single slope model by Tripe et al. (2013).

Free-field conditions at the lateral boundaries were accurately represented in the
numerical model by the use of the DRM (Kontoe et al., 2008c, 2009) with simultaneous use of
SVB of Lysmer and Kuhlemeyer (1969). The free-field motion corresponding to the crest
stratigraphy was used for the Step I column analyses of the Tripe et al. (2013) numerical model
(i.e. Step I consists of a 1D soil column with thickness z and width of 2m). The acceleration
time history was applied at the base of the 1D soil column, simultaneously restricting the
vertical movement along the lateral boundaries and the base, considering a rigid bedrock
assumption. In Step II, the SVB were applied along the lateral boundaries of the 2D numerical
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domain and both horizontal and vertical displacement restrictions were implemented to the
bottom boundary to represent the rigid bedrock assumption.
A wavelet with period Tp, modulated by the Saragoni and Hart (1974) temporal filter was
adopted as an input motion. Further details about this input motion are given in Section 4.1 of
Chapter 4. Acceleration time-histories at discrete points on the ground surface were obtained
as a main output of Tripe et al. (2013). Tripe et al. (2013) focus only on the response adjacent
to the crest of the slope due to the asymmetry of the model geometry and the effect of the 1D
soil column input at Step I of DRM on the predicted response between the toe and the left
hand side mesh boundary. Topographic amplification in Tripe et al. (2013) follows the
definition of topographic amplification used in most of the literature (i.e. topographic
amplification is examined as the ratio of the horizontal - or parasitic vertical - acceleration to
the maximum horizontal acceleration of the free-field crest and toe for the points above the
crest and below the toe respectively).
The analysed canyon domain in this study is presented in Figure 3.6, where the
considered regions Ω and ˆ

as well as the surfaces Γ and Γe are presented. The considered

distance of the Γ line from the boundaries of the numerical model is also noted. The step I of
the performed analyses comprises of a 1D soil column same to this of Tripe et al. (2013). For
an input motion in the horizontal direction (SV wave), a vertical displacement restriction is
imposed at the lateral and bottom boundaries of the 1D analysis. In case of a vertical input
motion consideration (P wave) the restriction is imposed to the horizontal displacements of
the same boundaries.
Step II : 2D
Lctc

Step I:
L

2m

25m
z

Γe
Γ

y

xcr

L

25m

H
i
z

Ω
25m

Restricted movement at the lateral and bottom boundaries

Figure 3.6: Step I (left) and Step II (right) of DRM as implemented in this study.

The lateral boundaries of the 2D mesh should also be placed in a large distance, so as
for the response close to those artificial boundaries to be the same as the free-field response.
The lateral distance L is equal to 500m for most of the analyses with DRM implementation in
this study. The lateral distance L was increased at some cases, after checking for the freefield condition at the lateral boundaries (i.e. the necessity of the 2D response away from the
irregularity to be always the same to the response at the top of the 1D soil column).
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3.5.2 Mesh adjustment at the toe area
Two sets of analyses are performed to eliminate the effect of the asymmetry of the Tripe et al.
(2013) numerical model on the toe response. All numerical analyses are performed for a
canyon geometry with z=125m, H=50m and i=90o. Initially, a single slope model is considered
equivalent to that depicted in Figure 3.5. The distance from the middle of the slope to the left
lateral boundary, L1, is increased from 500m (Tripe et al., 2013) to 1000m and analyses are
performed without the DRM. This corresponds to zero prescribed vertical displacements at
the lateral and bottom boundaries of the 2D analyses and imposed horizontal acceleration (i.e.
the input motion) at the bottom boundary. The FE meshes for the Tripe et al. (2013) single
slope model and the extended one are shown in Figure 3.7 (a and b). The black line denotes
the slope geometry.

x L =500m
2

x L =500m
2

z=125m

L1

L1

L2=500m
(a)

z=125m

L2=1000m

L1=1000m

x

(b)

z=125m

H=50m

H=50m

H=50m

L1=500m

(c)

Figure 3.7: The (a) Tripe et al. (2013) , (b) extended and (c) symmetric model (not to scale).

The horizontal and parasitic vertical topographic amplification resulting from both models
are compared in Figure 3.8. Topographic amplification is always defined as the ratio of the
horizontal (or parasitic vertical) acceleration to the maximum horizontal acceleration of the
free-field crest and toe for the points above the crest and below the toe respectively. The
topographic factors for this comparison are calculated considering an input wavelet with period
Tp=0.5sec. It is seen that, as expected, the Tripe et al. (2013) numerical simulation results in
the same response as the extended numerical model simulation at the crest area
(0m≤x≤500m). The use of the DRM at the toe area resulted in a different topographic
amplification distribution to that using the extended slope model. The Tripe et al. (2013)
numerical model produces similar results to the extended one for distances of 250m away
from the toe. However, this is not a general conclusion since the extent of the topographic
amplification phenomena around the existing irregularity depends on the input motion period.
The topographic amplification resulting from Tripe et al. (2013) at the toe area does not tend
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to the toe free-field value as expected. The use of the DRM in the single slope case is not
preferred since the thickness of the 1D soil column, which is analysed in step I of this method,
is not an appropriate input for step II for both the crest and the toe areas of the slope.

Figure 3.8: Horizontal (left) and parasitic vertical (right) topographic amplification with distance from the irregularity
(x=0m). Dashed lines refer to Tripe et al. (2013) single slope model while full refer to the extended single slope
model of this study.

The second set of analysis comprises of two symmetric mesh cases with resulting
topographic factors compared to the topographic amplification results from the Tripe et al.
(2013) and the extended single slope models of Figure 3.7. Both symmetric mesh cases are
a mirrored case of the single slope model used by Tripe et al. (2013), as shown in Figure 3.7
(c). The two examined symmetric models differ to the crest-to-crest distance (Lctc=2·L1) values,
having distances equal to Lctc=1000m and 2000m. This is to explore the influence of the crestto-crest distance of the two opposite slopes on the topographic amplification distribution.
These analyses are performed to examine an alternative way of producing the topographic
amplification distribution around the single slope with the use of DRM. Thus, the DRM with
SVB at the lateral boundaries and zero horizontal and vertical displacements at the bottom
boundary are used as BCs in this case. The comparison of the topographic amplification
factors considering the four different mesh cases are shown in Figure 3.9 for a Saragoni and
Hart (1974) wavelet input motion with Tp=0.5sec.
It is seen that the topographic amplification resulting from the symmetric model with
Lctc=1000m is different to that of Lctc=2000m. The two slopes are far away for the case of
Lctc=2000m so the topographic amplification results are the same to those of the extended
single slope model. This means that there is no interaction between the two slopes. For the
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case of Lctc=1000m the smaller distance between the crests results in a peak of topographic
amplification at the middle of the canyon, which can be attributed to the interaction of the two
slopes. Similar conclusions result from all the other examined input motion periods and further
details about the influence of the crest-to-crest distance on the topographic amplification are
provided in Section 4.4.3 of Chapter 4. For the symmetric canyon case, the input motion at
step II of the DRM is imposed at the Γ line with same thickness z to the 1D analyses of step I
with z equal to the thickness at the crest of the slope. It is then considered as appropriate to
use the symmetric model for the rest of this thesis since it firstly produces the same response
to the single slope model for large crest-to-crest distances, it simulates the toe response better
than the Tripe et al. (2013) single slope model and also provides the potential to examine the
influence of the Lctc parameter on the topographic amplification variation across the canyon.

Figure 3.9: Horizontal (top) and parasitic vertical (bottom) topographic amplification with distance from the
irregularity (x=0m). Dashed lines refer to the Tripe et al. (2013) single slope model and full black to the extended
single slope model (same as Figure 3.7). The additional full grey and dotted grey lines refer to the symmetric
canyon with Lctc=1000m and Lctc=2000m respectively.
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3.5.3 The domain reduction method implementation
The use of the DRM method is assessed in this section, considering only the symmetric
canyon numerical model. The DRM is generally not only used for reducing the lateral extent
of the numerical domain (i.e. reducing the numerical effort of the analyses), but also as an
advanced boundary condition in conjunction with absorbing boundaries (SVB). This section
refers to a set of analyses comparing the topographic amplification distribution across the
canyon resulting from the symmetric mesh runs for Lctc=1000m and Tp=1sec with and without
using the DRM. A sketch of the dimensions of the symmetric mesh is shown in Figure 3.10.

SYMMETRIC MESH

EXTENDED MESH

x

500m

1000m

500m
y

x

125m

1000m

y

50m

500m

500m

125m

500m

50m

500m

Figure 3.10: The symmetric and extended canyon models considered in this study.

The first step is to perform the numerical runs without the DRM condition. The vertical
displacements of the bottom mesh boundary are equal to zero in that case, while tied degrees
of freedom are used for both the horizontal and the vertical displacements at the lateral
boundaries. With this BC, equal values of a degree of freedom are specified at two or more
nodes, whilst their magnitude is unknown. This BC is employed to tie the horizontal and
vertical displacements of nodes of the same elevation along the two lateral boundaries of the
FE mesh. The acceleration time history is assigned at the horizontal component of the bottom
mesh boundary. The comparison of the topographic factors resulting between the symmetric
mesh case with and without the use of DRM is presented in Figure 3.11.
It is seen that removing the DRM does not result in the same topographic amplification
across the canyon. The response at the canyon middle is much different between the two
analyses, while the differences are smaller at the crest areas of the canyon. Since the freefield value is not captured by the symmetric model without the DRM, a new numerical model
with the same crest-to-crest distance, but with increased lateral distances L2 is formulated, as
shown in Figure 3.10 (right). It is seen that the same horizontal and parasitic vertical
topographic amplification to that of the symmetric mesh runs with DRM are produced by
increasing the lateral distances (Figure 3.11). The DRM use is then preferred in this study to
mainly reduce the size of the numerical domain and the resultant numerical cost of each
analysis.
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Figure 3.11: Comparison of the horizontal (top) and parasitic vertical (bottom) topographic amplification factors at
discrete points on the ground surface with horizontal distance from the irregularity (x=0m). Results are presented
for the symmetric mesh with and without DRM and for the symmetric mesh without DRM but with extended lateral
boundaries.

3.6

Shear wave velocity variation

The shear wave velocity for the soil layer above bedrock is considered as constant and equal
to Vs=500m/s in the majority of the performed analyses of this thesis. This value was initially
chosen as compatible with some numerical analyses in literature (Bouckovalas and
Papadimitriou, 2005; Tripe et al., 2013). However, a set of sensitivity analyses is performed
herein to investigate the effect of a change in the constant shear wave velocity value on the
topographic amplification variation across the canyon. The shear wave velocity of Vs=1000m/s
is used for a canyon geometry of z=125m, H=50m and i=90o and four values of the crest-tocrest distance (Lctc=80m, 280m, 520m and 1000m). Numerical analyses are performed for
several values of the input wavelet period (Tp=0.1, 0.16, 0.2, 0.25, 1/3, 0.5, 0.58, 2/3, 1, 2 and
10sec). The variation of the horizontal and the parasitic vertical topographic amplification with
normalised input motion frequency (H/λp) are first examined at the crest and toe points of the
canyon for Lctc=520m (Figure 3.12). It is seen that doubling the shear wave velocity value does
not change the distribution of topographic amplification with normalised input motion
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frequency. The topographic extrema are located at the same normalised frequency values
(i.e. at the same input motion wavelengths), but at different input motion periods T p since the
shear wave velocity values are different.

Figure 3.12: Crest (left) and toe (right) horizontal and parasitic vertical topographic amplification with Η/λp for a
canyon geometry of z=125m, H=50m, i=90o and Lctc=520m and two shear wave velocity values.

This is also observed in Figure 3.13, where the topographic amplification factors are
plotted across the canyon for the same canyon geometry and both values of the shear wave
velocity. The distributions are the same for equal values of the input motion wavelength. For
example, the topographic amplification that is observed at a canyon geometry lying on a soil
layer of Vs=500m/s and excited with an input motion of Tp=0.2sec is the same to the
topographic amplification at a soil layer of Vs=1000m/s excited with Tp=0.1sec. The same
conclusions rise from the numerical results for all the examined values of the crest-to-crest
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distance and the input motion period. Further details on the relationship of the shear wave
velocity to the canyon geometry and the alteration of the topographic amplification at the
canyon surface are provided in Section 4.4.2 of Chapter 4.

Figure 3.13: Horizontal (top) and parasitic vertical (bottom) topographic amplification across the canyon for a
canyon geometry of z=125m, H=50m, i=90o and Lctc=520m. Topographic amplification distributions are presented
for two values of shear wave velocity and three values of input motion wavelength.

3.7

Comparison with results from the literature

The accuracy of the numerical analyses of this thesis is verified by comparing the numerical
results with numerical analyses in the literature. A numerical model has been produced to
replicate that of Bouckovalas and Papadimitriou (2005), examining a single slope topography
above half space. Considering the same slope geometry (H=50m and i=90o) and damping
ratio (ξ=5%), the resulting distribution of horizontal and parasitic vertical topographic
amplification with distance from the crest of the slope (x=0m) is presented in Figure 3.14 for
the same input motion (Saragoni and Hart, 1974) with period Tp=0.5sec. The half space
condition of Bouckovalas and Papadimitriou (2005) is represented in the current numerical
model by considering a large depth to bedrock value (z=500m). This is to ensure that the
created waves at the soil layer and rigid bedrock interface in this study are not reflected back
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to the soil domain. It is evident from the comparison of the results that the current numerical
analyses produce a response similar to that of Bouckovalas and Papadimitriou (2005). Any
deviations of the two responses are considered as small and are attributed to the half-space
consideration in the study of Bouckovalas and Papadimitriou (2005) which was approximated
with a large depth to bedrock herein. Any deviations from the response presented in
Bouckovalas and Papadimitriou (2005) could also result from the number and location of the
considered points at the ground surface of the two numerical studies. Those deviations refer
mainly to the parasitic vertical topographic amplification and are localised at the crest point of
the slope.

Figure 3.14: Comparison of horizontal (top) and parasitic vertical (bottom) amplification from the current numerical
analyses using ICFEP to those of Bouckovalas and Papadimitriou (2005).

3.8

Conclusions

This chapter describes the basic features of the dynamic FE formulation employed in ICFEP
(Potts and Zdravkovic, 1999) and their use in the numerical analyses of this thesis. The
importance of the spatial discretisation of the numerical domain is firstly highlighted. The
minimum element size that needs to be used is determined using the recommendation by
Kuhlemeyer and Lysmer (1973) and the minimum analysed input motion period. A
comparative study using two element sizes results in the use of elements of 5m by 5m for the
87

Chapter 3: Numerical model validation analyses
discretisation of the canyon problem in this study. The Rayleigh damping (Woodward and
Griffiths, 1996) is used in the modelling process to incorporate the effects of material damping.
The calibration of the Rayleigh damping A and B parameters is presented for the input wavelet
motions, a target damping of 5% and each examined canyon geometry.
A comparison of the single slope model by Tripe et al. (2013) to the symmetric canyon
model of this study is then performed. It is seen that Tripe et al. (2013) successfully predicted
the response at the crest of the slope. However, an extended single slope model at the toe
area should be used for capturing the response at this area of a single slope. Alternatively, a
symmetric canyon model with large crest-to-crest distance should be considered. The
symmetric canyon model is used for all the numerical analyses of this thesis, since it can
incorporate the effect of an extra parameter (crest-to-crest distance) on the topographic
response of the slope. The necessity of the use of the domain reduction method is also
investigated. A comparison between a numerical model with the DRM implementation to one
with extended lateral boundaries showed that the DRM results in an accurate prediction of the
free-field response at a reduced computational cost.
Moreover, a change of the constant shear wave velocity value of the analysed soil layer
is seen to not alter the location of the topographic amplification extrema with normalised
frequency. Further details about these analyses are found in Chapter 4. A comparison of the
results of the current study with topographic amplification results at the surface of a single
slope above half-space (Bouckovalas and Papadimitriou, 2005) is finally performed. Both the
horizontal and the parasitic vertical topographic amplification are comparable between those
numerical models. Nevertheless, there is a small discrepancy at the parasitic vertical response
of the crest point on the slope. This can be either attributed to the half-space modelling in the
current analyses, which is approximated with the use of a very large depth to bedrock value
(z=500m) or to the location and number of considered points on the ground surface. This large
z value is used to ensure that any wave reflections at the bottom boundary do not alter the
topographic factors distribution at the ground surface. The mesh discretisation, the use of
appropriate boundary conditions and the overall performance of the numerical model are
though generally considered as appropriate based on this comparison.
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4
SURFACE RESPONSE OF EMPTY CANYONS
CONSIDERING WAVELET INPUT MOTIONS
This chapter is a summary of the performed numerical analyses and the resulting topographic
amplification at the ground surface of empty canyons with wavelet input motions. The
numerical domain consists of a canyon with two-step like slopes in a homogeneous linear
elastic soil layer overlying rigid bedrock. The analysis of the results focuses on the variation
of the ground motion at the canyon surface due to the parametric variation of the canyon
geometry. The input motion comprises of two wavelets, considering both a horizontal and a
vertical wave incidence.
The variation of the ground response refers to both the horizontal and the vertical
components of ground motion at the canyon surface. Three definitions of topographic factors
are considered (ratio of peak ground accelerations or spectral accelerations or Fourier spectra
motions). The varied geometrical parameters are the crest-to-crest distance (or canyon width),
the depth to rigid bedrock, the slope height and the slope angle. These have been shown to
be the main parameters affecting the ground surface response and are examined in detail.
The response is presented at selected points across the canyon, focusing also at two specific
points, the crest and toe of the canyon slopes. The input motion characteristics (and
specifically the input motion period Tp) largely effect the ground surface response. The aim of
this section is also to explain the effect of each geometrical parameter on the topographic
factors at the canyon surface for input wavelet incidence in the horizontal and vertical
directions.

89

Chapter 4: Surface response of empty canyons considering wavelet input motions

4.1

Canyon geometry and input motion

A figure of the canyon geometry is presented in Figure 4.1, illustrating the geometrical
parameters varied. The two axis systems denote the different origins for the crest and the toe
areas. The points on the topographic irregularity referred as crest and toe of the canyon slope
correspond to xcr=0m and xtoe=0m respectively. Table 4.1 details the range of variation for
each geometrical parameter that is considered in this chapter. The same figure shows the
boundary conditions of the numerical analyses whose details are already explained in Chapter
3. The soil is considered to be a linear visco-elastic material overlying rigid bedrock with the
properties presented in Table 4.2.

Lctc

L
ytoe
Γe
Γ

H

xtoe

z

y

ycr

L

xcr

i

Ω

Figure 4.1: The canyon geometry, highlighting the different origin for distance from the irregularity points (crest and
toe) on the x-axis.

Table 4.1: Range of parameter variation for the full dataset of this chapter

Varied parameter

Range of variation

Input wavelet period, Tp (sec)

0.1, 0.16, 0.2, 0.25, 1/3, 0.42, 0.5, 0.58, 2/3, 1.0,
1.4, 1.6, 2.0

Slope angle, i (deg)

10, 30, 45, 60, 75, 90

Crest-to-crest distance, Lctc (m)

20, 40, 80, 280, 520, 1000, 2000

Slope height, H (m)

25, 50, 75

Depth to bedrock, z (m)

125, 250, 500

Table 4.2: Soil parameters considered

Varied parameter

Value

Modulus of elasticity, E (MPa)

1333

Mass density, ρ

(Mgr/m3)

2

Poisson’s ratio, v (-)

1/3

Horizontal coefficient of earth pressure, Ko (-)

1

Damping ratio, ξ (%)

5 (achieved by varying Rayleigh damping
parameters)
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Two different wavelets are imposed as excitations in this chapter. Most of the reviewed
literature on topographic effects employed the Ricker (1953) pulse when applying wavelet
motions (Assimaki and Gazetas, 2004; Assimaki et al., 2005b, 2005c; Gelagoti et al., 2012).
This wavelet is used here because of its simplicity and for comparative purposes. The
acceleration time history is calculated using Equation [4.1], where Tp is the predominant period
of the pulse, to is the time of the maximum acceleration and t is time. A plot of this wavelet is
shown in Figure 4.2 for Tp=0.5sec (grey line) considering (π/Tp)2=39.5 and to=1sec. The
acceleration amplitude is equal to 1m/s2 for all the Ricker (1953) excitations of this section.
2

4

𝜋
4 𝜋
a(t) = [1 − 4 · ( ) · (𝑡 − 𝑡𝑜 )2 + · ( ) · (𝑡 − 𝑡𝑜 )4 ]
𝑇𝑝
3 𝑇𝑝
2

𝜋
· exp[− ( ) · (𝑡 − 𝑡𝑜 )2 ]
𝑇𝑝

[4.1]

A second wavelet with period Tp, modulated by the Saragoni and Hart (1974) temporal filter is
thought as appropriate for better simulation of the limited duration and the gradual acceleration
amplitude variation with time, compared to real earthquake time histories. This wavelet has
been also used by Bouckovalas and Papadimitriou, 2005, 2006; Papadimitriou and Chaloulos,
2010. The acceleration time history is given by:

a(t) = √𝛽 ∙ 𝑒 −𝛼∙𝑡 ∙ 𝑡 𝛾 ∙ sin (

2∙𝜋∙𝑡
)
𝑇𝑝

[4.2]

where α and γ are constants controlling the shape of the motion, β is a constant controlling
the amplitude, Tp is the predominant period of the pulse and t is time. For every period Tp, the
values of α, β and γ were varied, so as to achieve a unit amplitude of the input excitation. The
number of cycles are kept constant and equal to 12 for all the examined input motion periods
Tp. Figure 4.2 shows this wavelet for Tp=0.5sec, α=4, β=50 and γ=5 (black line). The chosen
values for α, β and γ to achieve the above mentioned criteria for each input period T p are
presented in Table 4.3.
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Table 4.3: Coefficients α, β and γ characterising the Saragoni and Hart (1974) wavelet for pulse period Tp.

Input wavelet period,
Tp (sec)

α

Parameters
β

γ

0.1

17

18000

4.0

0.16

12

13000

5.0

0.2

9.0

2100

4.5

0.25

7.5

950

4.6

1/3

6.0

380

5.0

0.42

4.4

85

4.3

0.5

4.0

50

5.0

0.58

3.5

26

5.0

2/3

2.8

8.2

5.0

1.0

2.0

1.5

5.0

1.4

1.43

0.28

5.0

1.6

1.26

0.15

5.0

2.0

1.0

0.0485

5.0

Figure 4.2: Input wavelet motions for pulse period Tp=0.5sec considering (π/Τp)2=39.5 and to=1sec for the Ricker
(1953) motion (grey line) and α=4, β=50 and γ=5 for the Saragoni and Hart (1974) wavelet (black line).
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4.2

Topographic amplification factors definition

Topographic effects are numerically assessed by de-coupling them from the soil layer effects.
For this reason, results from the 2D seismic response analyses accounting for both
topographic and soil layer amplification are compared with results from 1D column analyses
which represent the free-field response and account for soil layer amplification. The
topographic amplification factor (TAF) is defined as the ratio of the 2D response at the canyon
surface to the response at the crest or the toe of the 1D soil column, depending on the area
of interest. Response refers to either peak ground acceleration (PGA), spectral acceleration
(Sa) or Fourier spectral ordinates (fSa). The three definitions have been used here for defining
both the horizontal and the vertical topographic amplification factors at the crest and toe areas
of the canyon.
In more detail, in the case of input motion being a shear SV wave propagating vertically,
the horizontal amplification factor in PGA terms at the crest area (Ah) 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 acceleration of the 1D soil column with height equal to
the crest height (z), denoted as 1D crest (Equation [4.3]). Similarly, the normalised response
at the toe area 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 a 1D soil
column with height equal to the toe height (z-H), denoted as 1D toe. The vertical acceleration
component at the canyon surface resulting from the 2D numerical analyses is due to wave
reflections at the irregular canyon surface. This component is of parasitic nature since input
motion comprises only of wavelets with a horizontal component. For this reason, the
topographic amplification factor in the vertical direction (Av) is defined as the ratio of the
maximum vertical 2D acceleration at the examined site, normalised to the horizontal maximum
acceleration at the 1D crest or toe, depending on the area of interest. The same definition for
the topographic amplification factor is provided by Bouckovalas and Papadimitriou (2005).

𝐴𝑐𝑟
ℎ =

𝑃𝐺𝐴𝑐𝑟
2𝐷 ℎ
𝑐𝑟
𝑃𝐺𝐴1𝐷
ℎ

and𝐴𝑐𝑟
𝑣 =

𝑃𝐺𝐴𝑐𝑟
2𝐷 𝑣
𝑐𝑟
𝑃𝐺𝐴1𝐷
ℎ

[4.3]
𝐴𝑡𝑜𝑒
ℎ =

𝑃𝐺𝐴𝑡𝑜𝑒
2𝐷 ℎ
𝑡𝑜𝑒
𝑡𝑜𝑒 and𝐴𝑣
𝑃𝐺𝐴1𝐷 ℎ

=

𝑃𝐺𝐴𝑡𝑜𝑒
2𝐷 𝑣
𝑡𝑜𝑒
𝑃𝐺𝐴1𝐷 ℎ

The topographic amplification factor in spectral terms (either response or Fourier) is
rather more complicated since factors could be defined for any spectral period value. The
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topographic factors in this study are calculated for the period range used by Boore and
Atkinson (2008) (T=0.01, 0.02, 0.03, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0,
1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10sec) with more details found on the implementation of the
TAF into the design methodology (Chapter 7). Accordingly, response spectra resulting from
(i) the 2D spectral acceleration at the canyon surface, (ii) the 1D crest and (iii) 1D toe have
been determined for the considered range of spectral periods to define the horizontal and
vertical topographic amplification in spectral terms (SAh and SAv). SAh is calculated as the
ratio of the 2D horizontal spectral acceleration at the canyon surface to the 1D horizontal
spectral acceleration of the canyon crest or toe. Similarly, SAv refers to the ratio of the 2D
vertical spectral acceleration to the 1D horizontal spectral acceleration of the canyon crest or
toe. Finally, Fourier spectra resulting from the acceleration time series for every examined
point along the canyon surface in both directions are divided to the Fourier spectra resulting
from the corresponding acceleration time series of the 1D crest and toe soil columns. These
ratios refer to topographic amplification factors in Fourier terms (FSAh and FSAv).
Response spectra definition:
𝑆𝐴ℎ (𝑇) =

𝑆𝑎2𝐷 ℎ (𝑇)
𝑆𝑎2𝐷 𝑣 (𝑇)
and𝑆𝐴𝑣 (𝑇) =
𝑆𝑎1𝐷 ℎ (𝑇)
𝑆𝑎1𝐷 ℎ (𝑇)
[4.4]
Fourier spectra definition:

𝐹𝑆𝐴ℎ (𝑓) =

𝑓𝑆𝑎2𝐷 ℎ (𝑓)
𝑓𝑆𝑎2𝐷 𝑣 (𝑓)
and𝐹𝑆𝐴𝑣 (𝑓) =
𝑓𝑆𝑎1𝐷 ℎ (𝑓)
𝑓𝑆𝑎1𝐷 ℎ (𝑓)

The three definitions of TAF are a useful tool for studying the resulting response in a
wide frequency range, especially when the input motion comprises of an earthquake record
which is not characterised by a single frequency. In general, comparison of the three
definitions should result in the same topographic factor amplitude. Fewer differences are
expected amongst the TAF amplitudes for wavelet input motions compared to earthquake
records due to the monochromatic nature of the input. The response and Fourier spectra of
the wavelets have more pronounced peaks at spectral period values close to the input pulse
period for the same reason. Therefore, the response and Fourier spectra TAF definitions can
be directly compared to the PGA definition if the response is examined at a spectral period
equal to the input pulse period. The methodology for the calculation of TAF in response and
Fourier spectral terms is presented in Figure 4.3. The response and the Fourier spectra at a
specified location at the 2D canyon surface (panels a and c) are normalised to the
corresponding 1D spectrum (dashed lines of panels a and c). The resulting normalised
response is shown in panels b and d for the response and Fourier spectral TAF respectively.
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Although, TAF is calculated for the full spectral range, TAF at spectral period equal to the input
pulse period Tp is comparable to the TAF using the PGA definition (see chosen point A in
panel b in comparison to the resulting response in panel e). Similarly, the resulting TAF using
a frequency corresponding to the input pulse period Tp is comparable to the TAF using the
PGA definition (see chosen point B in panel d in comparison to response in panel e). Following
the same procedure for all the points on the canyon surface, the resulting TAF with distance
from the canyon crest is presented in panel e of Figure 4.3. Illustration of the procedure refers
to the input wavelet of Saragoni and Hart (1974) with Tp=0.5sec. Although Ah is comparable
to SAh, FSAh deviates more due to the larger fluctuation of the Fourier spectrum, which results
in difficulties to capture the exact TAF response for a single frequency. For this reason, the
definitions of Ah and SAh will be mostly used in this study, while Fourier spectra are only used
selectively to highlight specific trends. Topographic amplification factors are mainly presented
in PGA terms in this chapter while the spectral definitions are employed in Chapter 7.
Topographic factors are expected to be either larger than one (amplification) or smaller
than one (attenuation) close to the irregularity, denoting ground motion amplification or deamplification respectively and decrease with distance from the topographic irregularity. The
lateral dimensions of the numerical domain have been chosen so as for the free-field
conditions to be captured. For this reason, topographic amplification at distances far away
from the crest tends to unity. Free-field conditions at the toe are not always achieved due to
2D ground surface response dependency on the canyon width (i.e. crest-to-crest distance).
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Figure 4.3: Calculation of the horizontal TAF factors at the crest area of the canyon using three definitions and the
Saragoni and Hart (1974) wavelet as an input motion with Tp=0.5sec.
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4.3

Comparison of the ground surface response resulting from the two

considered wavelets
The topographic amplification factors at both areas of the canyon are calculated using the
Ricker (1953) and the Saragoni and Hart (1974) wavelets (Figures 4.4 to 4.7).

Figure 4.4: Horizontal topographic amplification in PGA and spectral terms with normalised distance from the
canyon crest point (xcr≥0m) for every examined wavelet period Tp and both wavelet excitations.

Both wavelets are characterised by an input pulse of period Tp. Due to their different
frequency contents (see Figure 4.2), both are considered herein as a horizontal input motion
to assess their effect on the ground surface response. The input pulse period T p is varied for
this comparison for a given canyon geometry (z=125m, H=50m, Lctc=280m and i=90o). The
resulting horizontal and parasitic vertical topographic amplification is calculated employing
both the spectral and PGA definition for the crest and the toe areas. Each panel refers to a
specific input period Tp, while the horizontal distance from the canyon crest or toe is
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normalised using the corresponding input motion wavelength λp (λp=Tp·Vs). Different grey
shades denote the responses resulting from the different wavelets, while full and dashed lines
refer to the TAF defined in PGA and spectral terms respectively. The amplification factor in
spectral terms in each panel is calculated at spectral periods equal to the pulse period T p.

Figure 4.5: Horizontal topographic amplification in PGA and spectral terms with normalised distance from the
canyon toe point (xtoe≥0m) for every examined wavelet period Tp and both wavelet excitations.

The two definitions of TAF result in similar values in the horizontal direction irrespective
of the considered wavelet. This is the case for both the crest area (Figure 4.4) and the toe
area (Figure 4.5). Most of the topographic factor differences due to its definition are located in
the range of Tp=0.333sec to 1sec for both areas. This range is influenced by the site response
of the 1D crest of the examined canyon; the first two fundamental periods are equal to 1sec
and 0.333secs respectively. The site response of the crest area has a large influence on the
topographic amplification at the canyon surface. This will be further discussed in Section 4.4.2.
The topographic amplification resulting from the Saragoni and Hart (1974) wavelets is
more pronounced than the Ricker (1953) one. Unlike the differences of the topographic
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amplification amplitudes due to the different examined wavelets, fewer differences are
observed regarding the extrema locations across the x-normalised distance. Although both
pulses are characterised by occurrence of extrema at the same period Tp, the richer frequency
content of the Saragoni and Hart (1974) wavelet results in enhanced TAF at the canyon
surface and prediction of more localised response extrema (i.e. Tp=0.5sec at crest area).
Overall, the Ricker (1953) pulse results in the same response extrema as the Saragoni and
Hart (1974) wavelets, however the magnitude of the resulting TAF is smaller.

Figure 4.6: Parasitic vertical topographic amplification in PGA and spectral terms with normalised distance from
the canyon crest point (xcr≥0m) for every examined wavelet period Tp and both wavelet excitations.

Although parasitic vertical TAF amplitudes are much smaller due to normalisation with
the larger horizontal acceleration component of ground motion, similar conclusions rise from
the two wavelet motions comparison for both canyon areas. The response tends quickly to
very small values approaching the crest free-field value (Figure 4.6). Zero TAF amplitude
occurs at the middle of the canyon as expected due to its symmetrical geometry and the
vertical wave incidence (Figure 4.7). The TAF differences due to its definition are even smaller
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in the parasitic vertical response than they are in the horizontal. Also, differences due to the
type of the wavelet are mainly observed for Tp=0.5sec and 0.333sec for the crest and toe
areas respectively. These are the periods where the maximum response occurs in these
areas, with further explanation provided in the following sections.

Figure 4.7: Parasitic vertical topographic amplification in PGA and spectral terms with normalised distance from
the canyon toe point (xtoe≥0m) for every examined wavelet period Tp and both wavelet excitations.

For the purposes of this study, the Saragoni and Hart (1974) wavelet was employed for
the subsequent parametric study as it is a more realistic input for the simulation of the expected
topographic amplification at the canyon surface. The overall larger resulting amplification and
the occurrence of several extrema across the canyon compared to the Ricker (1953) pulse
also contributed to this decision.
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4.4

The impact of geometrical parameters using wavelets imposed in

the horizontal direction
4.4.1 Depth to bedrock variation
Most of the studies on topographic effects in the literature consider irregular geometries
overlying an elastic half-space. Analytical studies for semi-circular and semi-elliptical canyons
(Wong and Trifunac, 1974; Wong and Jennings, 1975) and numerical analyses on single steplike slopes (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005) are some
representative examples. Other studies have focused on the effect of different soil stiffness
profiles also considering elastic half-spaces (Assimaki et al. 2005b, 2005c). Tripe et al. (2013)
examined a single elastic soil layer formation overlying rigid bedrock, considering three values
of the depth-to-bedrock (i.e. soil thickness, z). Comparison with results from the literature, and
mainly with the single slope results produced by Ashford et al. (1997) and Bouckovalas and
Papadimitriou (2005), lead to useful conclusions about the effect of the bedrock proximity to
the ground surface on the topographic response. The variation of the depth to bedrock results
in modifications of the soil layer’s fundamental frequencies, and consequently of the site
response of the considered domain. The TAF amplitudes are shown to decrease with
increasing depth to bedrock, as expected, since fewer wave reflections taking place at the
soil-bedrock interface effect the ground surface response for deeper soil profiles for a given
direction of ground motion. The resulting TAF at the ground surface of a single slope for the
depth to bedrock of z=500m was found by Tripe et al. (2013) as a good approximation of the
ground surface response of a single slope above half-space. This resulted from the
comparison of their analyses considering H=50m and Vs=500m/s with numerical results from
literature publications (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005).
The assumed boundary condition at the bottom boundary of the numerical domain in
this study corresponds to an impedance ratio equal to infinity (see Section 2.5.5 of Chapter 2
for definition), which results to zero transmission of energy in the bedrock and full trapping of
energy in the soil domain. Analyses with small impedance ratio values would result to TAF
amplitudes comparable to those presented in the literature for an elastic half-space thus are
not examined further here. The decreasing topographic factor amplitudes with increasing
depth to bedrock value observation by Tripe et al. (2013) is also shown in the numerical results
of this study. However, Tripe et al. (2013) commented on the effect of the depth to bedrock
parameter on the TAF at the ground surface of a vertical slope geometry with H=50m, while
this study is more general, considering a range of slope height and angle values and canyons
with different widths. The depth to bedrock is examined in comparison to each varied
parameter in the following sections to illustrate any combined effect on the canyon surface
response.
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4.4.2 Slope height variation
This section refers to the numerical analyses performed to quantify the effect of slope height
variation on topographic amplification at the canyon surface. The slope height was varied for
a range of canyon geometries. The range of variation for the examined geometrical
parameters of this section is shown in Table 4.4. The numerical analyses presented below
refer to a slope angle of i=90o and crest-to-crest distance of Lctc=280m, due to the increased
TAF amplitudes at the canyon surface compared to the other examined slope angles and
canyon widths. Results are presented for all the depth to bedrock values (z=125m, 250m and
500m). The Saragoni and Hart (1974) wavelet was imposed at the horizontal direction of the
numerical domain with input pulse period ranging from Tp=0.1sec to 2sec. Figures 4.8 and 4.9
refer to the horizontal and parasitic vertical TAF distribution at the crest and toe points of the
canyon with varying input pulse period Tp for site geometries with depth to bedrock values of
z=125m and 250m respectively.
Table 4.4: Parametric analyses of the slope height variation

Depth to bedrock, z (m) Slope angle, i (deg)

Crest-to-crest distance, Lctc
(m)

45
125
90

250

90

Slope height, H (m)

280

25 / 50

520

25 / 50

1000

25 / 50

280

25 / 50 / 75

520

25 / 50 / 75

280

25 / 50 / 75

520

50 / 75

1000

50 / 75

Dotted, full and dashed black lines refer to slope heights of H=25m, 50m and 75m.
Although the depth to bedrock parameter is not defined for the half-space problem, as
mentioned before, Tripe et al. (2013) have shown that comparable results to those of the
literature (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005) are achieved for very
large values of the depth to bedrock, specifically for z≥500m. However, their results refer only
to H=50m. For this reason, curves from the literature are superimposed. The Ashford et al.
(1997) line refers to the TAF at the crest area of a single vertical 30m high step-like slope on
an elastic soil layer with Vs=300m/s over half space. The dots refer to a vertical single slope
of 50m height on an elastic layer with Vs=500m/s above half-space (Bouckovalas and
Papadimitriou, 2005 - shown as B&P2005).
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Figure 4.8: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m, slope angle i=90o and Lctc=280m and varying the slope
height. Results from the literature are superimposed (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005).

The effect of the input wavelet period Tp variation is examined in these graphs in scaled
terms, considering the slope height and the input wavelength as λp=Tp·Vs. Site response
effects the topographic factor calculation since the topographic factor is divided by the transfer
function of the considered site by definition. Equation [4.5] presents this relationship:

𝐴ℎ =

𝑃𝐺𝐴𝑜𝑛𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛𝑠𝑖𝑡𝑒
ℎ
ℎ
=
𝑃𝐺𝐴1𝐷
𝑃𝐺𝐴𝑖𝑛𝑝𝑢𝑡 ∙ |𝐹2 (𝜔)|
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where PGAhon site refers to the peak ground acceleration resulting from the 2D response of the
site of interest on the canyon surface and PGA1D is used for normalisation purposes and refers
to the peak ground acceleration of the 1D soil column (crest or toe depending on the location
of the site of interest). PGAinput is the peak ground acceleration of the input ground motion
which is 1m/s2 for all the considered numerical analyses using wavelet excitations. │F2(ω)│ is
the transfer function of a damped soil layer overlying rigid bedrock (Kramer, 1996):

Figure 4.9: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=250m, slope angle i=90o and Lctc=280m and varying the slope
height. Results from the literature are superimposed (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005).

|𝐹2 (𝜔)| ≈

1
𝜔∙𝑧
𝜔∙𝑧 2
√cos 2 (
)
+
∙
(
[𝜉
𝑉𝑠
𝑉𝑠 )]
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where z is the 1D soil column height (equal to depth to bedrock z and (z-H) for the crest and
toe 1D cases considered in this study), Vs is the shear wave velocity (equal to 500m/s here),
ξ the damping ratio (5% here) and ω is the circular frequency of the input motion (given as
ω=2·π/Tp here). The resulting 1D site periods for the examined crest and toe areas and all the
combinations of the used slope heights and depth to bedrock values are given in Table 4.5
using Equations [4.7]. The resulting normalised H/λp values are given in parenthesis for each
fundamental period. The periods corresponding to the first two fundamental modes of the
examined site (crest or toe) are highlighted with thicker vertical lines in Figures 4.8 and 4.9,
with line patterns same as the slope height variation line style.
Table 4.5: Two first fundamental modes for the 1D crest and toe for all the examined canyon geometries.

Canyon geometrical
parameters

Fundamental modes, T(Η/λp)
1D crest
1st

mode

2nd

1D toe
mode

1st

mode

2nd mode

z=125m, H=25m

1.0 (0.050)

0.333 (0.150)

0.8 (0.063)

0.267 (0.188)

z=125m, H=50m

1.0 (0.100)

0.333 (0.300)

0.6 (0.167)

0.200 (0.500)

z=125m, H=75m

1.0 (0.150)

0.333 (0.450)

0.4 (0.375)

0.133 (1.125)

z=250m, H=25m

2.0 (0.025)

0.667 (0.075)

1.8 (0.028)

0.600 (0.083)

z=250m, H=50m

2.0 (0.050)

0.667 (0.150)

1.6 (0.063)

0.533 (0.188)

z=250m, H=75m

2.0 (0.075)

0.667 (0.225)

1.4 (0.107)

0.467 (0.321)

z=500m, H=50m

4.0 (0.025)

1.333 (0.075)

3.6 (0.028)

1.200 (0.083)

1𝑠𝑡𝑚𝑜𝑑𝑒
𝑇𝑐𝑟𝑒𝑠𝑡
=

1𝑠𝑡𝑚𝑜𝑑𝑒
𝑇𝑡𝑜𝑒

4∙𝑧
4∙𝑧
2𝑛𝑑𝑚𝑜𝑑𝑒
and𝑇𝑐𝑟𝑒𝑠𝑡
=
𝑉𝑠
3 ∙ 𝑉𝑠

[4.7]

4 ∙ (𝑧 − 𝐻)
4 ∙ (𝑧 − 𝐻)
2𝑛𝑑𝑚𝑜𝑑𝑒
=
and𝑇𝑡𝑜𝑒
=
𝑉𝑠
3 ∙ 𝑉𝑠

Horizontal and parasitic vertical TAF minima for both depth to bedrock values (Figures
4.8 and 4.9) occur at the fundamental periods of the examined site. This can be justified by
the topographic amplification factor definition. The topographic factor is inversely proportional
to the transfer function (see Equation [4.5]), so it minimises at the maxima locations of the
transfer function. Similarly, topographic amplification is more easily observed at period ranges
where the transfer function has very low values, so the resulting TAF maxima happen in
between the fundamental modes of the 1D crest or the 1D toe respectively. However, in some
cases there are second peaks characterising the crest and toe response. For z=125m and
H=25m, a second crest horizontal TAF maximum occurs at H/λp=0.25 (corresponding to
Tp=0.2sec). Also, for z=250m and H=50m, a second peak at crest occurs at H/λp=0.2
(Tp=0.5sec). The input pulse period resulting to these peaks is close to the fundamental mode
calculated considering the slope oscillation. This will be referred to as the fundamental period
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of the slope herein (Tslope=4·H/Vs) which is 0.2sec and 0.4sec for H=25m and H=50m
respectively. The parasitic vertical topographic amplification has only one maximum value,
located in between the fundamental modes of the 1D crest for both depth to bedrock values.
The Ah response of the toe is rather more complicated since the peak occuring in
between the fundamental modes of the 1D toe is each time the smallest amplitude peak, while
there is a more pronounced maximum TAF at smaller H/λp ratios. It is found that for z=125m
the more pronounced peak at the toe happens at H/λp=0.05, 0.1 and 0.15 for H=25m, 50m
and 75m respectively. These ratios correspond to the same period of Tp=1sec, which is the
period corresponding to the first fundamental mode of the crest. Similarly, the more
pronounced toe peaks for z=250m occur at H/λp ratios of 0.05 and 0.075 for H=50m and 75m
respectively, which correspond to the 1st fundamental mode of the crest of T=2sec. This means
that the crest resonance at specific input motion periods (the fundamental modes of the 1D
crest), influences the response at the toe area. The even smaller topographic amplification of
the toe compared to the crest area is difficult to capture in that case. The parasitic vertical
response at the toe is both effected by the 1D crest and the slope oscillation. TAF generally
maximises in between the 1D fundamental modes of the toe. However, for the z=125m case,
secondary maxima occur at ratios of H/λp=0.1 and 0.15 for H=50m and 75m respectively.
These correspond to the first fundamental mode of the 1D crest (Tp=1sec). For z=250m the
secondary maxima correspond to the fundamental modes of the canyon slope with
Tslope=0.2sec and H/λp=0.22 for H=25m and Tslope=0.4sec and H/λp=0.25 for H=50m.
Both Ashford et al. (1997) and Bouckovalas and Papadimitriou (2005) observed the
same topographic amplification variation with H/λ at the crest area of the single slope
response, however considering different slope height and shear wave velocity values (H=30m,
Vs=300m/s and H=50m, Vs=500m/s respectively) but having the same ratio of H/Vs=10. This
means that same ratios of H/Vs result in the similar topographic amplification factors at the
canyon surface. Topographic amplification in the literature studies maximises at H/λp values
around 0.2. Ashford et al. (1997) refer to this value as the “topographic frequency”. The
maximum response at H/λp=0.2 is also observed here, but only for H=50m. It should be noted
that the ratio of H/Vs is equal to the ratios examined in the literature (H/Vs=10) only for the
slope height of H=50m in this study. A consequence of slope height (and H/Vs ratio) variation
is the shift of TAF extrema locations on H/λp axis, as shown for other examined slope heights
here.
The amplification maxima for depth to bedrock values of z=125m and 250m are larger
than those from the literature due to the layer over rigid bedrock condition considered in
comparison to the half-space consideration in literature, as extensively discussed by Tripe et
al. (2013). The depth to bedrock effect is better presented in Figure 4.10, where the numerical
results of Figures 4.8 and 4.9 are superimposed to the deeper depth to bedrock case (z=500m)
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with Lctc=280m, i=90o and H=50m. It is once more confirmed that the response with z=500m
and H=50m is the same as that of the literature for the same H/Vs=10. A very similar response
shape and amplitude are however observed for H=25m and z=250m. Also, the TAF resulting
from H=25m and z=125m is similar to the TAF for H=50m and z=250m. In conclusion, the ratio
of the slope height to the depth to bedrock has a similar effect on the TAF occurrence at the
canyon surface. The ratio of H/z can therefore be used to normalise the topographic response.
The previous comparisons summarise the influence of the 1D crest site response on
topographic amplification at the points on the irregularity. The site period is presented in scaled
format in Equation [4.8], where the site periods of the 1D crest for depths to bedrock greater
than 125m are expressed as a function of the shallower site period. A general conclusion
resulting from this normalisation is that the same topographic amplification distribution with
similar amplitudes are expected for the same normalised site period values. The x-distance
from the irregularity to the input motion wavelength ratio is also preferred since it is shown in
literature that the TAF extrema at the ground surface are aligned using this normalisation (Geli
et al., 1988; Kamalian et al., 2006, 2008).
4 ∙ 𝑧 𝑧125
𝑇𝑝𝑧125 ( 𝑉𝑠 )
125
⇔
𝑧 =
𝑧 =
𝑇𝑝
4∙𝑧
𝑧
( 𝑉 )
𝑠

𝑇𝑝𝑠𝑐𝑎𝑙𝑒𝑑 =
𝑥𝑛𝑜𝑟𝑚 =

125
∙ 𝑇𝑝
𝑧

[4.8]

125
𝑥
125
𝑥
·
=
· 𝑛𝑜𝑟𝑚
𝑠𝑐𝑎𝑙𝑒𝑑
𝑧 𝑉𝑠 · 𝑇𝑝
𝑧 𝜆𝑝

As a consequence, two locations with same site periods TpA and TpB have equal ratios of z/Vs
(Equation [4.9]). Also, the same ratios of H/λp result from either same ratios H/Vs (see
comparison of literature studies) or from same ratios of H/z (see comparisons of this study).
The response shape at the canyon surface is expected to be the same for all these cases,
which is reasonable considering that the ratios correspond to a scaled version of the same
canyon geometry.
𝑇𝑝𝑠𝑐𝑎𝑙𝑒𝑑,𝐴 ∙ 𝑧𝐴 𝑉𝑠𝐵 ∙ 𝑧𝐴
𝑇𝑝𝐴
𝑧
𝑧
=
1
⇔
= 𝐴
= 1 ⇔ 𝐴𝐴 = 𝐵𝐵
𝐵
𝑠𝑐𝑎𝑙𝑒𝑑,𝐵
𝑇𝑝
𝑉𝑠
𝑉𝑠
𝑇𝑝
∙ 𝑧𝐵 𝑉𝑠 ∙ 𝑧𝐵
𝐻
𝐻
𝐻𝐴 𝐻𝐵
( )
(
)
𝑉𝑠 · 𝑇𝑝 𝐴 𝐻𝐴 ∙ 𝑉𝑠 𝐵 ∙ 𝑇𝐵
𝜆𝑝
𝑧𝐴 = 𝑧𝐵 𝑓𝑜𝑟𝑠𝑎𝑚𝑒𝑉𝑠
𝐴
=
1
⇔
=
=
1
{
𝐻𝐴 𝐻𝐵
𝐻
𝐻
𝐻𝐵 ∙ 𝑉𝑠 𝐴 ∙ 𝑇𝐴
( )
(𝑉 · 𝑇 )
𝐴 = 𝑉 𝐵 𝑓𝑜𝑟𝑠𝑎𝑚𝑒𝑧
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Figure 4.10: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering all the depth to bedrock values, slope angle i=90 o and Lctc=280m
and varying the slope height. Results from the literature are superimposed (Ashford et al., 1997; Bouckovalas and
Papadimitriou, 2005).

Figure 4.11 is an example of the normalisations mentioned above where the numerical
results of Figure 4.10 are plotted with input pulse period in scaled terms (Tpscaled). The
horizontal and parasitic vertical TAF minima at the slope crest happen at the fundamental
modes of the 1D soil column corresponding to Tpscaled (shown with vertical lines) and the TAF
maxima happen in between the fundamental modes range. The topographic maximum is
aligned at the scaled pulse period Tpscaled=0.5sec, corresponding to the intermediate period of
1sec and 0.333sec (fundamental modes of the 1D crest in scaled terms). However, the
numerical results for small H/z ratios (H/z=0.1) are characterised by extrema locations that
deviate more from the response for larger H/z ratios.
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Figure 4.11: Horizontal and parasitic vertical topographic amplification factor in PGA terms with scaled input pulse
period at the slope crest and toe of the canyon.

The small H/z ratios represent canyon geometries with small slope heights relative to
the depth to bedrock value. The half-space problem is an example with a small H/z ratio since
the depth to bedrock is not existent and can be consequently thought as much larger than the
examined vertical dimension of the topographic irregularity. Similarly, an almost flat ground
surface could also represent this case since the slope height would be comparatively small to
the depth to bedrock value. The wave mechanism is quite different in those examples and the
response is expected to vary from the canyon case where the slope height is of comparable
dimensions to the depth to bedrock values (i.e. intermediate values of H/z ratios like most of
the analyses of this study). The toe response is much more dependent on the 1D crest and
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slope oscillation, thus even after the normalisation, the TAF peaks are not aligned. The Ah is
characterised by a pronounced peak, dominated by the 1D crest response at Tp=1sec. The
secondary peak at Tp=0.333sec may be related to the second fundamental mode of the crest.
The parasitic vertical response has two extrema locations of similar importance in terms of
amplitude. The maxima that occur for Tp=0.333 and 1sec are related to the 1D crest modes.
However, the peak at smaller periods is affected by the slope oscillation (T slope=0.2, 0.4 and
0.6sec for H=25m, 50m and 75m) since it shifts depending on the examined H value.
The topographic response for all the points at the canyon surface is presented in Figures
4.12 to 4.15.

Figure 4.12: Horizontal topographic amplification factor in PGA terms with normalised distance from the slope crest
point (xcr=0) for each scaled period Tpscaled.

The normalised quantities of Equation [4.8] are used in these plots. Each panel refers
to a scaled input motion period in the range of 0.1sec to 2sec. For example, the response
curves at the canyon surface for z=125m with Tp=0.5sec, z=250m with Tp=1sec and z=500m
with Tp=2sec are presented in the same panel, as they correspond to the same scaled input
pulse period of Tpscaled=0.5sec. The considered canyon geometry refers to i=90o and Lctc=280m
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with normalised distance from the canyon crest or toe points (xcr≥0m or xtoe≥0m in Figure
4.1).The dotted, full and dashed lines represent the resulting response from the three different
slope height values, while different grey shades are used for the depth to bedrock variation.

Figure 4.13: Horizontal topographic amplification factor in PGA terms with normalised distance from the slope toe
point (xtoe=0) for each scaled period Tpscaled.

The topographic amplification variation at the crest area (Figure 4.12) is characterised
by a distinct shape, which is controlled by the scaled input period. Equal ratios of H/z result in
similar TAF shape at the ground surface. As mentioned above, for small H/z values (H/z=0.1),
the response has a much lower amplitude than for other ratios. Ratios smaller than 0.2 refer
to very shallow canyons with topographic response close to zero since the ground is almost
flat. Similarly, ratios larger than 0.6 refer to very deep canyons that are not commonly found
in nature. Although larger topographic amplification is expected with increasing slope height
based on the literature, this only happens for a constant value of depth to bedrock. Clearly,
the TAF amplitude depends on the relative slope height to depth to bedrock (ratio H/z), rather
than the slope height itself. The horizontal topographic factors have reached the free-filed
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value of Ah=1 at distances xnorm=2 thus the locations at this maximum distance are mostly
affected by topographic effects.

Figure 4.14: Parasitic vertical topographic amplification factor in PGA terms with normalised distance from the
slope crest point (xcr=0) for each scaled period Tpscaled.

The horizontal topographic amplification at the toe area is characterised by a distinct
shape for each input pulse period (Figure 4.13). However, there is a lot more variation in the
TAF amplitudes in this area, irrespective of the H/z normalisation. The toe area is not only
affected by the H/z ratio since response is not exactly the same for equal H/z ratios in this
case. This indicates that equal H/z ratios are not the only condition to be satisfied for similar
resulting response at the canyon toe. It is inferred that the canyon width is a parameter that
influences the response at the toe. The effect of the other canyon geometrical parameters will
be further discussed in the following sections. The resulting TAF for small H/z ratios is nearly
zero (flat TAF close to 0) and the curves for this ratio are deviating from those characterised
by larger H/z for the reasons that were explained above. The extend of the topographic effects
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influence cannot be directly derived from this comparison since the crest-to-crest distance of
280m is only presented. This will be further discussed in Section 4.4.3.

Figure 4.15: Parasitic vertical topographic amplification factor in PGA terms with normalised distance from the
slope toe point (xtoe=0) for each scaled period Tpscaled.

The parasitic vertical crest response is characterised by large values of TAF close to the
crest of the slope, gradually approaching zero at the crest free-field (Figure 4.14). For H/z
ratios in the range of 0.2 to 0.6, the Av maxima coincide at same normalised distances from
the crest. The overall effect of the vertical component of TAF extends to xnorm=2 in this area,
considering that topographic amplification is not zero but mostly minimised after this distance.
Larger TAF amplitudes are observed closer to the canyon slope and zero at the canyon middle
point at the toe area. The topographic amplification in this area has a smaller amplitude than
at the crest area thus a different vertical scale is used in Figure 4.15. The greater dependence
of the toe response on other canyon parameters is also illustrated here, since the response is
not always the same for equal ratios of H/z. Finally, the parasitic vertical topographic factors
are found to have quite significant and comparable amplitudes to the horizontal topographic
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factors, especially for periods lying between the 1st and 2nd fundamental crest periods in scaled
terms (Tpscaled=0.333sec to 1sec). The resulting amplitudes cannot be neglected from the
design considerations, particularly for periods related to the crest and toe areas extrema
(Tpscaled=0.5sec at the crest area and 0.333sec and 1sec at the toe).
Finally, seismogram synthetics at the canyon surface are plotted for both the horizontal
and the vertical acceleration time histories. Two canyon geometries with same H/z ratio are
compared in Figures 4.16 and 4.17. The examined points across the canyon surface are
presented using the x-distance normalisation, however the origin of the axis is at the canyon
middle point for comparison purposes. It is seen that the temporal variation of acceleration is
similar for these canyons. The relative slope height to depth to bedrock dimension is the same
between these canyons thus similar wave deflections are observed at the ground surface.
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Figure 4.16: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=25m, Lctc=280m and Tp=0.5sec (H/z=0.2).
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Figure 4.17: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=250m, H=50m, Lctc=280m and Tp=0.5sec (H/z=0.2).
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4.4.3 Crest-to-crest distance variation
The crest-to-crest distance (or canyon width) has been identified as an important parameter
effecting the surface topographic amplification of canyons. The ratio of the canyon width to
the input motion wavelength, usually referred as the “dimensionless frequency”, has been
used as a normalisation parameter when examining the surface response of semi-cylindrical
canyons with SH wave incidence (Trifunac, 1973), semi-elliptical canyons with P, SV and
Rayleigh input waves (Wong, 1982) and for semi-elliptical alluvial valleys with SH wave input
(Wong and Trifunac, 1974). Later on, the effect of the input motion wavelength on the surface
response of irregular topographies was examined by Assimaki et al. (2005a) and Kamalian et
al. (2006) amongst others, using the x distance from the irregularity to the input motion
wavelength ratio to specify areas across the canyon or ridge respectively where topographic
extrema lie. The combined effect of the slope height over the ridge width (i.e. ridge shape
ratio) to the TAF distribution with normalised x-distance has been also analysed for a semicircular ridge over half-space with SV wave input wavelets of Ricker (1953) type (Kamalian et
al., 2008). It is generally shown in the literature that the TAF extrema occur for incident
wavelengths comparable to the width of the examined topographic irregularity.
The effect of the crest-to-crest distance on the TAF distribution across the canyon
surface is first investigated considering the normalisations adopted in the literature. The
parametric analyses of this section are summarised in Table 4.6. The slope height and angle
are kept constant (H=50m and i=90o) to isolate the crest-to-crest distance variation effect on
topographic amplification for the three considered depth to bedrock values separately. Six
values of canyon width are considered, ranging from very small distances (20, 40m) to very
large ones (2000m). Very small canyon widths are not expected to be found in nature,
however, those values are used herein to set the theoretical limits of the expected response.
It is already discussed in Chapter 3 that for large canyon widths the two canyon slopes do not
interact with each other and the canyon response approaches that of a single slope.
Table 4.6: Parametric analyses of the crest-to-crest distance variation

Depth to bedrock, z (m)

Crest-to-crest distance, Lctc (m)

125

20 / 40 / 80 / 280 / 520 / 1000 / 2000

250

280 / 520 / 1000

500

20 / 40 / 80 / 280 / 520 / 1000

The variations in horizontal and parasitic vertical topographic amplifications with
normalised H/λp are plotted in Figures 4.18 to 4.20 for the three depth to bedrock values. The
main features regarding the periods of the topographic factors extrema locations have already
been discussed in the previous section. For a given depth to bedrock, since the H/Vs ratio is
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kept constant, amplification peaks occur for the same H/λp values for all the crest-to-crest
distances examined. The 1D transfer functions of the crest and the toe are superimposed in
these figures since they are used for the topographic factors derivation and they are strongly
related to the location of the topographic extrema.

Figure 4.18: Horizontal and parasitic vertical topographic amplification in PGA terms with H/λp for the crest and toe
points of the canyon and z=125m. 1D transfer functions are superimposed.

Overall, the Lctc variation does not affect the topographic amplification extrema locations
at the crest and toe points. The TAF amplitude is however effected with larger difference in
the amplitude values occurring for the shallower depth to bedrock case (Figure 4.18). For
z=125m, the maximum response is observed for Lctc=280m at the crest point of the canyon for
H/λp=0.2. The maximum location depends on the site response and is always at H/λp=0.2 (i.e
Tp=0.5sec) for the shallower canyon case and H/Vs=0.1. However, the similarity of the
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wavelength corresponding to this input (λp=250m) with the canyon width of 280m resulted in
an increase in the TAF amplitude compared to the topographic factors for the other canyon
widths. This observation can be summarised in the following:

1𝑠𝑡𝑚𝑜𝑑𝑒
2𝑛𝑑𝑚𝑜𝑑𝑒
𝑇𝑐𝑟𝑒𝑠𝑡
≥ 𝑇𝑃 ≥ 𝑇𝑐𝑟𝑒𝑠𝑡
⇔ 𝜆1𝑠𝑡𝑚𝑜𝑑𝑒
≥ 𝜆𝑃 ≥ 𝜆2𝑛𝑑𝑚𝑜𝑑𝑒
𝑝
𝑝
𝐻
𝐻
𝐻
⇔ 1𝑠𝑡𝑚𝑜𝑑𝑒 ≤
≤
𝜆𝑃 = 𝐿𝑐𝑡𝑐 𝜆2𝑛𝑑𝑚𝑜𝑑𝑒
𝜆𝑝
𝑝

[4.10]

Figure 4.19: Horizontal and parasitic vertical topographic amplification in PGA terms with H/λp for the crest and toe
points of the canyon and z=250m. 1D transfer functions are superimposed.

Similarly, for the intermediate depth to bedrock value (z=250m), using Equation [4.10]
the maximum of topographic amplification is expected between 0.667sec≤Tp≤2sec so for
1000m≤λp≤333.33m so 0.05≤H/λp≤0.15. The canyon width that lies in that range is the 520m
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case, where the maximum indeed occurs. Comparable amplitudes are observed for Lctc=520m
and 1000m because the canyon width of 1000m also lies in the range of λp given by Equation
[4.10] (1000m≤λp≤333.33m). In any case, amplitude differences are reduced compared to the
z=125m case, due to the larger depth to bedrock value. For z=500m the maximum topographic
amplification is expected between 2000m≤λp≤666.67m. Only Lctc=1000m lies in this range,
however, the depth to bedrock is too large for any differences to be observed at the resulting
response at the ground surface. The parasitic vertical response at the slope crest follows
exactly the same pattern, with crest-to-crest distance affecting the TAF amplification amplitude
when the condition described in Equation [4.10] applies.

Figure 4.20: Horizontal and parasitic vertical topographic amplification in PGA terms with H/λp for the crest and toe
points of the canyon and z=500m.
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The topographic response at the toe is not greatly influenced by the condition described
above. Both horizontal and parasitic vertical topographic amplification for the intermediate and
deeper layer thicknesses (z=250m and z=500m) are not affected much by the Lctc variation
considering either the location or magnitude of the extrema. For the shallower layer case
(Figure 4.18), the parasitic vertical response at the toe seems to be unaffected by the crestto-crest distance variation. This is reasonable considering that this parasitic vertical response
results from the vertical oscillation modes of the canyon, which are less related to any variation
of the horizontal dimensions of the examined geometry. The horizontal response is the same
for Lctc≥280m, while larger amplification results for the very narrow canyon cases (20m, 40m
and 80m) due to the two canyon slopes proximity and interaction. The smallest canyon widths
refer to very narrow canyons which are not commonly found in nature.
Figures 4.21 to 4.24 represent the distribution of topographic amplification across the
canyon with normalised distance from the irregularity provided by Equation [4.8]. Full lines
refer to topographic amplification resulting from different canyon width values, with lighter
colours denoting larger crest-to-crest distances. The full lines correspond to depth to bedrock
of z=125m, while results from z=250m and z=500m are superimposed with dotted and dashed
lines respectively, using the Tpscaled scaling (Equation [4.8]) for all the canyon width values
examined.
The horizontal topographic amplification at the crest is characterised by a distinct shape,
changing with the scaled input motion period Tpscaled (Figure 4.21). The topographic factor
magnitudes resulting from z=500m are much smaller than the other depth to bedrock values.
The maximum topographic amplification locations are limited at areas very close to the crest
points with xnorm≤1, magnified specifically at scaled periods in between the fundamental site
response periods as expected (0.5sec and 0.667sec). The amplitude of the topographic
factors gradually reduces to reach the free-field response with the rate of decrease being
related to the crest-to-crest distance variation. The topographic factors extrema occur for
integral multipliers of the normalised x-distance (i.e. the xnorm and consequently the input
motion wavelength), showing that the diffracted wave field at the ground surface can be fully
determined by the input wavelet period.
The TAF extrema happen at similar xnorm locations for each examined scaled input
wavelength period Tpscaled. This further justifies the normalisation of the horizontal distance
from the topographic irregularity by the input motion wavelength. The response is influenced
behind the slope crest at a maximum distance of xnorm≤2. The largest variation of the response
is localised at the slope crest, partly because of the abrupt change of the topography but also
due to the vertical slope configuration. The TAF at points very close to the crest are expected
to be smoother for smaller slope angle values (see Section 4.4.4).
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Figure 4.21: Horizontal topographic amplification in PGA terms with normalised distance from the crest point for
every canyon width and depth to bedrock value.

The toe area is also characterised by a distinct shape of the horizontal TAF in normalised
terms (Figure 4.22). The response for Lctc=2000m is equal to the expected ground
amplification at the toe area of a single slope since the canyon width is too large for the two
canyon slopes to interact (see also Chapter 3). This distance can be used as an upper bound
of the expected single slope response, while changes on the shape of TAF distribution are
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attributed to variation of the canyon width. For all the input motion periods, the resulting
response at Lctc distances larger than equal to 520m is shown to have a shape approaching
the single slope response. This implies that any interaction between the two canyon slopes
minimises for distances larger than roughly 500m. For smaller canyon widths, there is fewer
horizontal distance for the diffracted waves to attenuate and the amplitude of topographic
amplification shifts compared to the response at the toe area of a single slope. The
topographic effects at the toe area are extended to distances of xnorm≤2, which is the same
normalised distance observed for the crest area.
The distribution of the parasitic vertical topographic amplification with distance from the
crest results in similar observed response for all the examined canyon widths (Figure 4.23).
An exception to this observation is the sudden drop of Av for very narrow canyons at xnorm≈0.4
for Tpscaled=0.5sec, which does not coincide with the drop for wider canyon geometries. The
response extrema at other scaled period values occur at similar xnorm locations. The depth to
bedrock effect on the resulting topographic amplification magnitudes is more pronounced at
the period of the maximum response (0.5sec). The normalised view of this graph results in a
similar distribution of Av for the other period values.
The Av with distance from the toe (Figure 4.24) is generally characterised by very small
amplitudes, gradually reducing towards the canyon centre. The vertical response at the middle
of the canyon is zero due to the symmetry of the canyon geometry and the zero angle of
incidence of the input motion. However, for the different crest-to-crest distance values, the
zero response is shifted along the x-axis due to the x-distance normalisation. The vertical
scale of this figure is different from the previous ones to easily observe any differences of the
resulting TAF amplitudes. The response maxima at the toe point happen at periods of
0.333sec and 1sec, coinciding with the 1D fundamental crest periods in scaled terms.
However, the largest amplitude of topographic factors occurs at 0.333secs. The localised
extrema are aligned across the normalised x distances unlike the shift of the extrema at the
toe due to the slope height variation (see Section 4.4.2). This is expected since a change of a
horizontal canyon dimension (like the Lctc) is not affecting the vertical canyon oscillation, as
much as a change of a vertical dimension (like H or z). The localised maxima at the toe point
will be re-examined for smoother slope angle configurations in Section 4.4.4.
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Figure 4.22: Horizontal topographic amplification in PGA terms with normalised distance from the toe point for
every canyon width and depth to bedrock value.
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Figure 4.23: Parasitic vertical topographic amplification in PGA terms with normalised distance from the crest point
for every canyon width and depth to bedrock value.
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Figure 4.24: Parasitic vertical topographic amplification in PGA terms with normalised distance from the toe point
for every canyon width and depth to bedrock value.

The effect of the canyon shape ratio (i.e. the combined change of crest-to-crest distance
and slope height) on topographic amplification is finally investigated. The resulting response
at the toe area is only shown in Figure 4.25, since larger response variations were observed
with crest-to-crest distance variation compared to topographic amplification at the crest area.
Horizontal and parasitic vertical topographic amplification is only presented for eight different
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canyon geometries since these were the ones with comparable response at the ground
surface. Comparable response refers to similar response shape across x-distance and
comparable TAF amplitudes. Comparable response results for canyons with similar ratios of
H/Lctc, H/z and z/Lctc (pairs a, b, c and d). A summary of the values of those ratios for the eight
canyon geometries resulting to similar surface topographic amplification are presented in
Table 4.7.

Figure 4.25: Toe area variation of horizontal and parasitic vertical TAF with simultaneous change of slope height
and crest-to-crest distance for Tpscaled=0.5sec.

Table 4.7: Comparison of canyon dimensions with similar ground surface response.

Analyses pair
(a)
(b)
(c)
(d)

Geometrical parameters
z(m)

H(m)

Lctc(m)

H/Lctc

H/z

z/Lctc

125
250

25

520

0.05

0.20

0.24

50

1000

0.05

0.20

0.25

125

25

280

0.09

0.20

0.45

250

50

520

0.10

0.20

0.48

125

50

520

0.10

0.40

0.24

250

75

1000

0.08

0.30

0.25

125

50

280

0.18

0.40

0.45

250

75

520

0.14

0.30

0.48

Each pair (a, b, c and d) refers to the geometries corresponding to comparable ratios
with similar values of both the horizontal and the parasitic vertical amplification. The only
comparison between the two sets that results in a different vertical response in terms of
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amplitude but the same shape is shown in italics fond in the table (pair c). Due to the existence
of the rigid bedrock interface in this study, it is not only the relative shape ratio of the canyon
H/Lctc that affects the response, but also the relation of the slope height and the canyon width
to the depth to bedrock. These ratios simply correspond to similar expected ground
amplification in the case of similar change to all the canyon dimensions (i.e. the canyon
horizontal and vertical dimensions and the soil layer thickness are equally scaled).
The seismogram synthetics of one of the canyon geometries of pair (b) (z=125m,
H=25m, Lctc=280m) has already been presented in Figure 4.16. The acceleration time histories
at the canyon surface for the second geometry of this pair (z=250m, H=50m, Lctc=520m) is
shown in Figure 4.26. For comparison purposes, the seismogram synthetic graph is also
provided for one of the geometries of pair (a) (z=250m, H=50m, Lctc=1000m) in Figure 4.27.
The same wave creation happens for the three geometries. This is because the slope
geometry is the same (i.e. same slope angle and relative dimension of slope height to depth
to bedrock). However, the spread of the waves away from the irregularity is different due to
the different crest-to-crest distance values.
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Figure 4.26: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=250m, H=50m, Lctc=520m and Tp=0.5sec (H/z=0.2, H/Lctc=0.1, z/Lctc=0.48).
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Figure 4.27: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=250m, H=50m, Lctc=1000m and Tp=0.5sec (H/z=0.2, H/Lctc=0.05, z/Lctc=0.25).
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4.4.4 Slope angle variation
The topographic amplification dependence on the slope angle parameter is well studied in the
literature. The most relevant studies to the current research are those of Ashford et al. (1997)
and Bouckovalas and Papadimitriou (2005). The relationship of topographic amplification for
the crest area of single step-like slopes above half-space to slope angle was examined by
Ashford et al. (1997) for the ratio of H/Vs=0.1 (refer to Figure 2.13 of Chapter 2). Bouckovalas
and Papadimitriou (2005) confirmed this relationship with numerical analyses of single slopes
with height equal to H=30m. These prior studies conclude that an increase in the slope angle
results in an increase in topographic amplification. This is reasonable since the topographic
irregularity is more distinct for larger slope angles, so topographic effects are expected to be
more pronounced. The previously discussed investigations of slope height and canyon width
variation show that topographic amplification for z=500m is not greatly affected by these
parameters. For this reason, the results for half-space will be considered to be representative
of the deep bedrock presence (z=500m) in this study. The parametric analyses of this section
are shown in Table 4.8. Only the shallower depth to bedrock is considered (z=125m), since it
results in larger topographic amplification at the ground surface. Six values of slope angle are
examined (10o, 30o, 45o, 60o, 75o and 90o) for canyon widths of Lctc=280m, 520m and 1000m
and a constant slope height of H=50m. The canyon width is varied to ensure that conclusions
from the slope angle variation persist for other geometries and to examine any parameter
inter-dependencies for the design model build up stage (Chapter 7).
Table 4.8: Parametric analyses of the slope angle variation

Depth to bedrock,
z (m)
125

Poisson’s ratio,
v (-)

Crest-to-crest distance, Lctc (m)

Slope angle, i (deg)

280

30 / 45 / 60 / 75 / 90

1/3

520

30 / 45 / 60 / 75 / 90

1000

10 / 30 / 45 / 60 / 75 / 90

Some of the features of the expected amplification resulting from the vertical slope
configuration have already been mentioned. The very abrupt changes of the TAF at the ground
surface and the localised extrema at the slope crest and toe points are some of them. Such
steep angles are not expected to be found in nature and it is better to focus on results relevant
to an angle of 75o, when referring to very steep slope formations. TAF are presented at the
slope crest and toe points in comparison with curves from the literature and for all the
examined points at the canyon surface in a similar way to the previous sections. The
parametric analyses of this section refer to a different origin for the x-distance at the crest and
toe areas for each slope angle configuration, as shown in Figure 4.28.
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ycr
xcr

ytoe

i

Toe area

i
xtoe

Crest area

Figure 4.28: Different slope configurations at the crest and toe areas and the different origin of x-axis.

The expected wave field at the canyon slope comprises of incident, reflected and
diffracted waves (Assimaki, 2004). The crest and the toe corners can be considered as two
infinite wedges. The relation of the incident, reflected and diffracted wave field for each infinite
wedge can be found in Achenbach (1973) for various wedge angles and incident motions. In
general, when an incident SV or P wave hits the ground surface, SV and P reflected waves
are generated. Those mode conversions result from the inability of the incident wave to satisfy
the stress compatibility at the corners of the domain and the zero stress boundary conditions
at the ground surface. The number of mode conversions and the direction of the reflected
waves depend on the nature of the incident wave and the angle of incidence in comparison to
the critical angle of incidence for the examined domain (i.e. on the wave velocities in the
medium and the Poisson’s ratio). Due to the slope existence, different reflections occur at the
flat and the inclined surfaces of the canyon. Diffracted waves are generated at the corners of
the medium to satisfy the equilibrium of the reflected wave field between the toe and the crest
areas. The slope geometry is such that diffracted waves from the toe have less interaction
with other waves created in the area, while diffracted waves at the crest constructively interfere
with the reflected ones. As a result, increased values of topographic amplification are expected
to occur around the crest, compared to those at the toe. Rayleigh waves can be created at the
corners, depending on the input wave nature and direction. These waves travel parallel and
away from the toe of the slope and parallel to the inclined surface towards the crest and then
away from the crest. Since Rayleigh wave velocity values are comparable to SV wave velocity
ones, those waves are clearly observed at some distance away from the irregularity, as SV
waves attenuate quicker with distance than Rayleigh waves.
A representation of the expected wave field for the SV vertical incidence in this study is
shown in Figure 4.29. Two cases are presented, depending on whether the incidence of SV
wave angle to the inclined surface is greater than equal to the critical angle of incidence or
not. The critical angle is calculated using Equation [4.11] and is equal to 30o for Vs=500m/s
and Poisson’s ratio v=1/3.
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𝑖𝑐𝑟 = arcsin

𝑉𝑠
1−2∙𝑣
1 − 2/3
= arcsin √
= arcsin√
= 30𝑜
𝑉𝑃
2−2∙𝑣
2 − 2/3

[4.11]

For input waves propagating vertically, the angle of incidence is always equal to the
slope angle from geometry. Incident and reflected waves are shown with full and dashed lines,
while the diffracted zone is grey coloured with spreading arrows denoting the corners acting
as sources of generating waves. Rayleigh waves are travelling parallel to the surface.

i<icr

i≥icr

Reflected SV waves

Reflected SV waves

i<icr

i≥icr

Reflected P waves

Reflected P waves

Created Rayleigh waves

Created Rayleigh waves
Preflected
SVreflected
ismall<i<icr
i<ismall
i<ismall

ismall<i<icr

SVincident

SVincident

Preflected
SVreflected

Figure 4.29: The incident (full arrows), reflected (dashed arrows) and diffracted wave field (grey zones) for SV
vertical wave incidence and incident angle equal (right) or not (left) to the critical one. Box: The different wave
reflections on the inclined slope surface for i<i cr.
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The resulting wave field comprises of SV reflected waves at the horizontal surfaces of
the crest and toe areas. Both SV and P reflected waves are created at the inclined slope
surface with directions calculated using the Snell’s law based on the SV wave input and the
material properties. Rayleigh waves build up at the toe of the slope, propagating upwards
parallel to the inclined slope surface and changing direction at the crest propagating parallel
to the horizontal surface. Finally, Rayleigh waves generated at the toe, propagate parallel to
the ground surface at the toe area. Waves with critical incidence mainly alter the P reflected
wave field since P waves are not reflected back from the inclined surface, but travel parallel
to it (see middle panel of Figure 4.29 right for reflected P waves).
For slope angles greater than equal to the critical angle (30o, 45o, 60o, 75o and 90o herein)
a larger response is generally expected due to the reflected P waves travelling parallel to the
inclined slope interface with a P wave velocity. These waves constructively interfere with the
created Rayleigh waves at the inclined slope interface. The response at the crest is thus
expected to be larger than in other areas since these waves interfere further with the incident
SV waves at the crest area. Especially for the vertical slope case, a lot more P wave reflections
are created at the toe area compared to milder slope configurations for an SV wave incidence
(Boore et al., 1981). This relates to the incident motion being parallel to the slope interface,
with P waves created both from the incident and the reflected SV waves at the corners. The
overall larger response and the localised peaks at the corners of the vertical slope
configuration resulting from the numerical analyses could be explained by this observation.
For smaller angles than the critical (only 10o considered herein), the response is
expected to be as described in the left panels of Figure 4.29, with reflected SV and P waves
at the horizontal and the inclined surfaces and Rayleigh waves travelling away from the crest
and the toe. The reflected SV and P waves could either propagate downwards or propagate
upwards and towards the crest area, depending on the incident angle of the input motion. As
shown in the bottom box of Figure 4.29, if the incident angle is between the critical angle and
a small angle (ismall), the reflected waves travel upwards to constructively interfere with the
incoming SV waves and the created Rayleigh waves at the crest. If the incident angle is
smaller than the ismall angle, then the reflected waves propagate downwards and the response
at the ground surface is much smaller than any other described case. This small angle results
from geometry when the reflected angle is equal to 90-ismall so from Snell’s law:

sin(𝑖𝑠𝑚𝑎𝑙𝑙 ) = sin(90𝑜 − 𝑖𝑠𝑚𝑎𝑙𝑙 ) ∙

tan(𝑖𝑠𝑚𝑎𝑙𝑙 ) =

𝑉𝑠
𝑉𝑠
= cos(𝑖𝑠𝑚𝑎𝑙𝑙 ) ∙ ⇒
𝑉𝑃
𝑉𝑃

𝑉𝑠
1−2∙𝑣
⇒ tan(𝑖𝑠𝑚𝑎𝑙𝑙 ) = √
⇒ 𝑖𝑠𝑚𝑎𝑙𝑙 = 26.6𝑜
𝑉𝑃
2−2∙𝑣
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There is not an analysed wave incidence angle (i.e. slope angle) which lies between 26.6o and
30o in the current analyses. The angle of 10o is smaller than the ismall so the response is
expected to be lower than all the other examined wave incidence angles. Same conclusions
about the reflected wave field are also presented in the literature by Zhang et al. (2018).
The horizontal and parasitic vertical response at the irregularity points of the canyon with
varying slope angle is shown in Figures 4.30 and 4.31 for canyon widths of 1000m and 280m.
The depth to bedrock and the slope height parameters are kept constant (z=125m and
H=50m), while the slope angle is varied, examining first a canyon configuration with a very
large crest-to-crest distance (Lctc=1000m) so as for the two slopes to not interact.

Figure 4.30: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m, H=50m and Lctc=1000m and varying the slope angle. 1D
transfer functions are superimposed.
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Figure 4.31: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m, H=50m and Lctc=280m and varying the slope angle. 1D
transfer functions are superimposed.

The topographic amplification variation with H/λp has similar extrema locations
irrespective to slope angle, nevertheless, the amplification amplitude changes with slope
angle. The statement that topographic amplification increases with slope angle which is found
in the literature (Ashford et al., 1997; Bouckovalas and Papadimitriou, 2005) is mainly valid for
the parasitic vertical response and only for the maxima locations of the horizontal amplification
at the crest and the toe points. The slope angle does not significantly affect the overall shape
of the Ah with H/λp. The maximum response though has indeed larger amplitudes for
increasing slope angles. The response at the crest is affected more than the toe by slope
angle variations due to the different constructive interference at the crest that was described
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previously (depending on the angle of incidence, different reflections of rays across the
inclined surface effect only the waves that travel towards the crest). The resulting TAF
distribution for 10o is actually seen to be different (and sometimes larger) than all the other
incident angles, and particularly at the toe area. This may be attributed to the different wave
field mechanism since i=10o is the only angle representative for the case of i<icr and specifically
i<ismall. SV and P waves are reflected downwards in this case, unlike the cases for angles
larger than the critical where the wave reflections travel to the crest.
The depth to bedrock value considered significantly affects the observed amplification
since both the horizontal and the vertical TAF have pronounced peaks, differing from the
smoother response for the half-space case observed in the literature. The location of these
peaks is not affected by the slope angle configuration, but only by the H and z values as
mentioned previously. Since the amplitude of topographic factors varies slightly with changing
slope angle, the slope inclination can be characterised as a less important parameter affecting
the ground surface response, compared to the ones that have already been examined.
Topographic amplitude is almost the same for the range of angles between 30o and 75o, while
vertical slope configurations result in much larger amplification values. The topographic
extrema for mild slopes (i=10o) have comparable amplitudes with the larger examined slope
angles probably due to the small depth to bedrock value examined here. The topographic
amplitudes for milder slopes in deeper soil layers are expected to be smaller than those for
the steeper slopes.
The same conclusions arise from Figure 4.31, where results using the canyon width of
Lctc=280m are plotted. Due to the narrow canyon geometry, it is not possible to consider a
slope with a mild angle (i=10o) in this case. The slope crest is effected more by slope angle
alterations than the toe point, as before. The TAF amplitudes are generally larger than the
previous case of Lctc=1000m due to the narrower canyon configuration. The Ah amplification
at the toe does not vary significantly with the examined slope angles, showing that slope angle
is not a major parameter controlling TAF at this area for narrow canyon configurations.
The topographic factor variation with normalised distance across the canyon is further
presented in Figures 4.32 to 4.35, but only for the narrower canyon case (Lctc=280m) due to
the larger resulting amplitude of TAF for this geometry. The response shape is the same for
the wider examined canyons, however, with smaller amplitudes. The shape of the response
is changing with the scaled period Tpscaled, and is less affected by the slope angle variation.
For periods lower than 0.2sec, the resulting response distribution for i=30o is different from the
other angles maybe due to the coincidence of the slope angle with the critical angle of SV
wave incidence. It is remarkable though that the critical incidence does not similarly affect the
topographic factors across the input motion period range. Most of the variation of horizontal
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TAF across the canyon due to the different slope angle is observed at areas very close to the
crest (xnorm≤0.5).
The horizontal topographic amplification at the points across the toe area is not majorly
affected by the slope angle (Figure 4.33). The topographic factor amplitudes generally
increase with slope angle, with an exception at the period of Tpscaled=0.333sec, where
topographic factors are increased for the smaller slope angles. This does not happen for the
wider examined canyon geometries, so it is an effect only seen for the narrow canyon
configuration.

Figure 4.32: Horizontal topographic amplification in PGA terms with normalised distance from crest with varying
slope angle for z=125m, H=50m and Lctc=280m.

All the considered values of slope inclination cause a similar attenuation of the parasitic
vertical topographic amplification with distance from the crest and the toe (Figures 4.34 and
4.35). The vertical response has always larger amplitudes for the larger slope angles, but this
effect is localised in the vicinity of the irregularity with xnorm≤1 and it is mainly evident for periods
coinciding with the TAF maxima locations (Tpscaled=0.5sec for the crest and 0.333sec for the
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toe areas respectively). For the rest of the period range, the resulting response is comparable
in amplitude for all the slope geometries. The very large horizontal and parasitic vertical
amplification values close to the crest of the slope (xnorm≤0.2) may be considered with caution.
As discussed previously, the topographic amplitudes resulting for the vertical slope
configuration are unrealistically high. Since they are mostly localised at the crest of the canyon
slope, an average value of the slope crest response resulting from all the slope angle
configurations is thought as more representative for the design at those areas. The parasitic
vertical motion amplitude is comparable to the horizontal one, even for the milder slope
configurations and is not just a feature of the vertical slope configuration.

Figure 4.33: Horizontal topographic amplification in PGA terms with normalised distance from toe with varying
slope angle for z=125m, H=50m and Lctc=280m.
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Figure 4.34: Parasitic vertical topographic amplification in PGA terms with normalised distance from crest with
varying slope angle for z=125m, H=50m and Lctc=280m.

Figure 4.35: Parasitic vertical topographic amplification in PGA terms with normalised distance from toe with
varying slope angle for z=125m, H=50m and Lctc=280m.
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The combined effect of the slope angle and the canyon width variation is examined in
Figure 4.36 for TAF at every direction in both the crest (1st and 2nd row) and the toe (3rd and
4th row) areas. Four characteristic periods are presented, Tpscaled=0.1sec, 0.333sec, 0.5sec
and 1sec due to larger resulting TAF amplitudes. Minor differences are generally observed for
the overall response of the canyon in both directions due to the combined effect of the slope
angle and the canyon width variation. As mentioned before, the topographic factors for i=10 o
are quite different in shape from the other slope inclinations due to the angle of incidence
being smaller than the critical incidence. The different response for 30o, mainly at smaller input
motion periods, persists for all the examined canyon widths. Finally, the vertical response is
quite significant, having amplitudes comparable to the horizontal topographic amplification
response even for mild canyon slope angles. This phenomenon does not reduce with
increasing crest-to-crest distances, meaning that the parasitic vertical response can be a
significant parameter of an examined site even for the single slope case.
It is seen that except the angle of incidence of the input motion or the slope angle, the
resulting wave field at the canyon surface depends on the Poisson’s ratio value of the soil.
The Poisson’s ratio value is influenced by the loading of the soil and it commonly has values
ranging from 0.1 to 0.48. Considering this range, the resulting critical angle using Equation
[4.11] is 42o≥icr≥11.3o. Similarly, the small angle lies between 34o≥ismall≥11.1o (Equation [4.12]).
It is observed then that the resulting wave field in nature would most likely comprise of SV and
P reflected waves travelling towards the crest area. Seismogram synthetics are also plotted
in Figures 4.37 and 4.38 to examine the different wave scattering mechanism for the same
canyon geometry (same z, H and Lctc values) and input motion, but two different slope angles
(10o and 30o).The graphs of acceleration time history across the normalized canyon distance
are created for Tp=0.667sec (H/λp=0.15) since this is one of the input pulse period values that
TAF amplitude differences for different slope angle values were observed.
The wave field extends further away from the toe of the slopes for i=10 o than for 30o as
expected. There is a larger area at the plan view of the canyon that is affected due to the
milder slope configuration for i=10o. This relates to the different amplitude of the horizontal
amplification factor at the toe of the canyon slope for i=10o as compared to all the other values
of the slope angle (Figure 4.30). The seismogram synthetics for slope angles 45o, 60o, 75o and
90o are not presented here since minimal differences were observed to plots of Figure 4.37
for i=30o. This is also an indication that the resulting wave field is similar in these cases as the
incident angle is larger than the critical. The minimal differences are localised close to the
irregularity and refer to the amplitude of the response rather than the wave dispersion pattern
away from the crest and the toe of the slope.
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Figure 4.36a: Comparison of topographic amplification factors at the crest (1 st and 2nd row) and the toe (3rd and 4th
row) areas for characteristic input pulse periods and simultaneous variation of the slope angle and the crest-tocrest distance parameters.
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Figure 4.36b: Comparison of topographic amplification factors at the crest (1 st and 2nd row) and the toe (3rd and 4th
row) areas for characteristic input pulse periods and simultaneous variation of the slope angle and the crest-tocrest distance parameters.
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Figure 4.37: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=1000m, i=30o and Tp=0.667sec for v=1/3.
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Figure 4.38: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=1000m, i=10o and Tp=0.667sec for v=1/3.
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4.5

The impact of geometrical parameters using wavelets imposed in

the vertical direction
The resulting topographic amplification at the ground surface of empty canyons due to vertical
incidence of Saragoni and Hart (1974) wavelets is investigated in this section. P wave
incidence is analysed to first observe any topographic amplification differences compared to
the horizontal input of SV waves. Both horizontal and vertical components of ground motion
are expected to be recorded at the ground surface during an earthquake event. Those occur
simultaneously, so the vertical component of ground motion is not only of parasitic nature in
reality. Since the computational cost is lower for analyses with input wavelets than for
earthquake records, vertical wavelets are used herein to estimate the expected vertical
topographic amplification after an earthquake event. Comparisons with earthquake records
are further examined in Chapter 5.
The expected wave field in this case is similar to the SV wave incidence case and is
shown in Figure 4.39. According to Equation [4.11], the critical angle is determined in this case
by the ratio of VP/VS which is always larger than one. The critical incidence for vertical P waves
is not applicable then from geometry. The small angle though is calculated using Equation
[4.12] and is equal to ismall=63.4o for v=1/3. As a result, the generated wave field comprises of
the reflected SV waves at the inclined surface due to P wave mode conversions and the
reflected P waves both at the crest and toe areas and the inclined surface. These waves travel
towards the crest if i>ismall or downwards if i<ismall.

i

i

Reflected SV waves

Reflected P waves

Created Rayleigh waves

Figure 4.39: The incident (full arrows), reflected (dashed arrows) and diffracted wave field (grey zones) for P vertical
wave incidence.

146

Chapter 4: Surface response of empty canyons considering wavelet input motions
Diffracted waves are generated at the corners of the slope to maintain stress equilibrium.
Increased topographic amplification is expected for site locations around the crest in this case
due to the diffracted wave field constructively interfering with the reflected and the incident
waves at the crest. Rayleigh waves are also created at the toe similar to the case of SV wave
incidence. In case of vertical slope configurations, more Rayleigh waves are created at the
toe of the slope compared to milder slope topographies (Boore et al., 1981). This conclusion
resulted from comparison of the topographic response for step-like slopes with slope angle
i=45o and 90o above half-space with P wave incidence. More Rayleigh waves are created at
the toe of the slope for 90o due to both the incident and the reflected P waves. P wave to
Rayleigh conversion is almost double at the toe area for vertical slope configurations
compared to the 45o slope (Gangi and Wesson, 1978; Boore et al., 1981). It is then expected
that topographic amplification in the current study will be larger for the vertical slope
configuration.
The depth to bedrock and the slope height parameters are kept constant and equal to
z=125m and H=50m for this set of numerical analyses. The canyon width, slope angle and
input wavelength period are varied, with examined values presented in Table 4.9.
Table 4.9: Parametric analyses considering P wavelets

Depth to
bedrock, z (m)
125

Crest-to-crest distance,
Lctc (m)

Slope angle,
i (deg)

Input motion period,
Tp (sec)

280

45 / 90

0.1, 0.2, 1/3, 0.5, 0.58, 2/3, 1, 2

520

45 / 90

0.1, 0.2, 1/3, 0.5, 0.58, 2/3, 1, 2

1000

45 / 90

0.1, 0.2, 1/3, 0.5, 0.58, 2/3, 1, 2

Using the same value for the Poisson’s ratio with the wavelets imposed in the horizontal
direction (v=1/3), the P wave velocity is equal to double the shear wave velocity (Vp=1000m/s).
The resulting response is presented as in the previous sections, examining first the crest and
toe points on the irregularity and subsequently all the other points across the canyon surface.
The input period and x-distance normalisations are applicable in this case, based on Equation
[4.8], however with Vp instead of Vs.
The topographic factors using the PGA definition are calculated as the ratio of the
vertical or the parasitic horizontal peak ground acceleration at the ground surface (2D
response) to the vertical peak ground acceleration resulting at the top of a 1D soil column with
P wave incidence. The 1D column height corresponds to either z or (z-H) depending on if the
area of interest lies at the crest or the toe of the slope. Same symbols are used, however Ah
refers to the parasitic horizontal response and Av to the vertical response at the canyon
surface. The resulting TAF at the irregularity points are plotted in Figure 4.40, superimposing
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the 1D crest and toe transfer functions considering a P wave incidence. The incident
wavelengths λp are calculated as λp=Vp·Tp for the H/λp normalisation.
The transfer function of a damped soil layer overlying rigid bedrock for vertical input
motion is equally analytically calculated as that resulting from a horizontal input motion (Han
et al., 2017):

|𝐹2 (𝜔)| ≈

1
𝜔∙𝑧
𝜔∙𝑧 2
√cos 2 (
) + [𝜉 ∙ (
)]
𝑉𝑃
𝑉𝑃

[4.13]

with z referring to the 1D soil column height (equal to the depth to bedrock z and the (z-H) for
the crest and toe 1D cases respectively in this study), VP is the P wave velocity (equal to
1000m/s here), ξ is the damping ratio (5% here) and ω is the angular frequency of the input
motion (given as ω=2·π/Tp).
The TAF extrema with H/λp at the crest and toe points occur at H/λp values intermediate
to those corresponding to the fundamental periods of the 1D crest and toe soil columns
respectively. This is a result of using the 1D transfer function to normalise the 2D ground
surface response for the topographic amplification definition, as previously explained for the
horizontal wavelet input. It is inferred then that the TAF extrema locations in terms of input
pulse period are totally predictable since the 1D transfer function can be calculated based on
the geometry of the canyon (depending only on the depth to bedrock and the input wave
velocity parameters). The resulting topographic amplification is generally larger for the vertical
slope configuration compared to the 45o one as expected. This also relates to the fact that the
angle of 45o is smaller than the ismall while 90o is larger than the ismall so the reflected waves
travel towards the crest for the 90o slope configuration. Nevertheless, there are cases where
the response for milder slope angles is larger (i.e. parasitic horizontal response for the crest),
however not for all the input motion period range. The topographic factors amplitude is rather
unaffected by the crest-to-crest distance variation. A slight dependence occurs for the
horizontal response at the toe point, while for the rest of the cases the response is similar.
This is reasonable since any change of a horizontal canyon dimension (like the canyon width)
would mostly affect the horizontal canyon oscillation and especially the toe area due to the
opposite slopes’ proximity. Similarly, due to the compressional nature of P waves, the vertical
oscillation of the canyon would mostly be effected by changes of any of its vertical dimensions
(the depth to bedrock or the slope height) and not the canyon width. These results are
consistent with numerical results in the literature for P wave incidence (Boore et al., 1981;
Zhao and Valliappan, 1993). These can be better illustrated by the TAF variations across the
canyon due to the simultaneous change of the slope angle and the canyon width (Figure 4.41).
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Figure 4.40: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m for several slope angles and canyon widths.

Dark and light colours denote the milder and steeper slope configurations respectively
(45o and 90o). The parasitic horizontal (Ah) and vertical (Av) topographic amplification at the
crest areas is shown in the 1st and 2nd rows of the combined graphs while 3rd and 4th rows refer
to the toe area. The topographic amplification is presented for some periods across the
examined Tp range (Tp=0.1, 0.333, 0.5 and 1sec corresponding to H/λp=0.5, 0.1667, 0.1 and
0.05 respectively). These input wavelet periods correspond to characteristic cases across the
examined period range. Tp=0.1sec and 1sec cover the limits of the examined period range,
where the resulting TAF amplitude is expected to be minimum. T p=0.333sec and 0.5sec
corresponds to the maximum crest and toe TAF (H/λp=0.1667 and 0.1 respectively in Figure
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4.40). These topographic extrema are related to the fundamental modes of vibration of the 1D
canyon crest and toe:

1𝑠𝑡𝑚𝑜𝑑𝑒
𝑇𝑐𝑟𝑒𝑠𝑡
=

1𝑠𝑡𝑚𝑜𝑑𝑒
𝑇𝑡𝑜𝑒

4∙𝑧
4∙𝑧
2𝑛𝑑𝑚𝑜𝑑𝑒
= 0.5𝑠𝑒𝑐and𝑇𝑐𝑟𝑒𝑠𝑡
=
= 0.17𝑠𝑒𝑐
𝑉𝑃
3 ∙ 𝑉𝑃

[4.14]

4 ∙ (𝑧 − 𝐻)
4 ∙ (𝑧 − 𝐻)
2𝑛𝑑𝑚𝑜𝑑𝑒
=
= 0.3𝑠𝑒𝑐and𝑇𝑡𝑜𝑒
=
= 0.1𝑠𝑒𝑐
𝑉𝑃
3 ∙ 𝑉𝑃

As expected, the period of 1sec is much larger than the fundamental ones and the topographic
response is minimised. However, for Tp=0.1sec the response also has very small amplitudes
except the vertical response for the 90o slope with Av=1.5 at the crest point. More pronounced
TAF amplitudes are as expected observed in all the examined frequency range for the vertical
slope configuration and every considered Lctc value.
The parasitic horizontal response at the crest (1st row) and the toe (3rd row) have similar
amplitudes for both angles across the canyon, as expected. The TAF is slightly larger for the
vertical slope configuration, but not for all the examined periods (see the crest response for
Tp=0.1 and 0.333sec). The canyon width does not have a major effect on the parasitic
horizontal topographic amplification distribution across the canyon crest since the topographic
extrema occur at same xnorm locations for every crest-to-crest distance. Similarly, the TAF
extrema occur at same xnorm at the toe for every canyon width, however the response
amplitude is effected by the crest-to-crest distance in this area. Larger amplitude differences
occur at periods related to the 1st fundamental mode of the toe (0.333sec) and the crest
(0.5sec), indicating a dependence of the resulting response shape and amplitude at the
ground surface to the vertical oscillations of the 1D crest and toe soil columns.
The vertical TAF extrema are observed at similar xnorm locations regardless of the crestto-crest distance variation due to the compressional nature of P waves, as explained before.
Any amplitude differences occur due to the steep angle configuration and are localised at the
irregularity points (see Av for the toe at Tp=0.5sec). An exception to this response is the smaller
amplitude of Av for i=45o for Tp=0.1sec across the crest area, which is persistent for all the
examined canyon widths. Generally, the vertical and parasitic horizontal response are
characterised by comparable amplitudes, as in the case of SV wave incidence. This is
probably related to the shallow depth to bedrock considered. More comparisons of both
components of the ground motion at the ground surface are provided in Chapter 5, where
earthquake records are used as an input.
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Figure 4.41a: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m for several slope angles and canyon widths.
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Figure 4.41b: Horizontal and parasitic vertical topographic amplification factor in PGA terms at the slope crest and
toe of the canyon. TAF is calculated considering z=125m for several slope angles and canyon widths.
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4.6

Conclusions

This chapter focuses on topographic amplification resulting at the surface of empty canyons
in an elastic layer of thickness z above rigid bedrock. The input motion comprises of wavelets
imposed either horizontally or vertically on the numerical domain. Although, topographic
amplification factors are calculated using three definitions, the numerical results of this chapter
refer to their definition in PGA terms for comparison purposes to numerical results from the
literature. Parametric analyses of this chapter consider a sinusoidal pulse with the Saragoni
and Hart (1974) temporal filter, as an input motion since it represents much better the
frequency content of a recorded earthquake. It is also shown to result in more conservative
TAF amplitudes compared to input wavelets of same pulse period, but different frequency
content like the Ricker (1953) wavelet. The numerical results from both input pulses are
characterised by similar extrema locations, but larger resulting TAF amplitudes for the
Saragoni and Hart (1974) wavelet.
The parametric analyses focus on the variation of canyon geometry and a consistent
way to interpret the resulting TAF at the canyon surface. A scaled view of the input pulse
period and the horizontal distance from the irregularity is proposed as a tool for aligning the
response extrema locations for any changes of the canyon geometry. The topographic
amplification factors extrema locations in terms of input pulse period (Tp) can be predicted for
both the horizontal and the vertical wavelet incidence, since they mostly depend on the site
response of the canyon (i.e. the H, Vs and z values).
For the horizontal wavelet incidence, similar topographic amplification is spatially and
temporally observed for canyons with comparable H/Vs or H/z ratios. This is due to the
dependence of the TAF extrema locations on the site response of the examined canyon crest,
which is the same for equal H/Vs or H/z ratios. Different canyon slope heights generate only a
shift of the TAF extrema locations in terms of H/λp, for canyons with same Vs/z ratios. The
topographic factors maxima depend on the relationship of the crest-to-crest distance to the
site response. The TAF extrema are more pronounced for incident wavelengths comparable
to the canyon dimensions. It is shown that larger topographic amplitudes are expected for
cases of the canyon width lying in between the wavelengths corresponding to the 1st and 2nd
fundamental modes of vibration of the 1D slope crest. The distance of approximately 500m
has been identified as the limiting distance for the interaction of the two canyon slopes since
for canyon widths larger than roughly 500m, the resulting response at the ground surface is
similar to the single slope response. Comparable distribution of the topographic factors is
expected for canyons with same H/Lctc, H/z and z/Lctc ratios. Equality of the three ratios
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corresponds to a scaled version of the same canyon geometry. The response has been shown
to be affected less by the slope angle variation than by the other geometric parameters of the
canyon. Larger response is generally expected for steeper slope geometries. Increased
topographic amplification values are observed for the vertical slope configurations compared
to milder slope angles. However, care should be taken in accounting for this response for
design purposes since it is localised in areas very close to the irregularity for both wave
incident directions.
Regardless of the input wavelet direction, any change of a vertical canyon dimension (H
and z here) is expected to cause a larger variation of the vertical component of the TAF
amplitudes at the ground surface. Similarly, any change of a horizontal canyon dimension (Lctc
here) mainly effects the horizontal component of the expected TAF and especially the toe area
of the canyon at cases of Lctc≤500m when the two canyon slopes interact with each other. As
a result, the crest-to-crest distance and the canyon slope have not been identified as major
parameters that alter the topographic distribution at the ground surface for P input wavelets
propagating in the vertical direction. A final conclusion applicable to all the analyses of this
chapter is that the parasitic TAF (either vertical or horizontal depending on the input motion)
is comparable in amplitude to the main component of the ground response, even for mild
canyon geometries.
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5
SURFACE RESPONSE OF EMPTY CANYONS
WITH EARTHQUAKE RECORDS INPUT
This chapter is a summary of the topographic amplification at the ground surface of empty
canyons considering earthquake records as input excitation. The canyon lies on a
homogeneous linear elastic layer overlying rigid bedrock. This chapter investigates the effect
of the input motion on the topographic amplification for a given canyon geometry. The
earthquake records are imposed horizontally and bi-directionally on the numerical domain to
assess the differences on the resulting topographic factor amplitudes in both components.
The ground motion selection is performed using the PEER NGA West database with a target
spectrum consideration for different earthquake magnitude levels.
The topographic amplification factors are presented for all the points across the canyon,
focusing at the crest and toe points on the slope as in the previous chapters. Both resulting
components of ground motion at the canyon surface are considered to derive conclusions.
The topographic factors resulting from the Saragoni and Hart (1974) wavelet motions in
Chapter 4 are compared to the ones from the earthquake records. The aim is to determine the
characteristics of the imposed earthquake records that mostly effect the topographic
amplification at the ground surface. The ability of wavelet excitations to be used as a predictive
tool for the expected topographic amplification after an earthquake event is assessed by
comparing the resulting amplification at the canyon surface for both types of input motions.
These conclusions form the basis of the design methodology which is presented in Chapter 7.
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5.1

Earthquake records selection and canyon geometry

The full set of earthquake records used in this chapter comprises of 30 acceleration time
histories. Numerical analyses consider either only the horizontal component of the motions
(referred as rec) or both the horizontal and vertical component (bi-directional input referred as
bidir). To select the relevant records, a target response spectrum was defined using the Boore
et al. (2014) ground-motion model. The scenario for which this target was established was a
strike-slip rupture occurring with a rupture distance of 10km (in the present study this distance
is not particularly important because the analyses are linear). The target spectrum is defined
for a velocity horizon characterized by Vs,30=760m/s for generic rock conditions. Target spectra
were computed for five magnitudes (M=5.5, 6.0, 6.5, 7.0 and 7.5), so that the influence of
spectral shape could be investigated. Six records for each magnitude were selected by finding
those records within the PEER NGA West database that best matched the target spectra.
Restrictions were imposed with records for each target spectra needing to have magnitudes
within 0.25 units of the values noted above and Joyner-Boore distances less than 50km. The
relatively relaxed distance range reflects the weak impact that distance has upon spectral
shape. For the bi-directional earthquake input, both record components were checked to
match the target spectra. Individual components were assessed for their match to the target
using an RMS measure computed on the logarithmic spectral ordinates. The selected records
are listed in Table 5.1 and are plotted with the corresponding target spectra for the five
magnitude values in Figure 5.1.
The same analysis arrangement and material properties as those described in Chapter
4 are used here (see Figure 4.1 and Table 4.2). Two canyon geometries are examined, both
having z=125m, H=50m and Lctc=280m. As described in Chapter 4, the topographic
amplification variation at the ground surface has a smoother shape for z=250m and 500m,
which is not greatly affected by altering the canyon geometry. For this reason, the shallower
depth to bedrock (z=125m) value is examined in this chapter to obtain a larger variation of
topographic factors at the ground surface. The selected slope height and canyon width values
are characterised as intermediate values compared to the range of the examined parameters
in Chapter 4. This set of values resulted in larger topographic amplification at the ground
surface for specific input wavelet periods. The geometry used allows exploration as to whether
the previously observed extreme response from the wavelet motions persists for a more
realistic suite of earthquake motions. Two slope inclinations are considered, the vertical slope
configuration with larger expected topographic amplitudes localised close to the irregularity
and a milder slope of i=45o which is more representative value for existing slopes in nature.
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Figure 5.1: The selected records for each earthquake magnitude based on the target spectrum mean value and
standard deviation.
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Table 5.1: Considered earthquake records for the examined earthquake magnitudes

Magnitude

ID

Earthquake record description

00209T

00993L

Imperial Valley, 10/16/79, 0658, Westmoreland Fire 360
(CDMG STATION 5169)
Mammoth Lakes 05/25/80 16:49, Long Valley Dam UPR L, 000
(CDMG STATION 54214)
Mammoth Lakes 05/26/80 18:58, Convict Creek, 090
(CDMG STATION 54099)
Chalfant 07/21/86 1451, Zack Brothers Ranch, 270
(CDMG STATION 54428)
Chalfant 07/21/86 1451, Zack Brothers Ranch, 360
(CDMG STATION 54428)
Whittier Narrows 10/04/87 1059, Inglewood Union Oil, 000
(CDMG STATION 14196)
Helena Montana 10/31/35 1838, Carroll College, 270
Mammoth Lakes 05/25/80 1944, Long Vall Dam UPP L, 090
(CDMG STATION 54214)
Morgan Hill 04/24/84 04:24, Gilroy Array #2, 090
(CDMG STATION 47380)
Whittier 10/01/87 14:42, Baldwin Perk-N. Holly, 180
(USC STATION 90069)
Whittier 10/01/87 14:42, LA Habra-Briarcliff, 000 (USC STATION 90074)
Whittier 10/01/87 14:42, Lakewood-Del Amo BLVD, 090
(USC STATION 90084)
San Fernando 02/09/71 14:00, LA Hollywood Stor Lot, 180
(USGS STATION 135)
Imperial Valley 10/15/79 2316, Cerro Prieto, 147
(UNAM/UCSD STATION 6604)
Imperial Valley 10/15/79 2316, Compuertas, 015
(UNAM/UCSD STATION 6622)
Superstition Hills 11/24/87 13:16, BRW, 225 (USGS STATION 5060)
Northridge 01/17/94 1231, LA Baldwin Hills, 360
(CDMG STATION 24157)
Northridge EQ 1/17/94, 12:31, LA Fletcher, 144 (USC STATION 90034)

00730L

Spitak, Armenia, 12/07/88, Gukasian, 000

00730T

Spitak, Armenia, 12/07/88, Gukasian, 090

00739L

Loma Prieta 10/18/89 00:05, Anderson Dam Downstream, 250

00739T

00139L

Loma Prieta 10/18/89 00:05, Anderson Dam Downstream, 340
Loma Prieta 10/18/89 00:05, Coyote Lake Dam Downstream, 285
(CDMG STATION 57504)
Loma Prieta 10/18/89 00:05, Coyote Lake Dam DAM SW Abutment, 195
(CDMG STATION 57217)
Tabas, Iran, 09/16/78, Dayhook, LN

00848L

Landers 7/23/92 18:49, Coolwater, LN (SCE STATION 23)

01165T

Kocaeli 08/17/99, Izmit, 090 (ERD)

01402L

Chi-Chi 09/20/99, NST, E

01402T

Chi-Chi 09/20/99, NST, N

01489L

Chi-Chi 09/20/99, TCU049, E

00234L
00244L
M =5.5
00561L
00561T
00710L
00001T
00239T
00456T
M =6.0
00594L
00649L
00652T
00068T
00164L
M =6.5

00167L
00719L
00985T

M =7.0

00754T
00755L

M =7.5
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5.2

Rayleigh damping calibration

Rayleigh damping (Woodward and Griffiths, 1996) is used to incorporate the effects of material
damping in the modelling process. The damping calibration using frequencies f1 and f2 for the
wavelet analyses was described in Chapter 3. Damping coefficients A and B were calibrated
using the fundamental frequency of the 1D crest of the canyon geometry (1sec or 1Hz for
z=125m) as f1 and the fundamental frequency of the input motion (i.e. fp=1/Tp for the wavelet
case) as f2. The damping coefficients A and B are different for each input wavelet period (Tp),
and are determined to achieve a target damping of ξ=5%.
The choice of f1 and f2 is rather more complicated for the earthquake input motions since
these are not characterised by a specific period Tp as was the case for the wavelet motions.
To overcome this problem, site response analyses were performed for the 1D soil column with
height z=125m using both the ICFEP (Potts and Zdravkovic, 1999) and STRATA (Kottke and
Rathje, 2009) software. Analyses were performed for a uniform soil layer with 5% damping in
STRATA. The frequency f1 was kept constant (corresponding to period 1sec) and f2 was varied
in ICFEP. The 1D site response analyses were performed for two records from each
earthquake magnitude group. The acceleration time histories at the top of the 1D soil column
resulting from both software packages were compared aiming to achieve the same results.
This ensured that the Rayleigh parameters A and B used in ICFEP were appropriately
calibrated. The comparison of the acceleration time histories for different values of f2 are
shown in Figure 5.2 for three records with M=5.5, 6.0 and 7.5. The values of f2=10, 5, 3 and
2Hz correspond to T=0.1, 0.2, 0.333 and 0.5sec respectively.
It is observed that response is overdamped for f2=3 and 2Hz. Underdamping is also
observed for f2=10Hz. The pair of frequencies that are used to achieve ξ=5% for the
earthquake record analyses is then f1=1Hz and f2=5Hz corresponding to T1=1sec and
T2=0.2sec respectively. The same conclusions resulted from all the earthquake records that
were examined during this sensitivity analysis. The 1D analyses were repeated considering
the vertical component of the time histories with similar conclusions. For this reason, the same
pair of frequencies was used for the Rayleigh damping calculation in the case of the bidirectional earthquake input.
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Figure 5.2: Comparison of the time histories resulting from ICFEP and STRATA site response analyses for three
of the considered earthquake records of this chapter.
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5.3

Response at the canyon surface for different canyon geometries

The analysis for the 00209T Imperial Valley record with M=5.5 is firstly presented as an
example of the influence of the geometric canyon parameters on the topographic amplification
variation across the canyon surface. Numerical analyses considering the canyon widths of
Lctc=280m and 520m are performed for this section. Figure 5.3 presents the resulting
horizontal and parasitic vertical TAF using the PGA definition of the topographic factors and
considering only the horizontal component of the record as input excitation. A comparison of
the response is presented for two slope angles (i=45o and 90o) and two canyon widths
(Lctc=280m and 520m).
The response at the ground surface is symmetric due to the vertical incidence of the
motion (i.e. the angle of incidence is zero) and the symmetric canyon geometry. For this
reason, only half of the canyon is examined with the toe area located between distances 140m≤x≤0m for Lctc=280m and -260m≤x≤0m for Lctc=520m in Figure 5.3. The crest area lies
at x≥0m and the inclined part of the slope for i=45o is neglected.

Figure 5.3: Horizontal and parasitic vertical topographic factors variation in PGA terms for the Imperial Valley
(00209T) input motion and four different canyon geometries.
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The slope angle affects the topographic factors very close to the irregularity and mainly
at the crest and toe points (x=0m), as also observed in Chapter 4 for the wavelet input
excitations. The shape of the topographic factors across the canyon is similar for both canyon
widths, with larger difference of the resulting topographic factor amplitudes between the two
slope angles located at the canyon toe area for Lctc=280m due to the proximity of the two
slopes. Based on this observation, the canyon width of 280m was adopted for the remaining
analyses of this chapter. The topographic factor variation using the PGA definition and
considering both the horizontal and vertical components of the input motion is shown in Figure
5.4 for the two examined slope angles. Only the canyon width of 280m is presented herein.

Figure 5.4: Horizontal and parasitic vertical topographic factors variation in PGA terms for the Imperial Valley bidirectional (00209T and 00209V) input motion and two different canyon geometries.

The response is asymmetric in this case due to the input motion comprising of both a
horizontal and a vertical component. For this reason, both the left and right parts of the
symmetric canyon are examined. The response resulting from the two canyon geometries with
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different slope angles is comparable across the canyon. Slightly larger TAF differences are
observed at the irregularity points (crest and toe) and the toe area. The limits of the TAF
amplitudes and the variation of the asymmetric response in both canyon parts are comparable
though. For this reason, the ground surface TAF is considered as the average response
resulting from the left and the right parts of the canyon for the analyses with the bi-directional
earthquake input in this chapter.

5.4

Effect of earthquake magnitude on the ground surface response

The horizontal and the parasitic vertical TAF for the crest and the toe areas with varying
earthquake magnitude is shown in Figure 5.5. The TAF at the canyon surface resulting from
the 6 earthquake records of the same magnitude imposed horizontally (rec) are considered
as a group. The response resulting from each group of six records has a distribution with a
mean value and a standard deviation. Figure 5.6 similarly refers to the TAF distribution with
earthquake magnitude for the bi-directional input motion (bidir). The distribution of the
numerical results for each examined earthquake magnitude is presented with light grey
crosses, while the distribution metrics for each magnitude considering all the points across the
canyon and only the crest and toe points on the irregularity are also superimposed.
No trend between the variation of the amplification factors with earthquake magnitude
can be identified for the elastic analyses performed. The response within each magnitude
group (grey crosses for each magnitude) varies significantly reflecting the record-to-record
variability. There are minor response differences between the mean and the standard
deviation values of each magnitude group for both the horizontal and the bi-directional
earthquake input motions. For this reason, the 30 records are examined as one group with a
mean value and a standard deviation of the response, regardless of the earthquake magnitude
of the record for the following analyses of this chapter. This is also justified by Figures 5.7 to
5.10 which depict the horizontal and vertical distribution of topographic amplification factors
across the crest (Figures 5.7 and 5.9) and the toe (Figures 5.8 and 5.10) for the different
magnitude groups for both earthquake input motions. The mean topographic amplification
distribution with distance for both components of topographic amplification at the crest and toe
areas does not significantly change for each magnitude group. The slight TAF changes
between the mean response of each group are negligible compared to the large record-torecord variability in each group. It should be noted here that the insensitivity of the response
to changes in earthquake magnitude is due to the nature of the model (linear elastic). Larger
strains would have been expected to occur for larger earthquake magnitudes and higher
differences in the resulting response, in case a nonlinear response was considered.
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Figure 5.5: Horizontal and parasitic vertical topographic factors variation with earthquake magnitude for the
horizontal earthquake record input (rec).
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Figure 5.6: Horizontal and parasitic vertical topographic factors variation with earthquake magnitude for the bidirectional earthquake record input (bidir).
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Figure 5.7: Horizontal and parasitic vertical topographic factors variation with distance from the crest point (x=0m)
considering six horizontal (rec) earthquake motions for each earthquake magnitude group.
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Figure 5.8: Horizontal and parasitic vertical topographic factors variation with distance from the toe point (x=0m)
considering six horizontal (rec) earthquake motions for each earthquake magnitude group.
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Figure 5.9: Horizontal and vertical topographic factors variation with distance from the crest point (x=0m)
considering six bi-directional (bidir) earthquake motions for each earthquake magnitude group.
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Figure 5.10: Horizontal and vertical topographic factors variation with distance from the toe point (x=0m)
considering six bi-directional (bidir) earthquake motions for each earthquake magnitude group.

169

Chapter 5: Surface response of empty canyons with earthquake records input

5.5

Spectral topographic amplification variation across the canyon

The 30 input records are considered as one group of motions in this section, as it was
observed that earthquake magnitude does not significantly effect the TAF variation across the
canyon. A comparison between the topographic factors resulting from both the wavelet and
the earthquake record input motions is necessary to understand the effect of the frequency
content of the input motion on the resulting response at the canyon surface. The resulting
topographic amplification is presented using the x-distance normalisation which was
introduced in Chapter 4 (Equation [4.8]). The x-distance should be normalised by the dominant
wavelength of the input motion in the earthquake records input case, instead of the wavelet
wavelength (λp). A representative value of the input motion wavelength should be then
determined for the earthquake records in order to present the numerical results of this chapter
in the normalised distance format. The mean period (Tm), the average spectral period (Tavg)
and the smoothed spectral predominant period (To) have been considered as potentially
representative parameters of the frequency content of the earthquake records. The resulting
values for these parameters for the considered input motions are provided in Table 5.2 and
Figure 5.11 according to the empirical relationships by Rathje et al. (2004):
1
∑𝑖 𝐶𝑖2 ( )
𝑓𝑖
𝑇𝑚 =
for 0.25𝐻𝑧 ≤ 𝑓𝑖 ≤ 20𝐻𝑧 with 𝛥𝑓 ≤ 0.05𝐻𝑧
∑𝑖 𝐶𝑖2

𝑇𝑎𝑣𝑔

𝑆 (𝑇 ) 2
∑𝑖 𝑇𝑖 ∙ ( 𝑎 𝑖 )
𝑃𝐺𝐴
=
for 0.05𝑠𝑒𝑐 ≤ 𝑇𝑖 ≤ 4𝑠𝑒𝑐, 𝛥𝑇𝑖 ≤ 0.05𝑠𝑒𝑐
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𝑃𝐺𝐴 )

𝑇𝑜 =
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)
𝑆𝑎
𝑃𝐺𝐴
for 𝑇𝑖 with
≥ 1.2, 𝛥𝑙𝑜𝑔𝑇𝑖 ≤ 0.02
𝑆𝑎 (𝑇𝑖 )
𝑃𝐺𝐴
∑𝑖 𝑙𝑛 (
)
𝑃𝐺𝐴

∑𝑖 𝑇𝑖 ∙ 𝑙𝑛 (

Tm is based on the Fourier spectrum while Tavg and To are based on the 5% damped
acceleration response spectrum. Ci are the Fourier amplitude coefficients, fi the discrete fast
Fourier transform (FFT) frequencies and Δf the frequency interval used in the FFT
computation. Ti are the discrete periods in the acceleration response spectrum equally spaced
on a logarithmic axis, Sa(Ti) are the spectral accelerations at periods Ti and PGA is the peak
ground acceleration. It is seen that the three periods range between 0.09sec to 0.86sec and
0.07sec to 1sec for the horizontal and the vertical component of the records respectively.
However, the values are mainly concentrated in the range of 0.35sec to 0.5sec in the
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horizontal direction and 0.1sec to 0.3sec in the vertical one. This concentration does not cover
the range of input motion periods (Tp=0.1sec to 2sec) and it is expected that none of these
parameters would be ideal for the normalisation of the x-distance.
Table 5.2: Resulting values of Tm, Tavg and To parameters for the records of this chapter.

Tm
Magnitude

Tavg

To

Horizontal record component

M =5.5

M =6.0

M =6.5

M =7.0

M =7.5

Tm

Tavg

To

ID
Vertical record component

00209T

0.263

0.329

0.144

0.125

0.166

0.065

00234L

0.363

0.332

0.090

0.265

0.281

0.163

00244L

0.413

0.382

0.233

0.403

0.393

0.203

00561L

0.287

0.322

0.162

0.168

0.192

0.083

00561T

0.266

0.336

0.171

0.168

0.192

0.083

00710L

0.438

0.437

0.215

0.267

0.317

0.206

00001T

0.461

0.496

0.173

0.444

0.515

0.156

00239T

0.338

0.345

0.211

0.216

0.248

0.152

00456T

0.403

0.413

0.179

0.171

0.137

0.079

00594L

0.385

0.422

0.195

0.211

0.225

0.116

00649L

0.372

0.410

0.227

0.252

0.290

0.166

00652T

0.362

0.382

0.213

0.132

0.216

0.095

00068T

0.352

0.522

0.167

0.196

0.336

0.075

00164L

0.389

0.480

0.247

0.218

0.323

0.107

00167L

0.394

0.418

0.204

0.231

0.408

0.107

00719L

0.412

0.571

0.223

0.176

0.262

0.110

00985T

0.524

0.632

0.250

0.335

0.470

0.227

00993L

0.423

0.496

0.294

0.537

0.725

0.258

00730L

0.764

0.806

0.450

0.431

0.645

0.135

00730T

0.434

0.514

0.238

0.431

0.645

0.135

00739L

0.468

0.537

0.292

0.372

0.514

0.162

00739T

0.480

0.558

0.306

0.372

0.514

0.162

00754T

0.543

0.676

0.315

0.548

0.722

0.255

00755L

0.599

0.710

0.323

0.539

0.725

0.270

00139L

0.333

0.379

0.197

0.257

0.475

0.153

00848L

0.422

0.455

0.302

0.234

0.349

0.175

01165T

0.584

0.849

0.296

0.304

0.712

0.135

01402L

0.348

0.368

0.155

0.810

0.989

0.367

01402T

0.451

0.464

0.208

0.810

0.989

0.367

01489L

0.634

0.864

0.279

0.492

0.885

0.263
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Figure 5.11: Distribution of the Tm, Tavg and To parameters with earthquake magnitude for the selected records of
this chapter.

It is indeed shown in Figure 5.12 that normalisation of the x-distance with wavelengths
resulting from period Tm (x/λm=x/[Vs·Tm]) for each record, did not result in comparable TAF
distributions across the canyon to those from the wavelet analyses. The canyon geometry of
z=125m, H=50m, Lctc=280m and i=45o is considered in this case. The left panel of Figure 5.12
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presents the full dataset of the spectral response for period T=0.5sec resulting from the
records with x normalised distance using Tm while the right panel shows the same response
in normalised distance using wavelets resulting from the spectral period value T (x/λ=x/[Vs·T]).
The mean value of the response resulting from this dataset is also indicated with grey crosses
for a direct comparison to the wavelet response for the same canyon geometry and Tp=0.5sec,
shown in black. The x-distance is normalised by the wavelength resulting from the input
wavelet period Tp (x/λp=x/[Vs·Tp]). It is observed that comparable results in terms of the
response extrema locations result from the right panel normalisation so T is a more
appropriate parameter for the normalisation of the x-distance than Tm. Same conclusions
arose when normalisation by Tavg and To was considered.

Figure 5.12: Full dataset and mean value of the records response at the crest area for z=125m, H=50m, L ctc=280m
and i=45o as compared to the wavelet response with Tp=0.5sec in terms of x-distance normalisation.

Due to the monochromatic nature of the wavelet motion, the response is dominated by
a single period, equal to the pulse period Tp. The spectral response at the canyon surface due
to a wavelet with input period Tp varies in the spectral period range (T=0.01sec to 10sec). This
variation is shown in Figure 5.13 for four wavelets with Tp=0.1sec, 0.333sec, 0.5sec and 1sec.
Considering both the comparison of the right panel of Figure 5.12 and Figure 5.13 it can be
concluded that the distributions of TAF across the canyon for the wavelet and earthquake
record motions at a specific spectral period are comparable only if the wavelet response
corresponds to an input pulse period equal to the spectral period of interest (i.e Tp=T).
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Figure 5.13: Spectral response variation at the crest of the canyon for z=125m, H=50m, L ctc=280m and i=45o and
wavelets with Tp=0.1sec, 0.333sec, 0.5sec and 1sec.

For the remaining of the analyses, the x-distance is normalised by the wavelength
corresponding to the spectral period of interest for the earthquake record response. The
topographic response in spectral terms is calculated for the same range of spectral periods as
those examined in Chapter 4 for comparison purposes (T=0.01, 0.02, 0.03, 0.05, 0.075, 0.1,
0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10sec). The response is
also calculated for T=Tp=0.58sec and 0.667sec for comparison to the examined wavelets
response with these input pulse periods. This “equivalent” wavelength at the spectral periods
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(λ=Vs·T) is then used for the distance normalisation. Since z=125m in this case, the
normalised parameters of Equation 4.8 in Chapter 4 become:

𝑇𝑝𝑧125
𝑇𝑝𝑧

4 ∙ 𝑧 𝑧125
( 𝑉 )
125
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𝑠
=
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Further details on the comparison between the two types of input motions are presented in
Section 5.6.

5.5.1 Earthquake records imposed in the horizontal direction
The distribution of topographic factors with spectral period due to the 30 earthquake records
imposed in the horizontal direction (rec) are shown in Figure 5.14. The light grey points denote
the resulting TAF at every point across the canyon for every spectral period. This variation is
the result of the suite of the 30 earthquake records imposed horizontally (rec) on the two
examined canyon geometries (z=125m, H=50m, Lctc=280m and i=45o and 90o), as already
mentioned. The TAF variation is characterised by a mean value and a standard deviation,
shown with grey crosses and white squares respectively. These metrics result from all the
points across the canyon surface (full dataset). Clearly, the response varies across the canyon
surface, with the irregularity points (crest and toe) suffering larger amplifications, as also seen
in Chapter 4. For this reason, a sub-set of the full dataset was also considered, comprising
only of the crest and the toe points for the two different areas. The mean value and one
standard deviation of this smaller dataset is also plotted in Figure 5.14 with black colour stars
and full squares.
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Figure 5.14: Horizontal and parasitic vertical topographic amplification factors in spectral terms at the crest and toe
areas of the canyon with spectral period variation. The earthquake records input (rec) are considered as a group
(full data) with mean and standard deviation (grey crosses and empty squares) while the mean and variance at the
irregularity points are also presented (black stars and squares respectively).

Although the spectral response is calculated for all the examined spectral periods
(T=0.01sec to 10secs), Figure 5.14 only refers to the range from T=0.1sec to 2sec, where the
maximum variation of TAF in terms of amplitude is observed. The response amplitude is nearly
constant for periods smaller than 0.1sec and larger than 2secs and therefore these numerical
results are not included in this figure. This can be also observed by the trend of the black line
denoting the variation of the response at the crest and the toe points of the canyon
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respectively. Both the horizontal and the vertical TAF tend to constant values out of this period
range.
The variation of topographic amplification extrema locations with wavelet period have
also been discussed in detail in Chapter 4. These earlier analyses showed that the site
response and the geometry of the canyon majorly affect the extrema locations. The horizontal
and vertical crest TAF takes a minimum value in cases when Tp is equal to the fundamental
modes of the 1D crest (0.3sec and 1.0sec – Figure 5.14 top left). Similarly, the horizontal TAF
at the toe achieves a minimum value when Tp is equal to the fundamental modes of the 1D
toe (0.2sec and 0.6sec – Figure 5.14 top right). These minima result from the normalization of
the response with the 1D crest and toe responses at these periods. The response maxima
occur in between these periods, because the 1D transfer function used to normalise the
topographic amplification has its minimum values in this range and therefore it is easier to
observe the topographic effects. In addition, the fundamental mode for the examined slope
height appears to be 0.4sec (Tslope=4H/Vs with H=50m and Vs=500m/s). The examined crestto-crest distance is Lctc=280m, which resonates at input wavelengths around 250m (resulting
from input Tp=0.5sec). Consequently, the TAF extrema are observed at the range of Tp=0.40.5sec due to the input wavelengths being similar to the slope dimensions. The parasitic
vertical response at the toe achieves a maximum value at the fundamental 1D crest modes
(0.333sec and 1sec – Figure 5.14 down right). Similar conclusions resulted from the wavelet
analyses and are mostly related to the geometry of the canyon and to the depth of the rigid
bedrock interface for the shallow soil layer case (z=125m). It is observed that amplification
extrema for the irregularity points occur at the same periods as those already discussed in
Chapter 4 for the parametric analyses with z=125m.
The variations of the horizontal and parasitic vertical topographic factors with normalised
x-distance from the irregularity are presented in Figures 5.15 to 5.18 for the crest and the toe
areas. Similarly to Figure 5.14, the topographic amplification factors for the full dataset are
shown using light grey crosses. The standard deviation is not plotted in these figures for clarity.
The mean value of the full dataset (grey crosses) and the data point for the irregularity (black
star at xnorm=0) are superimposed. The normalised distance x was split in a large number of
bins with small Δx and the mean value for each bin was considered. The variation of the mean
depends on the Δx selected, this is why the considered number of bins is large enough to
capture the mean response shape with xnorm (around 30 bins for 0≤xnorm≤4). The response is
only presented for spectral periods corresponding to the values that were examined in Chapter
4 for the wavelet input motions.
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Figure 5.15: Horizontal topographic amplification factors in spectral terms with distance from the crest point
considering the earthquake input motions in the horizontal direction (rec).

The horizontal TAF at the crest area has a larger amplitude closer to the irregularity and
decreases to the free-field response (SAh=1) at distances xnorm≈3 (Figure 5.15). The shape of
the spectral amplification varies with spectral period. Localised response maxima occur at
around xnorm≈2 for T=0.333sec to 0.58sec. These observations are compatible with the TAF
variation with distance observed in Chapter 4. The parasitic vertical crest response has a
maximum at the crest point (xnorm=0) and quickly reduces to zero within a distance of xnorm=0.5.
Larger amplitudes are observed for T=0.42sec to 0.58sec for distances up to xnorm≈2 (Figure
5.16).
The toe area is mostly de-amplified since the topographic factors have smaller
amplitudes than the free-field value (SAh=1) at the toe point (xnorm=0) as shown in Figure 5.17.
The mean response reaches the free-field value at distances xnorm≤1 for most of the examined
periods. However, some interaction between the two canyon slopes is expected for the canyon
width of Lctc=280m based on the analyses results of Chapter 4. This is confirmed by the large
variation of the resulting response for the different earthquake records input. The response at
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the canyon mid-point is thus different from unity due to the proximity of the two canyon slopes,
particularly for response periods of T=0.333sec and 0.42sec. Finally, the parasitic vertical
response at the canyon toe has very small values which quickly tend to zero at the middle of
the canyon (Figure 5.18). The mean response has a maximum amplitude of SAv=0.5 at the
toe point which is much smaller than the parasitic amplification at the crest area and can even
be neglected.

Figure 5.16: Parasitic vertical topographic amplification factors in spectral terms with distance from the crest point
considering the earthquake input motions in the horizontal direction (rec).
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Figure 5.17: Horizontal topographic amplification factors in spectral terms with distance from the toe point
considering the earthquake input motions in the horizontal direction (rec).
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Figure 5.18: Parasitic vertical topographic amplification factors in spectral terms with distance from the toe point
considering the earthquake input motions in the horizontal direction (rec).

5.5.2 Earthquake records imposed bi-directionally
The resulting topographic amplification factors variation with spectral period and distance from
the irregularity are presented here for an input motion comprising of both the horizontal and
the vertical components of the 30 selected earthquake motions (bidir). The mean and standard
deviation values for the full dataset and the points on the irregularity included in Figure 5.19.
The TAF variation at the crest and toe points is highlighted with a black line.
The resulting horizontal surface spectral response from the bi-directional earthquake
input motion has minor differences from the previously considered response of the horizontal
earthquake record input analyses both for the crest and the toe locations. The horizontal
topographic amplification extrema locations are exactly the same as the ones discussed in the
previous section. This is reasonable because all analyses are linearly elastic so the response
of a 1D soil column with simultaneous horizontal and vertical input (bidir) is a superposition of
the response resulting from independently applying the horizontal input (rec) and the vertical
input (is not shown here). The observed differences between the horizontal response resulting

181

Chapter 5: Surface response of empty canyons with earthquake records input
from the uni-directional and bi-directional analyses in the canyon case stem from the
complicated scattered wavefield which develops in the 2D domain.

Figure 5.19: Horizontal and parasitic vertical topographic amplification factors in spectral terms at the crest and toe
areas of the canyon with spectral period variation. The earthquake records input (bidir) are considered as a group
(full data) with mean and standard deviation (grey crosses and empty squares) while the mean and variance at the
irregularity points are also presented (black stars and squares respectively).

The vertical response maximises in different locations in terms of spectral period. This
is also reasonable since the vertical oscillation of the numerical domain is now controlled by
the vertical component of the input motion. The vertical TAF for the bi-directional input case is
directly comparable to the response resulting from a P wave input motion. This motion was
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examined in Chapter 4, considering the Saragoni and Hart (1974) wavelets. Topographic
maxima also occur between the fundamental modes of the 1D crest in this case. The 1st and
2nd fundamental modes of the 1D crest correspond to T=0.5sec and 0.167sec respectively,
since they are computed based on a P wave velocity (equal to Vp=1000m/s taking a Poisson’s
ratio of v=1/3 so Vs/Vp=0.5).
Both components of the topographic factor with normalised distance from the irregularity
in both areas are shown in Figures 5.20 to 5.23. The horizontal response at the crest area
(Figure 5.20) is characterised by a mean value with similar shape to the one resulting from the
pure horizontal earthquake input motion (rec) in Figure 5.15. Nevertheless, there is a larger
variation of the topographic factors across the canyon due to the superposition of the
horizontal component resulting from the horizontal earthquake records input and the parasitic
horizontal component resulting from the vertical records input.

Figure 5.20: Horizontal topographic amplification factors in spectral terms with distance from the crest point
considering the earthquake input motions in the horizontal direction (bidir).
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The vertical topographic amplification at the crest area is characterised by a large
variation across the canyon (Figure 5.21). The response has localised extrema at xnorm≈0, 1,
2 and 3. A comparison of Figure 5.21 with Figure 5.16 indicates that the large amplitude close
to the crest of the slope with a gradual decrease to the free-field value is a characteristic of
the TAF distribution which can be attributed to the vertical input motion. Consequently, the
spikes at the crest point occuring at integer multipliers of the distance from the crest may be
attributed to the parasitic vertical response resulting from the horizontal component of the input
motion.

Figure 5.21: Vertical topographic amplification factors in spectral terms with distance from the crest point
considering the earthquake input motions in the horizontal direction (bidir).

Similar conclusions to those resulting from the horizontal topographic factor variation in
the crest area are derived for the toe area (Figure 5.22). Considering the full dataset, a larger
TAF variation than the crest area is observed. The mean value of the response is comparable
to the mean resulting from the horizontal earthquake input motions (rec). The amplitude of the
response is larger than the TAF from the horizontal records due to the superposition of the
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horizontal component of the topographic factor resulting from the horizontal component of the
input motion and the parasitic horizontal component of the TAF resulting from the vertical
component of the input motion.
The parasitic vertical response at the toe is characterised by a large spike at the toe
point for some of the examined spectral periods (Figure 5.23). This larger amplitude may be
related to the vertical slope angle configuration. It will be further examined in Section 5.6 which
compares the response resulting from earthquake and wavelet motions.

Figure 5.22: Horizontal topographic amplification factors in spectral terms with distance from the toe point
considering the earthquake input motions in the horizontal direction (bidir).
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Figure 5.23: Vertical topographic amplification factors in spectral terms with distance from the toe point considering
the earthquake input motions in the horizontal direction (bidir).

5.6

Comparison of the topographic amplification resulting from the
earthquake and the wavelet input motions

The topographic amplification factors obtained for earthquake and wavelet input motions are
directly compared in this section. The purpose of this comparison is to assess whether the
wavelet motions can adequately describe the complexity of the wavefield at the canyon
surface arising from an earthquake input motion. The canyon geometry and the input
earthquake records are the same with those described in the previous section (z=125m,
H=50m, Lctc=280m and i=45o and 90o). The horizontal component of topographic amplification
resulting from both sets of the earthquake record analyses (rec and bidir) is compared to the
TAF resulting from input wavelets in the horizontal direction (hw) in panels a and b of Figure
5.24 for the crest and the toe points of the canyon respectively.
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Figure 5.24: Mean value of the horizontal and vertical topographic amplification calculated using the spectral
definition for both the crest and toe points of the canyon (xnorm=0) with different input motions (hw: horizontal
wavelet, vw: vertical wavelet, rec: records imposed horizontally and bidir: records imposed bi-directionally).

The curves for the earthquake records input motion refer to the mean value of the TAF
at the crest and toe points resulting from the 30 selected records (i.e. as with the black lines
of Figures 5.14 and 5.19 presented previously). The response mean value is calculated in this
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case considering the numerical results of i=45o and 90o separately. The vertical component of
TAF due to the earthquake records imposed in the horizontal direction (rec) is parasitic in
nature and cannot be directly compared to the vertical component resulting from the bidirectional earthquake input (bidir). That is why panels b and c present the comparison of the
vertical TAF resulting from the bi-directional earthquake input and the Saragoni and Hart
(1974) wavelets imposed vertically (vw) at the numerical domain. Similarly, panels e and f
compare the parasitic vertical response at the crest and toe points for a horizontal input
earthquake (rec) and a horizontal wavelet (hw) input motion.
The horizontal surface spectral response resulting from the bi-directional earthquake
input motion differs slightly from the response of the horizontal earthquake record input
analyses, considering both the crest and the toe locations, as explained before. Figure 5.24
(a and b) shows that the horizontal response (SAh) resulting from the wavelets has the same
shape as that obtained from the analyses using earthquake records when T p is equivalent to
the examined spectral period. This shape is controlled by the fundamental wavelet period T p.
The response amplitudes are larger for the wavelet pulses. The response shape is determined
by the slope geometry and ground characteristics. The spectral topographic amplification
shape for each input wavelet Tp (and the equivalent spectral period) determined using the
wavelet pulses is therefore considered as adequate to describe the spectral amplification
resulting from the records input. The wavelet pulses can be used as a prediction of the
earthquakes response if the pulse period Tp is related to the spectral period of the records.
For spectral periods smaller than 0.1sec and larger than 2secs the topographic effects are
minimized due to the very high or very low frequency range of the input motion in comparison
to the fundamental modes of vibration that affect the canyon response.
The bi-directional vertical surface response (black lines of Figure 5.24 panels c and d)
is compared to the resulting vertical response considering input harmonic wavelets with the
Saragoni and Hart (1974) temporal filter imposed in the vertical direction (vw). The response
maxima occur at the same periods for the analyses with a bi-directional record input and the
analyses using wavelets. The response amplitude, however, is underestimated particularly for
the crest point and the 90o slope configuration if wavelets are used for its prediction. This is
reasonable considering that the resulting response from the bi-directional input is a
combination of the vertical and the parasitic vertical response of the input motion components.
The simplified nature of the wavelet, having only the vertical motion component in this case,
cannot purely predict the amplitude of the expected response. Finally, panels e and f of Figure
5.24 show that the wavelet input time histories can be a useful tool in predicting the resulting
parasitic vertical response at the points of the irregularity due to earthquake motions imposed
horizontally. The TAF amplitudes considering the wavelet motions are a conservative estimate
of those resulting from the earthquake records.
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The larger slope inclination (dashed lines) results in a larger response amplitude. This
has been also shown by Ashford et al. (1997) and Bouckovalas and Papadimitriou (2005) as
well as in Chapter 4 of this thesis. Examining only the response close to the irregularity may
be misleading, especially for very large slope angles. The response away from the crest and
the toe is an oscillation around the free field response with decaying amplitude controlled by
the Tp value. Taking this into account, spectral topographic amplification comparisons for all
the points at the canyon surface using different input motions are also performed, aiming to
evaluate the use of wavelets to predict the response resulting from earthquake records.
Figures 5.25 to 5.30 correspond to the horizontal, vertical and parasitic vertical spectral
amplification for all the examined points at the crest and toe areas of the canyon. Results are
presented for 11 periods in the range of 0.1sec to 2.0sec, where the extrema of the response
are expected.

Figure 5.25: Mean value of the horizontal topographic amplification calculated using the spectral definition for the
crest area of the canyon with different input motions.
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The distribution of the horizontal response across the crest area (Figure 5.25) indicates
that there is negligible difference between the bi-directional response and the response to unidirectional, horizontal input records, as expected. The conclusions arise from the comparison
of the responses at the toe area (Figure 5.26) resulting from the bi-directional and the unidirectional input motions. The response at the crest area is generally found to be less sensitive
to the input motion and the dimensions of the irregularity, while the toe area response is more
sensitive due to the occurring resonance in the canyon for certain input motion periods
(motions with predominant wavelengths or periods comparable to the slope height, the canyon
width and the 1D crest and toe fundamental modes). Consequently, larger differences
between the earthquake records and the wavelet input motion exist at the toe area, especially
for the period of T=0.333sec. Other than that, the variation of TAF resulting from the wavelets
is comparable to that from the earthquake records for both slope angles and both areas of the
canyon.

Figure 5.26: Mean value of the horizontal topographic amplification calculated using the spectral definition for the
toe area of the canyon with different input motions.
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Any differences due to the slope angle variation are mainly concentrated in close
proximity to the crest (xnorm≤1). These amplitude differences appear to be small for most
periods, but are larger for the shorter period range (around T=0.1sec), where there is more
fluctuation in the response close to the irregularity. The variation of the topographic
amplification with normalised distance indicates that wavelets are capturing the fluctuation of
the response and the right curvature across the surface points. However, the magnitude
difference especially at the toe area indicates that using wavelets as a prediction tool may
overestimate the expected response, especially at the fundamental modes of the crest
(T=0.333sec and T=1sec). The curves presented show the mean values of the response, while
there is record-to-record variability around these values that should be accounted for in design
(see also the previous sections and Chapter 7). Wavelets can be used to give some
reasonable approximation to the overall distribution of the response.
Similarly, the comparison of the vertical spectral response resulting from the bidirectional input and the wavelet input in the vertical direction (vw) is presented in Figures 5.27
and 5.28 for the response at the crest and the toe areas respectively.

Figure 5.27: Mean value of the vertical topographic amplification calculated using the spectral definition for the
crest area of the canyon with different input motions.
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The wavelet pulses are considered as adequate to capture the response at the crest
and toe areas. However, it is also seen here that the response amplitude resulting from the
wavelets is smaller than this from the records for some periods at the crest area (i.e.
T=0.2sec). Response differences are also observed for the slope angle of 90o and very close
to the irregularity. The slope angle of 90o is an extreme slope geometry which introduces a
singularity in response and an increased sensitivity to the different input motions. The
observed differences could be justified by considering the complexity of the ground surface
response resulting from a bi-directional input compared to the vertical wavelet.

Figure 5.28: Mean value of the vertical topographic amplification calculated using the spectral definition for the toe
area of the canyon with different input motions.

The parasitic vertical topographic amplification factors resulting from the horizontal
earthquake record (rec) and the wavelets (hw) input are also comparable. Figures 5.29 and
5.30 present this comparison for the crest and toe areas respectively. The wavelets are once
more shown to be an effective tool for predicting the earthquake records response, since the
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resulting extrema in both locations lie at similar distances form the irregularity points. The
topographic amplification amplitudes are generally larger for the wavelet inserted signals than
where earthquake records are considered, thus using the wavelets for the response prediction
leads to conservative estimates of the TAF amplitude across the canyon.

Figure 5.29: Mean value of the parasitic vertical topographic amplification calculated using the spectral definition
for the crest area of the canyon with different input motions.

The distribution of topographic amplification across the canyon is further examined in
Figures 5.32 to 5.35. The input motions considered for this example are shown in Figure 5.31.
The topographic amplification resulting from a wavelet pulse with Tp=0.5sec is compared to
the topographic response resulting from the Imperial Valley event (00209T). It is seen from
Figure 5.31 that the input motions are very different in terms of their response and Fourier
spectra. Figures 5.32 to 5.35 present the TAF for every examined point across the canyon
surface (x distance with canyon middle at x=0m) calculated using the Fourier spectrum
definition. For example, for a point located at the crest area (i.e. x= 200m), the amplitude of
the curve shown in the figures refers to the Fourier spectrum resulting from the acceleration
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time history at this point divided by the Fourier spectrum of the 1D crest response. The case
of i=45o is only shown, neglecting the response on the inclined slope surfaces. The Fourier
spectra definition of TAF is chosen to the PGA and response spectral definitions because the
Fourier spectrum contains more points in the frequency range than the response spectrum in
the period range. Thus it is easier to observe any variation of the topographic amplification at
the canyon surface using such plots. The frequency range is taken as 0.4Hz≤f≤10Hz
corresponding to periods of 0.1sec≤T≤2.5sec. This is the frequency range of the topographic
response maxima. The very large topographic amplification values at periods above 6-7secs
result from the division with the 1D Fourier spectrum which is almost zero at this range (see
Figure 5.31). Although the scale of Figures 5.32 to 5.35 is the same (i.e. the topographic
amplification amplitudes are comparable), the focus of this example is not the comparison of
the topographic amplification amplitudes but the comparison of the frequencies that the
topographic extrema occur for the crest and the toe areas of the canyon.

Figure 5.30: Mean value of the parasitic vertical topographic amplification calculated using the spectral definition
for the toe area of the canyon with different input motions.
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Figure 5.32 considers the horizontal (upper plot) and the parasitic vertical (lower plot)
response resulting from a horizontal wavelet with Tp=0.5sec. Similarly, the plots of Figure 5.33
refer to the parasitic horizontal and vertical response resulting from a vertical wavelet input
with Tp=0.5sec. The horizontal and parasitic vertical response resulting from one of the
earthquake records (00209T with M=5.5) imposed in the horizontal direction is shown in
Figures 5.34. Finally, both components of TAF in Fourier terms are presented in Figure 5.35
for the bi-directional input of the same earthquake record (00209T with M=5.5). A much larger
fluctuation of the TAF across the canyon is observed for increasing complexity of the input
motion. As a result, the TAF due to the horizontal earthquake input fluctuates more than the
TAF resulting from the horizontal and vertical wavelet motions (see Figure 5.34 as compared
to Figures 5.32 for hw and 5.33 for vw input motion respectively). This is because the input
motion is characterised by an input motion period Tp unlike the earthquake records which have
a richer frequency content. The resulting wavefield is then more complicated for the case of
earthquake records. Furthermore, more fluctuation of TAF is due to the earthquake records
imposed bi-directionally on the numerical model compared to the response resulting from the
horizontally imposed records. This is attributed to the more complex wavefield in the case of
bi-directional earthquake records, where the input waves in both directions constructively
interfere with the resulting horizontal and vertical created waves in the medium and the waves
of parasitic nature in both directions.
The response peaks at the toe area happen at f≈1Hz and f≈2.5Hz in the horizontal
direction and at 3Hz in the vertical for every input motion except the vertical input wavelet (vw).
Similarly, the crest horizontal response peaks happen at f≈1.5Hz and f≈2.5Hz, while the
vertical peak occurs at f≈2.5Hz. Similar extrema locations in terms of frequency result from
the horizontal wavelet input motion and the earthquake records. This confirms that the
horizontal input wavelets are capable to predict the general response behaviour (extrema
locations) resulting from the earthquake input motions in both areas. The vertical input wavelet
can also be used to predict the resulting vertical response due to a bi-directional input record.
This is because the TAF maximises for the same frequencies for both input motions (TAF
peaks occur at f≈3Hz for the crest areas and at 2 and 6Hz for the toe areas respectively).
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Figure 5.31: Acceleration time histories, response and Fourier spectra for the different input motions: (a) Saragoni
and Hart (1974) wavelet with Tp=0.5sec imposed either in the horizontal or vertical direction, (b) horizontal
component of Imperial Valley record 00209T with M=5.5 and (c) vertical component of Imperial Valley record 00209
with M=5.5.
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Figure 5.32: Horizontal and parasitic vertical topographic amplification factor calculated using the Fourier spectra
definition for all the examined points across the canyon and the frequency range f=0.4Hz to 40Hz for an input
wavelet motion with period Tp in the horizontal direction (hw).

197

Chapter 5: Surface response of empty canyons with earthquake records input

Figure 5.33: Horizontal and parasitic vertical topographic amplification factor calculated using the Fourier spectra
definition for all the examined points across the canyon and the frequency range f=0.4Hz to 40Hz for an input
wavelet motion with period Tp in the vertical direction (vw).
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Figure 5.34: Horizontal and parasitic vertical topographic amplification factor calculated using the Fourier spectra
definition for all the examined points across the canyon and the frequency range f=0.4Hz to 40Hz for an input
record (rec - 00209T) in the horizontal direction.
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Figure 5.35: Horizontal and vertical topographic amplification factor calculated using the Fourier spectra definition
for all the examined points across the canyon and the frequency range f=0.4Hz to 40Hz for an input record (00209T)
in both the horizontal and the vertical direction (bidir).
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5.7

Conclusions

There has been limited prior research using either wavelet input motions or complicated
earthquake records to illustrate the effect of the input motion characteristics on the topographic
amplification variation across the ground surface of canyons. Two canyon geometries were
examined here, focusing on different input motion scenarios. A suite of 30 recorded
earthquake motions imposed only horizontally (rec) or simultaneously in both the horizontal
and the vertical directions (bidir) was examined. The aim was to investigate the use of simple
input motions in the form of wavelets to predict the spectral topographic amplification resulting
from the record input for several spectral periods. The resulting response at the ground surface
was examined in two ways, firstly focusing on the response close to the topographic
irregularity and examining its dependence on the input motion characteristics and secondly
focusing on the distribution of the ground response from the irregularity to the free-field and
how this changes for several spectral periods.
It was firstly shown that the topographic responses for earthquakes of different
magnitude are very similar, thus the response resulting from the suite of 30 input motions was
considered as a group with one mean value and one standard deviation in this study. Then,
the resulting response at the canyon surface was separately examined for the uni-directional
and the bi-directional record analyses. A comparison of the topographic amplification
considering the wavelet and the earthquake records input showed that the wavelet analysis
can generally produce a response very close to the earthquake record response, considering
a wavelet with Tp equal to the spectral period of interest. The response resulting from the
wavelet pulses with an input period Tp equal to the spectral period of interest produces the
same fluctuations of topographic amplification with spectral period. The response shape away
from the irregularity fluctuates as a function of the input motion wavelength λ p for the wavelet
pulses and wavelengths resulting from the spectral periods for the records (i.e. λ=Vs·T). The
area close to the irregularity that is strongly affected by topography is located at maximum
distances of xnorm=2.
The response at the topographic irregularity is mainly affected by the input period Tp for
the wavelet pulses or spectral period of interest for the earthquake records input. For input
periods Tp or for spectral response periods equal to the fundamental modes of the crest or the
toe, the topographic response minimises because the soil layer amplification dominates the
response. Due to the definition of the topographic amplification, its resulting values are very
small at these periods. For any other period intermediate to the crest or toe fundamental
modes, the soil layer amplification is small enough for the topographic phenomena to be
observed and the topographic response maximises. These conclusions further support the
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effect of the canyon geometry on the resulting topographic amplification at the canyon surface
that was already examined in Chapter 4.
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6
EFFECT OF OTHER PARAMETERS ON
GROUND SURFACE RESPONSE
The previous chapters considered topographic effects due to a canyon lying on a single
homogeneous drained soil layer above rigid bedrock. Including the presence of multiple soil
layers or a ground water table will make the model better represent naturals. Some preliminary
analyses have been performed focusing on a non-constant soil stiffness with depth and
variation of the water compressibility parameter for a single canyon geometry.
The first set of analyses is a parametric study on the variation of stiffness in a single soil
layer over a rigid bedrock. Linear and parabolic increasing stiffness profiles with depth are
considered. Additional analyses are performed for a canyon lying on a two layer configuration
above rigid bedrock. A large impedance contrast between the two layers is taken into account
to investigate the effect on topographic amplification. Analyses are performed considering
both the Saragoni and Hart (1974) wavelets and earthquake records as input motions.
The second part of this chapter presents the analyses performed for different water
compressibility values to investigate the effect of water presence on the ground surface
response. Analyses are performed for both a uniform soil layer and for two of the soil profiles
with stiffness variation analysed at the first part of the chapter. It needs to be noted that some
of the preliminary analyses of this chapter were performed by David Solans during his MSc
thesis.
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6.1

Effect of stiffness variation with depth

The canyon configuration considered in this section is the same as that considered in Chapter
4 (refer to Figure 4.1 for the canyon geometry). Unlike the case of a single layer of constant
stiffness lying above rigid bedrock in the previous chapters, the parametric analyses of this
section consider the variation in soil stiffness with depth. This is because prior research has
shown that considering a more realistic soil stiffness profile with depth results in larger
topographic amplification values at the ground surface (Assimaki and Gazetas, 2004;
Assimaki et al. 2005a, 2005b, 2005c). The analyses performed to consider the effect of
stiffness variation are shown in Table 6.1 and the soil parameters are presented in Table 6.2.
Table 6.1: Parametric analyses of the stiffness variation

Depth to bedrock,
z (m)

Slope angle, Crest-to-crest distance,
i (deg)
Lctc (m)
75

125
45

Stiffness profile

Input motion

280

Linear A / B / C

wavelets

280

Toro (1996) /
Stepped Vs

wavelets

280

Toro (1996) /
Stepped Vs

wavelets /
earthquake records

Table 6.2: Considered soil parameters

Varied parameter

Value

Mass density, ρ (Mgr/m3)

2

Poisson’s ratio, v (-)

1/3

Horizontal coefficient of earth pressure, Ko (-)

1

Damping ratio, ξ (%)

5 (achieved by varying Rayleigh damping
parameters)

6.1.1 Linear stiffness variation with depth
Three profiles where stiffness varied linearly with depth (Linear A, B and C) were firstly
considered. The topographic amplification at the ground surface for the three soil stiffness
profiles is compared to that of the uniform profile from the previous chapters for a canyon
geometry of z=125m, H=50m, Lctc=280m and i=75o. The variation of stiffness (K), modulus of
elasticity (E), shear modulus (G) and shear wave velocity (Vs) with depth are shown in Table
6.3 and Figure 6.1 in comparison to the uniform soil stiffness profile. The soil stiffness
parameters are calculated using the following relationships:

𝐸

𝐸

𝐺

𝐾 = 3∙(1−2∙𝑣), 𝐺 = 2∙(1+𝑣) and 𝑉𝑠 = √𝜌
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Table 6.3: Linear stiffness profiles of this section

Depth to
bedrock,
z (m)

125

Soil property

Uniform

Linear A

Linear B

Linear C

Modulus of elasticity, E (MPa)

1333

15.68·z

22.79·z

266.6+17.06·z

Bulk modulus, K (MPa)

1333

15.68·z

22.79·z

266.6+17.06·z

Shear modulus, G (MPa)
Average shear wave velocity, V̅s (m/s)

500

5.882·z

8.547·z

100+6.4·z

500

415

500

493

Vs,125 (m/s)

500

351

423

459

1st fundamental period, T (sec)

1

1.06

0.88

0.91

Figure 6.1: Variation of soil parameters with depth for the linear stiffness variation case.

The profiles with increasing rigidity are derived so that they have similar first mode of
vibration to the uniform profile. This is because it has been seen that the site response effects
the topographic amplification factors (refer to Sections 4.4.2 and 5.6). Profiles with similar first
oscillation mode are chosen to isolate the topographic amplification dependence on the
stiffness variation with depth. It is noted here that there is a change in stiffness of these profiles
only with depth and the variation in stiffness with strain is not considered, which will allow the
change of the response in case of an input motion with a larger magnitude. The shear modulus
increase with depth for the linear profile A is calculated so that this profile has the same 1st
fundamental period with the uniform profile (i.e. T=4·z/Vs=4·125/500=1sec). Similarly, the
shear modulus increase with depth for profile B is found so that the resulting profile B has the
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same average shear wave velocity as the uniform profile (and also a similar first mode of
vibration). The shear modulus of profile C is calculated so that it has comparable average
shear wave velocity to the uniform profile and a shear modulus value of 100MPa at the ground
surface. Profile C is examined as it better represents sedimentary deposits in nature since
zero stiffness at the ground surface is not a common case.
̅𝑠 ) is calculated using an
The average shear wave velocity of the soil deposit (𝑉
approximate method by Dobry et al. (1976). The soil layer considered with total thickness z is
divided in n number of sublayers of thickness zi and the average shear wave velocity is
calculated considering the weighted average of the velocities Vs,i in each sublayer. The
average velocity in the upper 125m of the soil thickness (Vs,125) is also calculated based on
the Eurocode 8 time average shear wave velocity Vs,30 definition.

̅𝑠 =
𝑉

𝑛

1
∑𝑛𝑖=1 𝑧𝑖

𝑉𝑠,125

∙ ∑ 𝑉𝑠,𝑖 ∙ 𝑧𝑖
𝑖=1

∑𝑛𝑖=1 𝑧𝑖
=
𝑧
∑𝑛𝑖=1 𝑖
𝑉𝑠,𝑖

[6.2]

The fundamental modes of vibration for soil layers with increasing rigidity were first provided
by Ambraseys (1959). An update on the calculation of the 1st fundamental period of a soil layer
with linear increase or decrease of stiffness with depth was later provided by Dobry et al.
(1976). The soil profile considered is given in Figure 6.2. The resulting 1st fundamental period
is calculated using the same equation to the period of a soil layer of uniform stiffness, but
considering an equivalent shear wave velocity parameter:

𝑇=

4∙𝑧
𝑒𝑞

𝑉𝑠

[6.3]

This means that a uniform soil layer with equivalent parameters can be used to calculate the
fundamental modes of a layer with increasing stiffness with depth. The equivalent velocity
corresponds to an equivalent shear modulus (Geq) at an equivalent depth of zeq. Dobry et al.
(1976) provide the equivalent depth values for different linear shear modulus distributions with
depth and constant mass soil density (ρ), based on the rigidity ratio Go/Gz (i.e. the ratio of the
shear moduli at the top (Go) to the bottom (Gz) of the soil deposit). The values of equivalent
parameters corresponding to the 1st fundamental modes for each examined profile are listed
in Table 6.4. It is mentioned that there is no corresponding zeq value for a rigidity ratio of zero
(Go/Gz=0) in Dobry et al. (1976). However, the zeq is constant for rigidity ratios ranging between
0.1≤ Go/Gz ≤0.2 that is why this constant value (and equal to 0.6) is used here.
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G(MPa)

Go
zeq

z(m)

Geq

ρ = constant

Gz
z(m)
Figure 6.2: Equivalent soil properties based on Dobry et al. (1976).
Table 6.4: Calculation of the 1st fundamental mode for the linear profiles A, B and C.

Depth to
bedrock,
z(m)
125

Profile

Go(MPa)

Gz(MPa)

Go/Gz

zeq(m)

Geq(MPa) Vseq(m/s)

T(sec)

Linear A

0

735.25

0

75

441

470

1.06

Linear B

0

1068.4

0

75

641

566

0.88

Linear C

100

900

1/3

78.75

604

550

0.91

The ratio of the first to higher modes of vibration is also provided by Ambraseys (1959)
for the first six fundamental modes and specific values of the rigidity ratio. Based on that, the
second and third modes of vibration for the profiles examined are calculated in Table 6.5.
Table 6.5: Calculation of the 2nd and 3rd fundamental modes for the linear profiles A, B and C.

Depth to
bedrock,
z(m)
125

Profile

Go/Gz

f1 (Hz)

f1/f2

f1/f3

f2(Hz)

f3(Hz)

Linear A

0

0.943

2.405 / 5.52

2.405 / 8.654

2.164

3.393

Linear B

0

1.136

2.405 / 5.52

2.405 / 8.654

2.607

4.088

Linear C

1/3

1.099

2.879 / 7.312

2.879 / 11.935

2.791

4.555

The transfer functions for the soil profiles examined here were also calculated using the
STRATA software (Kottke and Rathje, 2009). Figure 6.3 presents the resulting transfer
functions plotted on top of the transfer function of the uniform profile. The fundamental modes
of vibration resulting from the simplified methods that were described before are shown with
vertical lines. The comparison of the fundamental modes resulting from the simplified
procedures to that of the STRATA transfer functions maxima is satisfactory for z=125m. The
match is better for the linear profile C, as the stiffness at the ground surface is not zero. An
underestimation of the fundamental modes values for profiles A and B, is probably due to the
simplified methods lacking a zeq value for Go/Gz=0. Overall, the simplified methods can provide
a very close approximation of these modes.
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Figure 6.3: The first three modes of vibration and transfer functions of the examined profiles with linearly increasing
soil stiffness with depth.

As explained in Chapter 4 and Equation [4.5], the relationship of topographic amplification to
the transfer function |𝐹2 (𝜔)| (i.e. soil layer amplification) is:

𝐴ℎ =

𝑠𝑖𝑡𝑒
𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛
𝑃𝐺𝐴𝑜𝑛
ℎ
ℎ
=
𝑃𝐺𝐴1𝐷
𝑃𝐺𝐴𝑖𝑛𝑝𝑢𝑡 ∙ |𝐹2 (𝜔)|

[6.4]

The transfer function |𝐹2 (𝜔)| is provided by Equation [4.6]. The topographic and soil layer
amplification for soil sites with similar average values of their site characteristics (Vs, z and ξ)
but different stiffness variation with depth are not linearly correlated. For example, the following
does not hold for the uniform and the linear A profiles:

𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛
ℎ
(
)
𝑃𝐺𝐴1𝐷

(

𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛
ℎ

𝑈𝑛𝑖𝑓𝑜𝑟𝑚

)
𝑃𝐺𝐴𝑖𝑛𝑝𝑢𝑡 ∙ |𝐹2 (𝜔)|

𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛
ℎ
≠(
)
𝑃𝐺𝐴1𝐷

𝑈𝑛𝑖𝑓𝑜𝑟𝑚

≠(

𝐿𝑖𝑛𝑒𝑎𝑟 𝐴

⇔

𝑠𝑖𝑡𝑒
𝑃𝐺𝐴𝑜𝑛
ℎ

𝑃𝐺𝐴𝑖𝑛𝑝𝑢𝑡 ∙ |𝐹2 (𝜔)|

[6.5]
𝐿𝑖𝑛𝑒𝑎𝑟 𝐴

)

This is because the wave propagation at the two soil sites is different even if the average
shear wave velocity and site period are similar. This is also shown by Asimaki and Mohammadi
(2017) who showed that the created wave mechanism in a soil layer with a topographic
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irregularity is different from the waves created considering the soil layer effects and
superimposing the topographic effects. In that way, topographic amplification cannot be
separated from soil layer amplification. Based on the simple relationship of Equation [6.5], the
comparison of the response resulting from the linear soil stiffness profiles to the response of
the uniform profile is expected to have larger differences for the smaller input pulse period
range since the transfer functions are mostly different at the larger modes of vibration of these
profiles. A comparison of the topographic amplification variation at the crest and toe points of
the canyon considering the uniform stiffness profile and those with increasing stiffness is
presented in Figure 6.4.

Figure 6.4: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for the examined profiles with linear stiffness variation as compared to the uniform stiffness profile
considering the same canyon geometry.
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The data on Figure 6.4 show that larger response differences are observed for the
smaller input pulse period values (Tpscaled≤0.333sec) mainly at the crest point. A second
amplification peak at Tpscaled=0.2sec results from the linear soil profiles for both the horizontal
and the vertical crest point response. This is maybe due to the larger differences of the uniform
and the linear profile transfer functions at the higher modes of vibration. For Tpscaled≤0.333sec
(so f≥3Hz) the extrema of the transfer functions for the profiles considered are quite different.
As these are used for the topographic factor normalisation, larger differences in the
topographic peaks are expected in this period range.
The horizontal and parasitic vertical TAF for every examined point across the canyon
for both areas is shown in Figures 6.5 to 6.8. Most of the differences in terms of the topographic
amplification amplitudes are located at the crest area (Figure 6.5), however, they are localised
closer to the crest point (xnorm≤0.5). Having in mind that the value of the analysed slope angle
in this case is quite high (i=75o) these differences may be enhanced by the geometry
considered. This is investigated further in Section 6.1.2. The fluctuation of TAF along the xdistance is different for spectral periods between T=0.333sec and 0.58sec. However, the
response resulting from the uniform profile is more comparable to the linear C profile.

Figure 6.5: Horizontal topographic amplification factor variation at the crest area of the canyon for the examined
profiles with linear stiffness variation as compared to the uniform stiffness profile considering the same canyon
geometry.
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The largest difference between the response amplitudes resulting from the uniform
profile and the linear ones at the toe area (Figure 6.6) is observed for T=0.5sec. However, the
observed topographic amplitude differences amongst the examined profiles are small
compared to those of Chapter 4 resulting from the different canyon geometries. It is then
reasonable to conclude that the response resulting from the uniform soil profile is not very
different from the response resulting from the linear stiffness variation with depth.

Figure 6.6: Horizontal topographic amplification factor variation at the toe area of the canyon for the examined
profiles with linear stiffness variation as compared to the uniform stiffness profile considering the same canyon
geometry.

Most of the differences in the topographic amplitudes of the parasitic vertical response
at the crest are shown for T=0.5sec (Figure 6.7). The response of the uniform soil profile is
once more of larger amplitude. This conclusion is not valid for the toe area (Figure 6.8), where
larger response amplitudes are observed at the small spectral period range (T=0.2-0.333sec)
for the profiles with linearly increasing stiffness with depth.
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Figure 6.7: Parasitic vertical topographic amplification factor variation at the crest area of the canyon for the
examined profiles with linear stiffness variation as compared to the uniform stiffness profile.

Figure 6.8: Parasitic vertical topographic amplification factor variation at the toe area of the canyon for the examined
profiles with linear stiffness variation as compared to the uniform stiffness profile.

212

Chapter 6: Effect of other parameters on ground surface response

6.1.2 Non-linear stiffness variation with depth
Two profiles with non-linear soil stiffness variation with depth are examined for the canyon
geometry of z=125m, H=50m, Lctc=280m and two slope angles (i=45o and 75o) in this section.
The first profile is created using Monte Carlo simulations considering the Toro (1996) profile
for a USGS site category B (360m/s≤Vs,30≤750m/s). This forms the baseline profile shown in
Table 6.6.
Table 6.6: Shear wave velocity distribution with depth for a soil of 360m/s≤V s,30≤750m/s (baseline Toro (1996)
profile).

Depth
(m)

USGS category B
360m/s≤Vs,30≤750m/s
(Baseline Toro (1996) profile)

0.00

159

1.00

200

2.00

241

3.00

275

4.00

308

5.00

337

6.00

361

7.20

382

8.64

404

10.37

433

12.44

467

14.93

501

17.92

535

21.50

567

25.80

605

30.96

654

37.15

687

44.58

711

53.50

732

64.20

749

77.04

772

92.44

802

110.93

847

133.12

900

The STRATA software (Kottke and Rathje, 2009) was used to provide a median value
and a standard deviation of the variation in shear wave velocity with depth using a
randomisation process. The randomisations are performed according to the Toro (1996) depth
dependent layering rate model created by considering 557 sites mostly from California (Table
6.6). According to that model, the soil thickness is divided into sublayers with the shear wave
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velocity in the middle of each sublayer (di) assumed to follow a log-normal distribution with
median (i.e. the average of lnVs) and standard deviation σlnVs. The median is equal to the
baseline Toro (1996) profile, while the standard deviation is equal to the sigma value provided
by Toro (1996) for USGS soil class B (σlnVs=0.27). The median is calculated as follows.
The shear wave velocity for each layer Vs(i) is calculated considering the median and
standard deviation of the baseline profile shear wave velocity (Vs,o(i) and σlnVs) and a random
standard normal variable (Zi) for layer i.

𝑉𝑠 (𝑖) = exp(ln[𝑉𝑠,𝑜 (𝑖)] + 𝑍𝑖 ∙ 𝜎𝑙𝑛𝑉𝑠 )

[6.6]

The standard normal variable for the surface layer (i=1 so Z1) is independent of all the other
layers and has a zero median and unit standard deviation. The normal variable for each layer
(Zi) is calculated using the values from the layer above (Zi-1) using Equation [6.7] by Toro
(1996).

2
𝑍𝑖 = 𝜌𝐼𝐿 ∙ 𝑍𝑖−1 + 𝜀𝑖 ∙ √1 − 𝜌𝐼𝐿

[6.7]

where 𝜀𝑖 is a new random variable and 𝜌𝐼𝐿 is the interlayer correlation coefficient provided as
a combination of the depth dependent 𝜌𝑑 (d) and the thickness dependent 𝜌𝑡 (𝑡) coefficients:
𝜌𝐼𝐿 (𝑑, 𝑡) = [1 − 𝜌𝑑 (d)] ∙ 𝜌𝑡 (𝑡) + 𝜌𝑑 (d)
𝑑 + 𝑑𝑜 𝑏
𝜌
∙
[
𝜌𝑑 (𝑑) = { 200 200 + 𝑑𝑜 ] , 𝑑 ≤ 200𝑚
𝜌200 , 𝑑 > 200𝑚

[6.8]

−𝑡
𝜌𝑡 (𝑡) = 𝜌𝑜 ∙ exp ( )
𝛥
where 𝜌200, 𝑑𝑜 , b, 𝜌𝑜 and 𝛥 are parameters of the model. These are considered equal to 𝜌200 =
1, 𝑑𝑜 = 0, b=0.293, 𝜌𝑜 = 0.97 and 𝛥 = 3.8 by Toro (1996) for USGS soil class B. The
randomised profiles resulting from this procedure are shown in Figure 6.9 with their median
and standard deviation values.
The average shear wave velocity and the Vs,125 values of the resulting median, median
plus standard deviation and median minus standard deviation Toro (1996) profiles are then
calculated and compared to the uniform soil stiffness profile. This is to select the Toro (1996)
profile that has comparative shear wave velocity values to the uniform one. The simplified
method of Dobry et al. (1976) is used for the average shear wave velocity calculation. The
median minus one standard deviation profile is chosen here based on the shear wave velocity
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values comparison to the uniform profile (see profile characteristics in Table 6.7). The
fundamental period of each profile is determined by the transfer function computed with
STRATA. The shear stiffness distribution with depth that was used in ICFEP is calculated
based on the Vs median minus one standard deviation profile, approximated with three linear
parts. The soil stiffness distributions in ICFEP are also superimposed in Figure 6.9 and their
characteristics are detailed in Table 6.8. The transfer functions of all the examined profiles are
shown in Figure 6.10. As expected, no major differences exist between the median minus one
standard deviation and the three line approximation used in ICFEP.
Table 6.7: Toro (1996) profile of this section

Soil property

Uniform

Toro
baseline

Toro
median

Toro
median-σ

Toro
median+σ

Average shear wave velocity, V̅s (m/s)

500

731

710

526

960

Vs,125 (m/s)

500

676

638

479

849

1st fundamental period, T (sec)

1

0.65

0.63

0.855

0.46

Table 6.8: Three-linear stiffness profile based on Toro (1996)

Soil property

Depth (m)
0-15

15-50

50-125

Modulus of elasticity, E (MPa)

48·z+80

22.93·z+453.3

9.06·z+1160

Bulk modulus, K (MPa)

48·z+80

22.93·z+453.3

9.06·z+1160

Shear modulus, G (MPa)
Average shear wave velocity, V̅s (m/s)

18·z+30

8.6·z+170

3.4·z+435

530

Vs,125 (m/s)
1st

487

fundamental period, T (sec)

0.842
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Figure 6.9: Randomised shear wave velocity profiles distribution with depth for a soil of 360m/s≤Vs,30≤750m/s Toro
(1996) and resulting bulk and shear modulus distributions with depth. The three linear profiles used in ICFEP are
also superimposed.

Figure 6.10: Transfer functions for all the Toro (1996) profiles and the three line profile used in ICFEP.
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The second soil profile considered is one composed of two layers with constant stiffness.
A similar problem is examined by Asimaki and Mohammadi (2017) for ridges. The assumed
layers are of similar thickness and the bottom one is 3 times stiffer than the top. The shear
wave velocity of each layer is determined so as to have an average Vs equal to the uniform
layer (V̅s = 𝑉𝑠,125 = 500m/s) and an impedance contrast of 3. This analysis is performed to
examine any difference in case of a soil formation with similar average shear wave velocity
value to a uniform soil profile but a softer soil presence closer to the surface. The stepped Vs
layer stiffness with depth, its characteristics and transfer function are provided in Table 6.9
and Figures 6.11 to 6.13.

65m

Vs,1=Vs,2/3

60m

Vs,2
ρ = constant

z(m)
ρ = constant

Figure 6.11: Stepped Vs profile in comparison to the uniform one.
Table 6.9: Stepped Vs profile characteristics.

Depth (m)

Soil property

0-65

65-125

Modulus of elasticity, E (MPa)

333.3

3000

Bulk modulus, K (MPa)

333.3

3000

Shear modulus, G (MPa)
Average shear wave velocity, V̅s (m/s)

125

1125
500

Vs,125 (m/s)

500

1st fundamental period, T (sec)

1.09

Figure 6.12: Transfer function of the stepped Vs profile in comparison to the uniform one.
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Figure 6.13: Shear wave velocity, bulk and shear modulus distributions with depth for the stepped V s profile in
comparison to the uniform one.

The resulting response at the irregularity points is shown in Figure 6.14 for the slope
angle of i=75o. Due to the similarity of the response considering the linear profiles of the
Section 6.1.1, only Linear A profile is considered here for comparison purposes. The response
of the uniform profile for the same canyon geometry is also superimposed. Figure 6.15 can be
examined in parallel to Figure 6.14 as the same comparison between the different stiffness
profiles is performed for a canyon with slope angle of i=45o.
The horizontal topographic amplification at the crest of the canyon resulting from the
Toro (1996) and the stepped Vs profiles has a second peak at around Tpscaled=0.2sec, similar
to the response of the linear A profile for the case of i=75o (Figure 6.14). This peak is partly
attributed to the different transfer functions of the soil profiles at the higher modes of vibration.
The same trend is observed for the angle of i=45o, however, the peak is shifted and has a
reduced amplitude for the stepped Vs profile. This is reasonable considering that the
simultaneous variation of the soil stiffness and the slope angle create a different wave
scattering mechanism for the two cases examined.
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Figure 6.14: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for the examined profiles with non-linear stiffness variation as compared to the uniform stiffness profile
(i=75o).

The location of the horizontal amplification peaks at the toe are less affected by the soil
stiffness profile. However, their amplitude changes with slope angle, indicating that for a milder
slope configuration and a soil stiffness variation similar to Toro (1996) the topographic
amplification for both peak locations (Tpscaled=0.333 and 1sec) may be of comparable
amplitude. The parasitic vertical response at the crest indicates that except the response peak
at Tpscaled=0.5sec, a second peak exists at 0.2sec, which may be comparable in amplitude to
the first one. For milder slope configurations both peaks have smaller amplitudes, however,
the peak at 0.2sec may be even larger than this at 0.5sec. The parasitic vertical response at
the toe for the profiles of varying stiffness is similar to the response of the uniform profile for
both slope configurations. The response of a layered profile like the stepped Vs one for the
case of i=45o is characterised by a milder variation of the topographic factors with period
compared to the other profiles.
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Figure 6.15: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for the examined profiles with non-linear stiffness variation as compared to the uniform stiffness profile
considering the same canyon geometry and i=45o.

The horizontal and parasitic vertical topographic amplification at the crest and toe areas
is shown in Figures 6.16 to 6.19 only for the slope angle of 45o. It is seen that the horizontal
TAF at the crest differs mainly at distances xnorm≤0.5. The response of the linear A profile is
comparable to the response for the stepped Vs profile, while the response of the uniform and
the Toro (1996) profiles are also similar. The same conclusions result from the comparisons
of the horizontal TAF at the toe area. The parasitic vertical response at both areas is smaller
from the horizontal one but not many differences are observed due to the altered profile of the
soil stiffness.
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Figure 6.16: Horizontal topographic amplification factor variation at the crest area of the canyon for the examined
profiles with non-linear stiffness variation as compared to the analyses results for the uniform stiffness profile
(i=45o).

Figure 6.17: Horizontal topographic amplification factor variation at the toe area of the canyon for the examined
profiles with non-linear stiffness variation as compared to the analyses results for the uniform stiffness profile
(i=45o).

221

Chapter 6: Effect of other parameters on ground surface response

Figure 6.18: Parasitic vertical topographic amplification factor variation at the crest area of the canyon for the
examined profiles with non-linear stiffness variation as compared to the analyses results for the uniform stiffness
profile (i=45o).

Figure 6.19: Parasitic vertical topographic amplification factor variation at the toe area of the canyon for the
examined profiles with non-linear stiffness variation as compared to the analyses results for the uniform stiffness
profile (i=45o).
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The observed peak at Tpscaled=0.2sec for every profile with stiffness variation is further
investigated using the seismogram synthetics view. The comparison of the uniform profile to
the linear A and the stepped Vs ones is presented for the case of i=45o and Tp=0.2sec. Figures
6.20 to 6.22 show the acceleration time histories of the horizontal and parasitic vertical
acceleration for the three soil profiles with normalised distance of the canyon. The scale of the
graphs is the same so the horizontal acceleration components (and consequently the parasitic
vertical components) are directly comparable for the three soil stiffness cases. It is seen that
very different wave fields are created in the three cases due to the different soil stiffness
profiles. The variation at the wave dispersion at the toe area is negligible in these graphs,
except the larger acceleration amplitudes for the linear A profile compared to the other two
profiles. Also, the wave velocities at the crest area are comparable for the linear A and stepped
Vs profiles and differ from the uniform profile. It is then noted that the resulting peaks at the
smaller period range for soil profiles with varying stiffness could result from variation of either
the canyon geometry (see comparison of topographic amplification for same soil stiffness
profile but different slope angles in Figures 6.14 and 6.15) or the soil stiffness (see comparison
of seismogram synthetics for the same geometry).
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Figure 6.20: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=280m and Tp=0.2sec considering uniform soil stiffness.
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Figure 6.21: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, L ctc=280m and Tp=0.2sec considering the linear A soil
stiffness profile.
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Figure 6.22: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, L ctc=280m and Tp=0.2sec considering the stepped Vs soil
stiffness profile.
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6.1.3 Topographic response considering soil profiles with stiffness variation and
earthquake record input motions
This section focuses on the resulting response at the canyon surface considering soil stiffness
variation with depth and earthquake record input motions instead of the Saragoni and Hart
(1974) wavelets. The horizontal component of three earthquake records is specifically
considered, the Imperial Valley M5.5, the Helena Montana M=6.0 and the Spitak, Armenia
M=7.0 (00209T, 00001T and 00730L in Chapter 5) and imposed on a canyon geometry of
z=125m, H=50m, Lctc=280m and i=45o using the Toro (1996) and the stepped Vs stiffness
profiles. The topographic amplification variation at the points on the irregularity and across the
canyon are examined as in the previous sections. The response from the uniform soil stiffness
profile with wavelet input excitation for the same canyon geometry is superimposed for
comparison purposes.
It is observed in Figure 6.23 that the second peak of horizontal TAF at the crest point at
Tpscaled=0.2sec that was present for the profiles with non-linear stiffness variation for the
wavelet input motion case is less pronounced for the earthquake record input motion. Also,
the peak response at Tpscaled=0.5sec is shifted at 0.4sec for the Toro (1996) stiffness profile.
The toe horizontal amplification resulting from the different soil profiles and the earthquakes
input motion is mostly comparable to the case of the uniform soil profile with wavelet input.
However, an increase of the topographic factor amplitude is observed for periods smaller than
0.333sec. The parasitic vertical response at the crest is comparable to the uniform profile while
the response at the toe has a much smaller amplitude than that of the uniform profile with
some barely recognisable amplification peaks.
The horizontal amplification across the canyon of both areas (Figures 6.24 and 6.25)
varies smoothly with distance from the irregularity. The topographic amplification factors
amplitudes at the toe have a larger variation than those at the crest, but the overall fluctuation
of TAF with distance is similar for all the considered soil stiffness profiles. The same
conclusions result from the parasitic vertical response at both areas (Figures 6.26 and 6.27),
which has very small amplitudes that could even be neglected (SAv).
Most canyon configurations in nature have a slope angle resembling the milder slope
profile considered in this section (i=45o). Taking also into account that the earthquake records
are a more realistic input motion than the wavelets, the resulting response in real case
scenarios would be closer to that presented in this section. This means that the stiffness
variation with depth would most likely cause minor effects on the topographic amplification
factor variation across the canyon surface. Nevertheless, the bi-directional input motion which
created larger topographic factor amplitudes in both the horizontal and the vertical directions
has not been accounted for herein. Also, the analyses of this section form just a simple
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example with only three considered input motions and any further generalisations cannot be
performed at this stage.

Figure 6.23: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for the examined profiles with non-linear stiffness variation and earthquake record input motion as compared
to the uniform stiffness profile with wavelet input considering the same canyon geometry (i=45o).
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Figure 6.24: Horizontal topographic amplification factor variation at the crest area of the canyon for the examined
profiles with non-linear stiffness variation and earthquake record input motion as compared to the uniform stiffness
profile and wavelet input motion (i=45o).

Figure 6.25: Horizontal topographic amplification factor variation at the toe area of the canyon for the examined
profiles with non-linear stiffness variation and earthquake record input motion as compared to the uniform stiffness
profile and wavelet input motion (i=45o).
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Figure 6.26: Parasitic vertical topographic amplification factor variation at the crest area of the canyon for the
examined profiles with non-linear stiffness variation and earthquake record input motion as compared to the uniform
stiffness profile and wavelet input motion (i=45o).

Figure 6.27: Parasitic vertical topographic amplification factor variation at the toe area of the canyon for the
examined profiles with non-linear stiffness variation and earthquake record input motion as compared to the uniform
stiffness profile and wavelet input motion (i=45o).
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6.2

Effect of the single layer water compressibility

All the numerical analyses performed in this thesis assume drained soil conditions. However,
according to Zienkiewicz et al. (1980), the compressional deformation of saturated porous
media is highly dependent on the soil state. A canyon lying in an undrained soil stratum of
thickness z above rigid bedrock is analysed in this section to assess the effect of the water
compressibility on the topographic factors variation. The main difference of the drained and
undrained analyses stems from the vertical site response of the canyon. As already discussed
in Chapter 4, the transfer function of a 1D soil column with compressional P wave input motion
at its base is (Han et al., 2018):

|𝐹2 (𝜔)| ≈

1
𝜔∙𝑧
𝜔∙𝑧 2
√cos 2 (
)
+
∙
(
[𝜉
𝑉𝑃
𝑉𝑃 )]

[6.9]

𝐷
𝑉𝑃 = √
𝜌
where D is the constrained modulus of the soil, depending both on the modulus of the soil
skeleton and the pore water bulk modulus. The bulk moduli in drained and undrained
conditions are given by:

𝐷𝑑𝑟𝑎𝑖𝑛𝑒𝑑 =

𝐸 ∙ (1 − 𝑣)
(1 + 𝑣) ∙ (1 − 2 ∙ 𝑣)
[6.10]
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𝐸 ∙ (1 − 𝑣)
=
+
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where E is the Young’s modulus, ν the Poisson’s ratio, Kf the bulk modulus for water (equal to
2.2·106KPa) and n the soil porosity. In drained conditions the modulus depends only on the
constrained modulus of the soil skeleton. The difference between the drained and undrained
moduli and the consequent difference in the compressional wave velocity in drained and
undrained conditions is large since the bulk modulus of water has a much larger value than
the moduli of the soil. This further effects the transfer function for the undrained conditions and
the created wave scattering mechanism in the canyon. A comparison of the drained and
undrained transfer functions is shown in Figure 6.28.
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Figure 6.28: Transfer functions of drained and undrained soil conditions for soil layers above rigid bedrock
subjected to compressional waves.

The compressional wave velocities of the analyses considering different water
compressibility values are calculated based on Equation [6.10] and presented in Table 6.10,
considering the soil properties of Table 6.2 and porosity n=0.37. The effect of the water
compressibility value on the TAF distribution at the canyon surface is firstly investigated for a
canyon geometry of z=125m, H=50m, Lctc=280m and i=90o. Three different values of the bulk
modulus of water are examined as shown in Table 6.11. The second set of analyses refers to
a canyon geometry of z=125m, H=50m, Lctc=280m and i=75o and a constant bulk modulus of
water (Kf=2.2·106KPa) but changing the variation in stiffness with depth. All analyses are
performed considering Saragoni and Hart (1974) wavelets imposed in the horizontal direction.
The effect of the water presence is then examined in comparison to the different soil stiffness
profiles. The canyon is assumed to be fully saturated in these analyses and the water table is
considered to lie at the canyon surface. However, this cannot be the case on the sloping
surface in canyons in nature and the phreatic surface should be appropriately simulated in
future studies. Considering that this section forms a set of preliminary analyses to illustrate if
there is an effect of the water compressibility parameter on the topographic amplification
variation, the current ground water table is considered as adequate.
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Table 6.10: Shear and compressional wave velocities in the analyses for the different soil states.

Drained compressional wave
velocity, VPDr(m/s)

Undrained compressional wave
velocity, VPUndr(m/s)

Bulk modulus of water,
Kf (kPa)

1000

1000

0

1000

1993

2.2·106

1000

25000

1.25·109

Table 6.11: Parametric analyses of the water compressibility variation

Depth to bedrock,
z (m)

Slope angle, Crest-to-crest distance, Stiffness profile
i (deg)
Lctc (m)

Bulk modulus of water,
Kf (kPa)
0

125

90

280

Uniform

2.2·106
1.25·109

Uniform
125

75

280

Linear A

0 / 2.2·106

Stepped Vs

A soil profile of uniform soil stiffness with Vs=500m/s is examined first, comparing the
topographic factors at the canyon surface resulting from the drained analyses (Kf=0kPa) and
the undrained analyses (Kf=2.2·106kPa). An extra run is also performed with a very large value
for the bulk modulus of water just to observe any further effects on the topographic factors.
The resulting horizontal and parasitic vertical topographic factors for the irregularity
points are presented in Figure 6.29 and for all the points across the canyon in Figures 6.30 to
6.33. It is confirmed that the horizontal amplification is less affected than the parasitic vertical
one. This is reasonable since the shear wave velocity is not affected by the soil state, while
the compressional wave velocity changes and consequently the compressional wave
mechanisms in the canyon (i.e. the parasitic vertical waves) are affected. The largest
difference in the horizontal response between the drained and undrained analyses is observed
at Tpscaled=0.42sec at the crest point (Figures 6.29 and 6.30). It is seen that performing an
undrained analysis results in a general reduction of the horizontal and parasitic vertical
topographic factors in both the crest and toe of the canyon. However, any further increase of
the water compressibility does not alter the topographic amplification amplitude or produce
any further separation of the SV to P wave dispersion in the canyon.
The topographic factors resulting from both the drained and undrained analyses are
characterised by similar fluctuation across the canyon (i.e. the response shape is similar with
reduced amplitude for the undrained analyses – Figures 6.30 to 6.33). The horizontal response
is mostly affected in periods around T=0.333sec to 0.5sec for both canyon areas. The parasitic
vertical response is characterised by a smoother reduction to the free field value in undrained
analyses at the crest, lacking the response maximum close to the irregularity due to the steep
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angle configuration which is a characteristic of the drained analyses. The parasitic vertical
response at the toe is generally very small in both drained and undrained analyses. However,
for T=0.333-0.42sec the drained response peaks are further amplified in the undrained
analyses. A general conclusion would be then that a Kf=0kPa analyses would be able to
predict the response of a soil state with Kf as high as in undrained soil conditions, however,
the parasitic vertical response at the toe may be under predicted at periods close to the
fundamental toe modes.

Figure 6.29: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for a soil profile of uniform soil stiffness considering drained and undrained analyses.
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Figure 6.30: Horizontal topographic amplification factor variation at the crest area of the canyon a uniform stiffness
soil profile considering drained and undrained analyses.

Figure 6.31: Horizontal topographic amplification factor variation at the toe area of the canyon a uniform stiffness
soil profile considering drained and undrained analyses.
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Figure 6.32: Parasitic vertical topographic amplification factor variation at the crest area of the canyon a uniform
stiffness soil profile considering drained and undrained analyses.

Figure 6.33: Parasitic vertical topographic amplification factor variation at the crest area of the canyon a uniform
stiffness soil profile considering drained and undrained analyses.
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A comparison is also made between the Kf=0kPa and Kf=2.2·106kPa analyses
considering a soil layer above rigid bedrock with varying stiffness with depth. The topographic
amplification for Kf=0kPa analyses for the uniform, the linear A and the stepped Vs stiffness
profiles that were presented in the previous section are compared herein to the TAF results
for Kf=2.2·106kPa analyses. The resulting response at the irregularity (Figure 6.34) confirms
that the horizontal topographic amplification is less affected by the Kf=2.2·106kPa analyses
consideration than the parasitic vertical one. However, the slightly reduced amplitude of the
Kf=2.2·106kPa response between the Kf=0kPa and Kf=2.2·106kPa case results for the soil of
uniform stiffness is not observed for the other two profiles. The Kf=2.2·106kPa response is
larger than the Kf=0kPa for periods around the topographic peak (Tpscaled=0.333sec to 1sec for
the crest point and 1sec for the toe point) for the linear A and the stepped Vs profiles. The
amplitude of the parasitic vertical topographic peaks at the crest has almost reduced by half
when performing an analyses with Kf=2.2·106kPa. A reduction in the TAF amplitude is also
seen at the toe point.

Figure 6.34: Horizontal and parasitic vertical topographic amplification factor variation at the crest and toe canyon
points for various soil profiles considering Kf=0kPa and Kf=2.2·106kPa analyses.
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The fluctuation of the horizontal topographic amplification across the canyon indicates
that the increased values of horizontal TAF for the non-uniform stiffness profiles is localised
at the crest location (Figure 6.35). Other than that, the TAF fluctuation with distance away from
the crest shows that the Kf=0kPa analyses are characterised by larger TAF amplitudes than
the Kf=2.2·106kPa ones. The major differences in TAF amplitude between the Kf=0kPa and
Kf=2.2·106kPa analyses are located at T=0.5sec for both the crest and the toe areas (Figures
6.35 and 6.36). Nevertheless, these differences are mostly observed for the profile with
uniform soil stiffness, with negligible differences for the linear A and the stepped Vs profiles.

Figure 6.35: Horizontal topographic amplification factor variation at the crest area of the canyon for various soil
profiles considering Kf=0kPa and Kf=2.2·106kPa analyses.
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Figure 6.36: Horizontal topographic amplification factor variation at the toe area of the canyon for various soil
profiles considering Kf=0kPa and Kf=2.2·106kPa analyses.

The parasitic vertical response (Figures 6.37 and 6.38) is also characterised by fewer
differences between the Kf=0kPa and Kf=2.2·106kPa analyses for the non-uniform stiffness
profiles than the uniform one. The response amplitudes resulting from the Kf=2.2·106kPa
analyses are generally very small across the canyon. Overall, the uniform profile remains a
conservative estimate of the TAF estimation across the canyon in both the Kf=0kPa and the
Kf=2.2·106kPa analyses. However, the results of this section do not downgrade the possible
larger effect of water compressibility in case of a bi-directional input motion as in this case,
both the horizontal and the vertical components of TAF are expected to be affected and the
created wave field will probably be more complicated.
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Figure 6.37: Parasitic vertical topographic amplification factor variation at the crest area of the canyon for various
soil profiles considering Kf=0kPa and Kf=2.2·106kPa analyses.

Figure 6.38: Parasitic vertical topographic amplification factor variation at the toe area of the canyon for various
soil profiles considering Kf=0kPa and Kf=2.2·106kPa analyses.
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The wave field in the canyon is finally checked considering the seismogram synthetics
plots. The comparison of the three considered profiles is performed for Kf=0kPa and
Kf=2.2·106kPa for input pulse period Tpscaled=0.5sec and slope angle of i=75o (Figures 6.39 to
6.44). It is seen that the extend of the created wave field (both in terms of attenuation of waves
with time and normalised distance) in the case of the linear A profile is larger than the other
two profiles. The acceleration amplitudes are also higher for the linear A profile for both
Kf=0kPa and Kf=2.2·106kPa. The difference between the wave travelling mechanism for
Kf=0kPa and Kf=2.2·106kPa for the uniform profile are almost negligible. The non-uniform soil
stiffness profiles though are characterised by less pronounced waves created in the
Kf=2.2·106kPa case. This fact confirms that the overall TAF fluctuation across the canyon is
characterised by smaller amplitudes for the Kf=2.2·106kPa case compared to the Kf=0kPa one.
Any exceptions to that observation are due to higher localised horizontal TAF values close to
the crest of the canyon slopes.
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Figure 6.39: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=280m, i=75o and Tp=0.5sec considering the uniform soil
stiffness profile and Kf=0kPa soil conditions.
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Figure 6.40: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=280m, i=75o and Tp=0.5sec considering the uniform soil
stiffness profile and Kf=2.2·106kPa soil conditions.
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Figure 6.41: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, L ctc=280m, i=75o and Tp=0.5sec considering the stepped Vs
soil stiffness profile and Kf=0kPa soil conditions.
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Figure 6.42: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, L ctc=280m, i=75o and Tp=0.5sec considering the stepped Vs
soil stiffness profile and Kf=2.2·106kPa soil conditions.
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Figure 6.43: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=280m, i=75o and Tp=0.5sec considering the linear A soil
stiffness profile and Kf=0kPa soil conditions.
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Figure 6.44: Horizontal and parasitic vertical acceleration time histories for all the examined locations at the canyon
surface for a canyon geometry with z=125m, H=50m, Lctc=280m, i=75o and Tp=0.5sec considering the linear A soil
stiffness profile and Kf=2.2·106kPa soil conditions.
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6.3

Conclusions

A soil profile with uniform stiffness, drained soil conditions and linear soil behaviour are
assumed for the majority of the analyses in this thesis. This chapter forms a summary of a
limited set of analyses performed to assess the effect of some of these assumptions on the
topographic amplification variation across the canyon. In detail, soil profiles with varying
stiffness with depth are firstly examined. Checks on the TAF variation are performed by
comparing the resulting response between a uniform soil profile and those of varying stiffness
considering both wavelets and earthquake record input motions imposed in the horizontal
direction. The effect of water compressibility is then assessed by comparing the topographic
factor variation for Kf=0kPa and Kf=2.2·106kPa values for the same canyon geometry. The
combined effect of Kf=2.2·106kPa and non-uniform stiffness variation is finally examined.
The analyses of this chapter form the basis of a more extensive parametric analyses
that generally needs to be performed to assess the impact of these parameters on the
topographic response of a canyon. The extent of the analyses performed indicates the
importance of these parameters, but overall it has been found that each of them separately
does not result in major alterations of the topographic factor fluctuations that were observed
in the previous chapters. The soil layer stiffness variation with depth and the presence of
multiple layers have been shown to be important parameters to consider since the resulting
topographic amplification and created wave field are much different from the uniform single
soil layer case (Assimaki and Gazetas, 2004; Assimaki et al. 2005a, 2005b, 2005c; Asimaki
and Mohammadi, 2017). The analyses of this chapter confirm the importance of these
parameters but do not highlight the large differences in topographic amplification extrema
locations with frequency and the different amplitudes observed in the literature. The necessity
of performing site specific analyses is thus thought as of major importance to confirm the
results of this section and highlight the overall effect of these parameters.
It is seen that a non-uniform soil stiffness with depth mainly alters the topographic
amplification factor amplitudes in the smaller spectral period range (T≤0.333sec). The
resulting response is enhanced in that range, especially at the crest area of the canyon. Both
the horizontal and the parasitic vertical response at the toe area are similar to the response
resulting from a soil profile of uniform stiffness in terms of variation with distance from the
irregularity. The response of the uniform stiffness profile is characterised though by larger
topographic factor amplitudes. The non-uniform stiffness profiles with earthquake record input
motions resulted in a similar response shape across the period range and across the canyon
to that of the uniform soil profile. The topographic factor amplitudes are generally enhanced
in the smaller period range compared to the uniform profile results. Finally, inclusion of the
water compressibility in the analyses results in changes of mainly the parasitic vertical
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topographic amplitudes. Analyses with Kf=2.2·106kPa results in reduction of the topographic
amplification factors at the crest area and increase of the factors at the toe at the period range
of T=0.333 to 0.5sec. A Kf=2.2·106kPa analyses of a non-uniform soil profile has small
differences to that of a non-uniform Kf=0kPa analyses. Larger differences are observed
between the Kf=0kPa and Kf=2.2·106kPa analyses for a uniform soil profile.
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7
DESIGN EQUATIONS
This chapter presents a summary of the equations that were formulated to estimate the
horizontal topographic amplification factors at the ground surface of empty canyons in design
analysis. The equations are derived using a range of canyon geometries previously presented
in Chapter 4. The design model is calibrated using the majority of the analyses of this study
which are performed for a homogeneous soil layer above rigid bedrock with a horizontal input
wavelet motion. A simplified approximation of topographic amplification is then provided via a
parametric model, the coefficients of which are obtained from a nonlinear regression analysis
on the predictions of the numerical model. The robustness of the design model is assessed
by considering different sample sizes from the full dataset of the performed numerical
analyses. The goodness of fit of the equations to the numerical results is evaluated by
examination of the model residuals and their correlation to the varied geometrical parameters
of the canyon.
The proposed models aim to provide an approximation of the effects of topography upon
response spectral ordinates. The geometric and material properties considered are
deliberately idealised in order to gain a basic understanding of the manner in which canyons
respond. Aspects of the problem that are not directly accounted for through the parametric
model are mapped into the apparent aleatory variability of the model.
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7.1

Equations for the estimation of topographic amplification factors

using wavelet input motions
7.1.1 Normalised parameters of the design model
The full dataset drawn on in this chapter comprises of all the parametric numerical analyses
of Chapter 4 (9966 analyses in total). A summary of the parameters varied in this dataset and
the specific values considered is presented in Table 7.1. The effect of varying each parameter
on the ground surface response has already been discussed in Chapter 4. The crest and toe
areas of the canyon surface are examined separately, with a different x-axis origin in each
case, as presented in Figure 7.1. The input motion is a vertically propagating SV wave
considered as a sinusoidal wavelet with a Saragoni and Hart (1974) temporal filter. The input
pulse period Tp has been shown to effect the spatial variation of topographic amplification. The
focus of this chapter is on the derivation of equations that quantify the effect of all the varied
parameters on ground motion amplification.
Table 7.1: Range of parameter variations for the full dataset of this chapter

Varied parameter

Parameter values considered

Input wavelet period, Tp (sec)

0.1, 0.16, 0.2, 0.25, 1/3, 0.42, 0.5, 0.58, 2/3, 1.0, 1.4,
1.6, 2.0

Slope angle, i (deg)

10, 30, 45, 60, 75, 90

Crest-to-crest distance, Lctc (m)

20, 40, 80, 280, 520, 1000, 2000

Slope height, H (m)

25, 50, 75

Depth to bedrock, z (m)

125, 250, 500

Lctc

ytoe
z

xtoe

H

ycr

xcr

i

Figure 7.1: The crest and toe areas of the canyon, highlighting the different origin for distance from the irregularity
points on the x-axis.

In this chapter the horizontal topographic amplification is considered using the response
spectra definition (SAh). SAh is the ratio of the horizontal spectral acceleration of the 2D
numerical response at the canyon surface to the horizontal spectral acceleration of the 1D soil
column (either the 1D crest or the toe, depending on the area of interest). Refer also to Section
4.2 of Chapter 4 for a detailed definition of topographic amplification for both components of
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ground motion. Topographic factors for each geometry and input pulse period have been
derived for specific values of the spectral period (T=0.01, 0.02, 0.03, 0.05, 0.075, 0.1, 0.15,
0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10sec, 21 values in total). The
natural logarithm of the topographic amplification factor is employed, as the aim of this study
is the incorporation of topographic effects into ground motion prediction equations (GMPEs).
GMPEs usually provide the logarithm of an intensity measure, so the logarithmic distribution
of topographic amplification is preferred. The logarithmic topographic factors in this chapter
(lnSAh and lnSAv) range between roughly -1.5 to 1.5 at the canyon irregularity and decay to
zero amplitude at the free field.
Considering the full dataset of the numerical results, Figure 7.2 shows the variation of
the horizontal logarithmic topographic amplification factors (lnSAh) with input pulse period (Tp)
for the crest and the toe areas of the canyon. Each light grey cross corresponds to the
logarithm of the topographic amplification factor resulting from the numerical analyses at each
examined point across the canyon surface. Thus, these crosses represent the distribution of
topographic amplification for each input Tp considering the full dataset. As explained in
Chapter 3, the number of the selected points at the ground surface differ at the crest and toe
areas. The 17 spatial locations are always examined at the crest while the number of points
at the toe changes for each examined canyon width value. The distance between the points
also varies in both areas, with more examined points closer to the crest and toe sites and less
farther away from the irregularity.
The spread of the data for each specific period (Tp) is characterised by a mean value
and one standard deviation, which are shown with grey colour (crosses and empty squares
respectively). However, the response varies across the canyon surface, and the irregularity
points (crest and toe with xcr=0m and xtoe=0m) suffer larger amplifications for some
geometries. For this reason, a smaller group of the full dataset was also considered,
comprising only of the crest and the toe points for the two different areas. The mean value and
± standard deviation of this smaller dataset is also plotted in Figure 7.2 with black colour stars
and full squares. The change of the input pulse period alters mainly the amplification at the
irregularity points, while a smaller change is noticed at all the other points (mean response of
the full dataset).
The effect of Tp on the variation of topographic amplification across the canyon is better
observed in plots of normalised x-distance with the input wavelength (x/λp, λp=Vs*Tp). In Figure
7.3 the full dataset is split into 13 groups based on the input period (Tp). The comparison of
topographic amplification in spectral and PGA terms has already been discussed in Chapter
4. Due to the nature of the input motion, it is shown that topographic factors in spectral terms
and PGA terms are comparable if the spectral response is considered for periods equal to the
input pulse period. For this reason, although the spectral response is calculated for periods in
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the range of 0.01sec to 10secs, the results are presented for spectral response at periods (T)
equal to the input wavelet period (Tp). The 13 panels of Figure 7.3 show the mean value of the
spectral response for the 13 groups at periods equal to the input wavelet period. The mean
value of the irregularity point is also plotted with a black star. The response seems to have a
distinct shape depending on the pulse period.

Figure 7.2: Relationship between the horizontal logarithmic spectral amplification factor (lnSAh) to the input pulse
period Tp for the crest (left) and the toe (right) areas. Light grey points represent the topographic factors of the full
dataset, grey points show the mean and one standard deviation of the full dataset and black points are the mean
and one standard deviation of the points on the irregularity (crest with xcr=0m / toe with xtoe=0m).

The use of the input motion wavelength (λp) for the normalisation of the horizontal
distance from the topographic irregularity has been well established in literature (Geli et al.,
1988; Kamalian et al., 2006, 2008) and in Chapter 4 of this thesis. Following this concept, the
relation of the input motion wavelength to the vertical distance from the irregularity (i.e. the
depth to bedrock parameter) is further investigated here. Figure 7.4 shows the mean value of
the response for the full dataset (same as Figure 7.3), but using different grey shades for the
three depth to bedrock values.
A distinct shape of the response which is controlled by both the input period Tp and depth
to bedrock can be identified. Specifically, the shape is similar for a given ratio of Tp over z. For
example, if the depth to bedrock value is doubled, comparable topographic factor distribution
with normalised distance from the crest is expected at double the input wavelet period (e.g.
considering the input of Tp=0.25sec and z=125m, a similar shape is observed as for Tp=0.5sec
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and z=250m and for Tp=1sec and z=500m). This observation leads to the normalised form of
distance from the irregularity (xnorm) and scaled period (Tpscaled) quantities, based on Equations
[7.1] and [7.2] which were also used in Chapter 4. These expressions are used in the derivation
of the design equations for estimating the topographic amplification factors.

Figure 7.3: Full dataset for the crest area split in 13 groups according to input wavelet period Tp. Mean value of the
topographic factor is plot for spectral periods equal to the input pulse period. Response is found to have a distinct
shape changing with input pulse period.

𝛵𝑝𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑇𝑝 ·
𝑥𝑛𝑜𝑟𝑚 =

125
𝑧

125
𝑥
125
𝑥
·
=
·
𝑧 𝑉𝑠 · 𝑇𝑝𝑠𝑐𝑎𝑙𝑒𝑑
𝑧 𝜆𝑛𝑜𝑟𝑚
𝑝
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where z is the depth to bedrock of the numerical domain, Vs is the shear wave velocity
characterising the soil layer above bedrock, Tp is the input wavelet period (different value for
each examined wavelet as presented in Table 7.1), λp is the resulting input wavelength from
the input period and the shear wave velocity of the medium (i.e. λp=Vs·Tp) and x the absolute
distance from the irregularity in metres. Figures 7.5 and 7.6 present the distribution of
topographic amplification in normalised terms.

Figure 7.4: Full dataset for the crest area split in 13 groups according to input wavelet period Tp. Mean value of the
topographic factor is plot for spectral periods equal to the input pulse period. Response is plotted separately for the
different depth to bedrock values and is found to have a distinct shape depending on both the input pulse period
and the depth to bedrock.
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The numerical results for the full dataset have been split into groups with the same input
scaled period. Figure 7.5 presents the mean value of the topographic amplification at the
irregularity points (crest with xcr=0m and toe with xtoe=0m). The amplification peaks are aligned
for the different depth to bedrock values due to plotting the input motion period in scaled terms.
The pronounced peaks for z=250m that were observed for Tp≈1.5sec in Figure 7.2 (not scaled
view) are aligned to the peaks for z=125m at Tpscaled≈0.6sec in Figure 7.5 (scaled view).
However, scaled values for the largest depth to bedrock deviate more from the observed trend
for z=125m and 250m. Due to the much larger soil layer thickness in this case, the resulting
response at the ground surface is expected to be less effected by the rigid bedrock assumption
and approximates the canyon over half-space response (see also Chapter 4). Similarly, the
11 panels of Figure 7.6 depict the distribution of the mean topographic amplification at spectral
periods equal to the input scaled period (T=Tpscaled). Amplification peaks across the canyon
are aligned for the different depth to bedrock values due to the normalised nature of the
distance from the crest at x-axis.

Figure 7.5: Mean value of topographic amplification at the crest (left) and toe (right) irregularity points with scaled
input wavelet period (Tpscaled). Three curves representing each examined depth to bedrock value have been derived
using the full dataset.

The relationships between the topographic factors and each of the canyon parameters
varied is plotted in Figures 7.7 and 7.8 for the crest and the toe areas respectively. The
distance x and input wavelet period are in scaled terms. The topographic factors for the full
dataset are presented with light grey crosses at each panel. The mean value and one standard
deviation of the full dataset response are shown with grey crosses and empty squares
respectively. For
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Figure 7.6: Distribution of the mean value of topographic amplification with normalised distance from the crest
(xnorm). Response is presented separately for each depth to bedrock and the 11 scaled Tpscaled values.

panel (a), the normalised distance x was split in bins with small Δx (around 30 bins for
0≤xnorm≤4). The mean value of the response was calculated for each bin. The points on the
irregularity (crest and toe) were also considered separately with their mean value presented
with a black star at xnorm=0. For the rest of the panels, the mean and standard deviation for the
full dataset and the irregularity points were calculated splitting the full dataset in groups based
on the distinct value of the examined parameter. For example, the scaled period mean values
were calculated for bins centred to the 11 Tpscaled values, while for the slope angle the full
dataset was split in 6 different groups based on the slope angle input of the numerical analysis.
All the panels refer to a specific spectral period (T=0.5sec), except panel (b) where the
response is plotted with spectral period variation. The input motion period effects the response
significantly as seen in panel (b). The large variation of the mean response at the irregularity
points is highlighted with a solid black line. A full set of the topographic response for the 11
examined values of the input period is found in Appendix A. As mentioned above, the largest
response variation is observed for panels (a) and (b) while the topographic amplification factor
is effected less by the other canyon geometrical parameters.

258

Chapter 7: Design Equations

Figure 7.7: Topographic amplification variation at the crest area with x-normalised distance (a), scaled input pulse
period Tpscaled (b), slope angle (c), crest-to-crest distance (d), slope height (e) and depth to bedrock (f). Results for
all the panels except (b) are presented for only one value of the scaled period (Tpscaled=0.5sec).
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Figure 7.8: Topographic amplification variation at the toe area with x-normalised distance (a), scaled input pulse
period Tpscaled (b), slope angle (c), crest-to-crest distance (d), slope height (e) and depth to bedrock (f). Results for
all the panels except (b) are presented for only one value of the scaled period (Tpscaled=0.5sec).
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Limited conclusions on the effect of the slope height and depth to bedrock value can be
drawn from this representation due to the limited number of values examined (three
considered values in panels (e) and (f)). The primary focus of this study is to produce design
equations that consider the effect of xnorm and Tpscaled on topographic amplification variation at
the ground surface, as the greatest sensitivity of the topographic response is observed for
these two parameters.

7.1.2 Design for the mean value of the topographic factors
This section focuses on the derivation of equations for predicting the mean value of the
distribution of topographic factors across the canyon crest and toe areas separately for a range
of spectral periods. The observed scaling of the topographic factors described in Section 7.1.1,
has been used to find the most suitable equation describing these relationships. A series of
mathematical formulae were examined and the goodness of fit was mainly assessed based
on the resulting residuals of the applied mathematical equations to the numerical data. The
proposed mathematical formula is given by Equation [7.3] and is the one found to result in
smaller residuals amongst the examined formulae. Non-linear regression was implemented to
fit the full dataset of the numerical results (light grey points in Figures 7.7 and 7.8). To choose
the form of the design model, the following criteria and procedure were applied:
1. Numerical analyses in the literature (Ashford et al., 1997; Bouckovalas and
Papadimitriou, 2005) and in this study (Figures 7.7 and 7.8, panel b) have shown that
the resulting response at the topographic irregularity strongly depends on the input
motion period. Therefore, the proposed equation is firstly designed to have coefficients
that control the amplitude of the response to accommodate this dependency (refer to
coefficients α4 and α5 below).
2. The topographic effect is larger at the irregularity points and reduces to the free field
value with increasing distance from the irregularity. An equation with exponential
decrease with x-distance was thought as appropriate to accommodate the response
variation so the exponential decrease term was combined with the changing amplitude
at the irregularity (refer to coefficient α1) at the second step of developing this model.
3. The input motion wavelength (λp) is recognised as a parameter that strongly influences
the response in the canyon, especially when compared to the dimensions of the
irregularity (Geli et al., 1988; Kamalian et al., 2006, 2008). The pronounced response
peaks with distance from the canyon slopes denote the effect of the input wavelength
on topographic amplification. These peaks are also repeatable for different values of
the depth to bedrock, thus the input motion wavelength controls the wave dispersions
in both x and y directions of the numerical domain. These identified mechanisms
resulted in the decision of incorporating a sinusoidal term in the design formula in order
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to capture the response undulations with distance (refer to coefficients α2 and α3). The
equation that comprised of the amplitude term, the exponential decrease and the
sinusoidal terms produced smaller residuals than the exponential decrease having a
varying response amplitude with the scaled input motion period (Tpscaled) so it was
thought as appropriate to use the first design model (Equation [7.3]) in this thesis.
4. However, the use of a sinusoidal expression makes the loss function for the nonlinear
regression have many local minima. In order to encourage a similar behaviour for all
periods, the initial estimates of the coefficients (that strongly influence the final results
for a parametric model like that chosen) were taken to be the final estimates from the
previously considered response period.
The design equations were derived to capture the topographic amplification peaks with
normalised distance from the irregularity (xnorm) for each one of the scaled design periods
(Tpscaled). A summary of the spectral topographic amplification resulting from all the varied
parameters of the numerical domain (full dataset) with xnorm is shown in Figures 7.9 and 7.10
for the crest and the toe areas respectively. The full dataset (i.e. the points used to fit the
regression model) is presented with light grey crosses across the canyon distance for the
different areas.

Figure 7.9: Proposed design model and the full dataset of horizontal topographic amplification with normalised
distance at the crest area for 11 spectral periods equal to the scaled input wavelet periods.
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Figure 7.10: Proposed design model and the full dataset of horizontal topographic amplification with normalised
distance at the toe area for 11 spectral periods equal to the scaled input wavelet periods.

The mean value of the response with distance (grey crosses) and at the irregularity
points (black stars) are also plotted in these figures. The proposed design model is calculated
using Equation [7.3] for both the crest and the toe areas of the canyon.
ln(𝑆𝐴ℎ ) = 𝛼4 · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚) · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝛼3 )

[7.3]

where α1, α2, α3 and α4 are the regression coefficients and xnorm is the normalised distance
from the irregularity, as calculated by Equation [7.2]. The four regression coefficients are
different for the crest and the toe areas and are listed in Table 7.2 for each period examined.
The design equation is plotted using solid black lines in Figures 7.9 and 7.10. The proposed
design equations were thought to be the most suitable for capturing the distinct shape of the
response with normalised distance from the crest and input motion period. Indeed, the design
model captures very well the response at the irregularity point (black star) and the mean value
of the response from the full dataset (grey crosses) for all the response periods examined.
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Table 7.2: Non-linear regression coefficients for the proposed design equations

Spectral Period
T (sec)

Crest area

Toe area

α1

α2

α3

α4

α1

α2

α3

α4

0.10

1.09

2.01

1.85

0.36

1.67

1.05

1.95

-0.66

0.16

2.12

2.52

1.17

0.38

1.08

0.95

2.11

-0.55

0.20

0.79

2.03

2.19

0.39

2.19

0.001

0.95

-0.75

0.25

3.54

2.47

0.96

0.30

0.40

0.02

3.06

-6.48

0.333

2.00

0.58

3.31

1.79

0.78

0.82

3.21

-0.90

0.42

1.35

2.48

1.18

0.56

1.10

0.67

2.98

-1.97

0.50

1.06

0.86

1.55

0.46

0.55

0.48

2.28

-1.08

0.58

2.26

0.68

0.74

1.16

1.56

0.81

0.91

-1.60

0.667

1.03

0.48

1.06

0.57

2.16

0.55

0.61

-1.94

1.00

1.32

0.50

1.89

-0.25

4.54

0.46

-0.62

-1.52

2.00

6.50

1.85

0.38

-0.05

10.66

0.002

1.76

0.13

While the design equation for the toe captures the response at the irregularity, the
predicted response differs from the mean topographic response for specific cases (e.g. T=0.58
and 0.667sec). The difference at small distances from the toe point (xnorm≤0.3) is probably due
to response dependencies on other parameters that have not been considered at this stage.
The slope height, the slope angle and the canyon width are not considered in the design
equations causing biases especially at the toe area. The higher dependency of the
topographic factors at the toe compared to the crest area is already highlighted in Chapter 4.
Due to the lower number of numerical analyses performed for wavelets with input period
Tp=0.42sec, the design model equation has a larger difference from the full dataset. The
robustness of the proposed design equation is checked for different sizes of data sub sets to
assess whether the regression is affected by the number of performed analyses. These
sensitivity checks are discussed in Section 7.1.3.
Residuals are defined as the differences between “observations” (full numerical dataset
in this case) and estimates (proposed design model).
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ln𝑆𝐴ℎ (numerical) − ln𝑆𝐴ℎ (design model)

[7.4]

Crest and toe area residuals are shown in Figures 7.11 and 7.12. Apart from the resulting
residuals of the full dataset, residuals resulting from the mean value of the dataset and the
irregularity points are also plotted. This allows one to identify trends in the response and to
assess the performance of the model. Crest residuals roughly range from -0.5 to 0.5 with
larger values for the spectral period of T=0.5sec. Note that residuals of 0.5 correspond to a
factor of 1.65 difference between the non-logarithmic spectral amplification values resulting
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from the numerical results (SAh (numerical)) and the spectral amplification values predicted
by the design equation (SAh (design model)). Crest residuals are symmetric to the x-axes,
meaning that the design equation follows the general trend of the dataset (mean value) and
similar amount of data points are below and above the full dataset mean. Residuals also
reduce with distance from the crest showing that the variability is larger in the vicinity of the
crest. Mean residuals at the toe area show the same trends, also ranging between -0.5 and
0.5, except the three periods mentioned before (T=0.42, 0.58 and 0.667sec), where the design
model deviates from the numerical response.

Figure 7.11: Residuals for the crest area plotted with normalised distance for each value of the scaled period.

There are clearly trends in the residual plots of Figures 7.11 and 7.12, however, these
trends are deliberately not captured due to the simplicity of the mathematical model
considered for the regression analyses. Residuals are also plotted with all the other varied
parameters of the numerical model to identify any existing trends that might need to be
incorporated into the design equation. Figures 7.13 and 7.14 depict the residuals (full dataset,
mean of the full dataset and mean of the irregularity points) in relation to all the varied
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parameters. Residuals are plotted for every scaled input wavelet period in panel (b), but all
the other panels refer to a specific period. The same period as that of the topographic
amplification response plotted in Figures 7.7 and 7.8 was chosen for comparative purposes
(T=Tpscaled=0.5sec).
The mean value of the residuals at the crest area (grey points) is close to zero for panels
a and b of Figure 7.13. This means that the design equation is capable of predicting this mean
response very well. Residuals of the crest point (mean value resulting only from the crest
points, i.e. black stars) are mostly close to zero for the same panels. However, there are clear
response dependencies on the other geometric parameters of the canyon and especially to
slope angle (panel c). The mean value of the residuals with distance and input wavelet period
for the toe area is also close to zero. Also, toe residuals show larger dependency on the
numerical domain geometry and specifically on the crest-to-crest distance. The existing biases
of the design equation at both areas could be reduced by incorporating extra parameters in
the mathematical formula. For example, the inclusion of the slope angle and the crest-to-crest
distance parameters with additional regression coefficients in Equation [7.3] respectively could
reduce these biases.

Figure 7.12: Residuals for the toe area plotted with normalised distance for each value of the scaled period.
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Figure 7.13: Relationship of the design model residuals to the varied parameters. Variation of crest area residuals
with x-normalised distance (a), scaled input pulse period Tpscaled (b), slope angle (c), crest-to-crest distance (d),
slope height (e) and depth to bedrock (f). Results for all the panels except (b) have been presented for only one
value of the scaled period (Tpscaled=0.5sec).
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Figure 7.14: Relationship of the design model residuals to the varied parameters. Variation of toe area residuals
with x-normalised distance (a), scaled input pulse period Tpscaled (b), slope angle (c), crest-to-crest distance (d),
slope height (e) and depth to bedrock (f). Results for all the panels except (b) have been presented for only one
value of the scaled period (Tpscaled=0.5sec).
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However, the proposed design model is deliberately not altered after incorporating the
crest-to-crest distance parameter at the toe design equation and realising that the benefit on
the resulting residuals is really small. Considering also the fact that the current equations serve
as a first estimate of the topographic amplification at the area of interest, neglecting any soil
layering, soil nonlinearity or water presence effects on site, a slight improvement of the design
model to capture additional geometric dependencies was thought as unnecessary at this
stage. The slight reduction of the existing biases in the design equation is highlighted in
Figures 7.15 and 7.16 which present the existing design equation at the toe area (Equation
[7.3]) residuals and the updated design model equation at the toe (Equation [7.5] below)
residuals with crest-to-crest distance respectively for all the spectral periods considered.

Figure 7.15: Design model residuals to the crest-to-crest distance for all the examined scaled spectral periods.

The updated model accounting for the relationship of the topographic amplification to
the crest-to-crest distance variation is provided in Equation [7.5]. The coefficients that
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characterise this relationship for the full spectral period range are determined using non-linear
regression and are listed in Table 7.3.
2000

ln(𝑆𝐴ℎ ) = [−𝛼4 + 𝛼5 ∙ ln ( 𝐿

𝑐𝑡𝑐

)] · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝑎3 ) · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚)

for 0 ≤ 𝐿𝑐𝑡𝑐 < 520𝑚
[7.5]
2000

ln(𝑆𝐴ℎ ) = [−𝛼4 + 𝛼5 ∙ ln ( 520 )] · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝑎3 ) · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚)
for 520𝑚 ≤ 𝐿𝑐𝑡𝑐 ≤ ∞
where α1, α2, α3, α4 and α5 are the regression coefficients, Lctc is the crest-to-crest distance
and xnorm is the normalised distance from the toe of the slope.

Table 7.3: Non-linear regression coefficients for the updated design equation at the toe area

Spectral Period
T (sec)

Toe area
α1

α2

α3

α4

α5

0.10

1.81

0.97

2.17

0.11

-0.23

0.16

1.11

0.99

2.07

0.12

-0.26

0.20

1.92

0.00

0.50

0.24

-0.40

0.25

0.20

0.02

3.06

4.58

-0.42

0.333

0.49

0.83

3.20

0.24

-0.30

0.42

1.10

0.67

2.98

1.97

0.00

0.50

0.14

0.50

2.25

0.31

-0.33

0.58

1.27

0.72

1.16

0.78

-0.43

0.667

2.21

0.56

0.60

1.54

-0.41

1.00

3.80

1.02

1.18

-0.46

0.22

2.00

5.51

0.12

2.97

-0.29

0.14

Careful observation of Figure 7.15 shows that the current model describes very well the
mean response of the irregularity points (black stars) at distances larger than equal to 520m
(residuals are very close to zero). For Lctc=280m the design equation is considered as
adequate since mean residuals are not zero but are within 30% for all the examined periods.
Larger fluctuation of the residuals is observed for very small distances. This is reasonable
because as the distance decreases the response at the toe area is affected by both slopes of
the canyon. For larger distances, and especially for distances larger than roughly 500m, the
canyon response at the toe approximates the response of the toe area of a single slope as
also discussed in Chapters 3 and 4. The current design Equation [7.3] for the toe appears to
represent a single slope response since the residuals are zero for most of the examined
spectral periods. Considering the current equation as the base model for the single slope
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topographic amplification determination, an updated version for smaller distances (Equation
[7.5]) was derived. The coefficients controlling the shape of the equation (α2 and α3), as well
as the coefficient controlling the amplitude decay of the response with distance from the
irregularity (α1) are slightly different from the corresponding coefficients of the previous design
toe Equation [7.3]. The main impact of crest-to-crest distance on the response is reflected in
the change of amplitude at very close distances to the irregularity. This is why the amplitude
controlled by coefficient α4 has been altered with adding an extra component (i.e coefficient
α5). As seen in Figure 7.16 though, there are still residual trends with crest-to-crest distance
in the response, especially for T=0.42 and 0.5sec. For this reason, and the fact that response
is generally affected by many more parameters than the crest-to-crest distance which need to
be accounted for, any reduction of the biases at this stage is not performed.

Figure 7.16: Updated design model residuals to the crest-to-crest distance for all the examined scaled spectral
periods.
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7.1.3 Effect of data selection
This section focuses on the sensitivity analyses that were performed to ensure the good fit of
the proposed equations. The predictions of the design model should ideally be compared to
actual observations from sites affected by topography. However, there is a general lack of
these observations thus the numerical analyses results are used here for this comparison.
The design model should not be too strongly influenced by the particular parametric design
that is adopted for the numerical calculations. For this reason, bootstrap sampling is adopted
here to test the model stability. This means that the stability of the proposed mathematical
equations is evaluated with respect to changes in the dataset. The full dataset used for
derivation of the design coefficients in the preceding sections results from a total number of
9966 analyses that were performed. However, some of these analyses refer to less realistic
canyon dimensions as discussed in Chapter 4. For example, there are several analyses
performed for a vertical slope configuration or very small crest-to-crest distances. Although
these canyon configurations are considered as unrealistic, numerical analyses were
performed to find the theoretical limits of the expected response in extreme cases. In order to
conform that these subsets do not severely effect the design equation formulation (the
resulting design coefficients and the shape of the design model), non-linear regression
coefficients were re-calculated using Equation [7.3] for the following subsets:
-

2 subsets with a sample size equal to 80% of the full dataset, created by arbitrarily
selecting only some of the analyses performed. These are referred to as “80%
fulldataset I” and “80% fulldatset II” in the following.

-

1 subset with a sample size equal to 60% of the full dataset, created by arbitrarily
selecting only some of the analyses performed. This is referred to as “60% fulldataset”.

-

1 subset with a sample size equal to 40% of the full dataset, created by arbitrarily
selecting only some of the analyses performed. This is referred to as “40% fulldataset”.

-

1 subset including an equal number of runs for slope angle of 90o and runs performed
for the other examined slope angles. This is referred to as “downsample”.

-

1 subset considering all the data but removing all the runs with a vertical slope angle.
This is referred to as “remove90”.

-

1 subset considering only the largest crest-to-crest distances (Lctc=520m, 1000m and
2000m). This is referred to as “large Lctc”.
The response for each subset (all data) as well as its mean value with normalised

distance at the canyon surface (mean all Data) and mean value of the point on the irregularity
(mean irregularity points) are shown in Figures 7.17 and 7.18 for all the analysed subsets
(different panels) at a specific value of the scaled period Tpscaled=0.5sec. Non-linear regression
was performed again and new values of the design equation coefficients were derived
considering the different subsets. The design equation related to these analyses is presented
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with full black lines at the crest and the toe, as given by Equation [7.3] and the coefficients for
each subset. The response predicted by the proposed design equation is changing in these
figures because of the different coefficients resulting from the regression analyses for the
different subsets of data that were considered. The proposed equation based on the
regression performed considering the full dataset which is shown in the first panel of Figures
7.17 and 7.18 is also plot with a dashed line in every other panel for comparison to the
changing regression model depending on the considered dataset. A full set of these plots for
all the spectral periods analysed can be found in Appendix B.

Figure 7.17: Design model variation due to dataset difference at the crest area of the canyon for T=0.5sec.
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Τhe design equation slightly differs with dataset variation at the crest area, resulting in
stable regression coefficients with changing dataset, as seen in Figure 7.19. The analyses
subsets named as “downsample”, “40% fulldataset” and “remove90” give coefficients that are
further away from all the other subsets. This is reasonable because the total number of runs
is smaller in these subsets (4719, 6006 and 3564 respectively). Other than that, the
coefficients have spikes or troughs at the fundamental periods of the canyon response. For
example, coefficient α3 maximises at T=0.333 and 1sec, which are the fundamental modes of
the crest. Rapid coefficient changes are observed at T=0.333sec and T=1sec (1st and 2nd
scaled fundamental crest modes for all depth to bedrock values according to Figure 7.5). Also,
the spikes and troughs at T=0.25sec, 0.42sec and 0.667sec may be related to the fundamental
periods of the slope with heights H=25m, 50m and 75m at 0.2sec, 0.4sec and 0.6sec
respectively (Tslope=4·H/Vs=0.2 or 0.4 or 0.6 for H=25, 50 and 75m and Vs=500m/s).

Figure 7.18: Design model variation due to dataset difference at the toe area of the canyon for T=0.5sec.
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The response at the toe area is much more unstable. The design model that is based
on Equation [7.3] follows the same trend for all the normalised distances and the changing
dataset sizes. However, deviations of the design equation both from the mean response and
the full dataset still exist and are larger than those observed at the crest area. The regression
coefficients at the toe are consequently more unstable and clearly sensitive to the dataset
size. The coefficients for the toe area varying with spectral period are shown in Figure 7.20.
Subsets “downsample”, “40% fulldataset” and “remove90” result in coefficients deviating more
from the general trends with spectral period. Those subsets are not considered as trustworthy
due to their small sizes, and the absence of results for the larger crest-to-crest distances. This
was also observed in the regression analysis performed at the crest area above but affected
the variation of coefficients with spectral period in a smaller extend. Also, coefficient
instabilities are observed for other subsets like the 80% full dataset II, especially for coefficient
α4.

Figure 7.19: Variation of design model coefficients with spectral period due to dataset difference at the crest area
of the canyon.
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Figure 7.20: Variation of design model coefficients with spectral period due to dataset difference at the toe area of
the canyon.

For this reason, the model for the toe area was re-evaluated. The larger variation of the
topographic response at the toe areas of the canyon compared to the crest ones has been
extensively discussed in Chapter 4. The rapid variation of the ground surface response leads
to a rapid change of the coefficients resulting from Equation [7.3]. Some of the coefficient
instabilities represent a solution for a local extremum of Equation [7.3]. In other words, the
same amplitude of topographic amplification may result from different values of coefficients α2
and α3. This reflects to the stability of all the coefficients. A better choice of regression starting
points can lead to a desirable output in this case. Accordingly, regression was performed again
for every subset, imposing restrictions that coefficients to be calculated for the same local
extremum. Based on the range of the resulting coefficients for the full dataset case,
coefficients α1, α2, α3 and α4 were restricted to be only positive with upper limits of 8, 1, 3 and
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2.5 respectively. The resulting coefficients as shown in Figure 7.21 are better correlated to the
full dataset ones (excluding the 40% full dataset and large Lctc subsets with coefficients still
deviating from the general trend). The spikes at the toe area are observed at the fundamental
crest modes (T=0.333sec and 1sec) while troughs are seen at 0.2sec and 0.667sec. Abrupt
change of the coefficients also happens at the slope fundamental modes (Tslope=0.2, 0.4 and
0.6sec). In summary, the variation of the resulting toe coefficients is more stable with imposing
certain restriction limits to the regression coefficients. It needs to be highlighted though that
this is only a qualitative assessment of the stability of the proposed design equations.

Figure 7.21: Variation of design model coefficients with spectral period due to dataset difference at the toe area of
the canyon. Comparison between the full dataset and the restricted coefficients results.
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7.1.4 Design for the standard deviation of the topographic factors
The process that was followed to derive the design equation for the standard deviation is as
follows. The resulting residuals from the full dataset (same as those discussed in Figures 7.11
and 7.12) are plotted with normalised distance from the irregularity (light grey crosses of
Figures 7.22 and 7.23) and are split into bins. The focus is to maintain the same number of
points in each bin in order to have bins with the same weights across distance. Therefore, it
was chosen to split the bins so that each bin contains 30 data points. The standard deviation
of the data at each bin (the 30 points) and mean value of their normalised distances are
calculated. The empty squares in the figures correspond to the calculated standard deviation
of each bin, plotted at x normalised distance equal to the mean distance value calculated for
each bin. An exponential formula is assumed as appropriate for describing the dependence of
standard deviation to normalised distance. This equation is fit to the squares for each one of
the examined spectral periods (black lines in the figures).

Figure 7.22: Fit of an exponential mathematical equation to the standard deviation of the topographic factors for
the crest area and all the examined spectral periods.
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The mathematical model is the same for the crest and the toe areas:

𝜎ln(𝑆𝐴ℎ ) = 𝛽2 · 𝑒 (−𝛽1 ·𝑥𝑛𝑜𝑟𝑚)

[7.6]

where σln(SAh) is the standard deviation of the logarithmic distribution of topographic factors, β1
and β2 the design model coefficients resulting from the non-linear regression and xnorm the
normalized distance from the slope crest or toe of the canyon. The resulting coefficients for
the crest and the toe areas are listed in Table 7.4. It is noted here that 𝛽2 = 𝜎(𝑥𝑛𝑜𝑟𝑚 = 0).

Figure 7.23: Fit of an exponential mathematical equation to the standard deviation of the topographic factors for
the toe area and all the examined spectral periods.

Residuals are calculated using Equation [7.3] for the crest and the toe. It is obvious that
variance is distance dependent. This implies a heteroskedastic (non-constant variance) model
in normal regression cases and in practice this should be accounted for in the actual
regressions. This should have been also done herein, however, the fit of the residuals is
consciously performed after the fit of the mean value. The fitted functional form is chosen to
match the mean values of topographic factors at large x distances (response was forced to
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approach zero at free field regardless of the data). Assumption of a constant variance is then
providing more weight to small distances (the fit is more controlled at small distances). This is
beneficial in our case since topographic response has higher values closer to the irregularity.
In other words, assuming a homoscedastic variance effectively places greater emphasis on
the smaller x values and this was thought to be desirable in this particular case.
Table 7.4: Non-linear regression coefficients for the standard deviation design equation.

Spectral Period
T (sec)

7.2

Crest area

Toe area

β1

β2

β1

β2

0.10

0.72

0.25

1.89

0.19

0.16

1.21

0.26

1.29

0.13

0.20

0.68

0.27

0.60

0.21

0.25

1.60

0.16

0.85

0.08

0.333

0.75

0.31

0.80

0.31

0.42

0.65

0.26

0.82

0.27

0.50

0.77

0.32

1.69

0.44

0.58

0.85

0.22

2.31

0.59

0.667

0.90

0.20

1.60

0.45

1.00

2.66

0.14

3.70

0.36

2.00

9.01

0.02

8.51

0.02

Ability of the empirical model to predict response resulting from

earthquake records
7.2.1 Response resulting from earthquake records considering the horizontal
component of the ground motion
The previously presented design equations for the mean and standard deviation of the
logarithmic distribution of topographic factors have been derived based on a simple sinusoidal
wavelet with a Saragoni and Hart (1974) temporal filter. The response has been shown to
depend on both the distance across the canyon and the input wavelet period (Tp). The design
model was on purpose not varied to consider any other dependence on the canyon geometric
parameters as it is seen that this does not change the existing model biases in a great extent
(Section 7.1.2). The overall aim of this study is not the prediction of topographic response due
to a simple pulse but the estimate of the response due to a seismic event for a realistic
geometry and geotechnical characteristics scenario. However, the existing complicated
relation of the ground surface response to the geometric parameters of the canyon, complicate
incorporation of other effects (input motion nature, subsurface soil layering, water presence,
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soil nonlinearity etc.) in the existing equations for the estimation of the topographic factors.
Wavelets have been used for the design model derivation due to the simplicity of their
characteristics and the lower computational cost of the numerical analyses. A detailed
comparison of the response resulting from wavelet input motion to that of earthquake records
was discussed in Chapter 5, where it was shown that wavelets are a good tool for predicting
the topographic response resulting from earthquake records. The design model is then based
on the wavelet numerical analyses and its applicability is checked in this section considering
the results of numerical analyses for the horizontal component of earthquake records.
A detailed description of the imposed records is already provided in Chapter 5 (Ahrec
dataset), together with the selection process using the PEER NGA-West database and a
target spectrum computed using Boore et al. (2014) for five different earthquake magnitudes.
Analyses were performed for Lctc=280m, H=50m, z=125m and for slope angles equal to 45o
and 90o. Thirty records were considered in total, 6 different records for each of the 5
earthquake magnitudes (M=5.5, 6.0, 6.5, 7.0 and 7.5). Results from all the records are
examined in one group in this chapter, irrespective of earthquake magnitude, since the
numerical results of Chapter 5 show that earthquake magnitude does not have a major effect
on the ground surface topographic variation across the canyon. These results refer to the full
dataset depicted in all figures with light grey points. The mean value of this response was
calculated following the same procedure as that described for the wavelets. The spectral
response was considered at the same values of spectral periods (T=0.01, 0.02, 0.03, 0.05,
0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10sec) as for
the wavelet analyses. The response at spectral periods equal to the 11 scaled ones (Tpscaled)
is examined herein. Figures 7.24 and 7.25 depict the spectral topographic amplification
resulting from the 30 input earthquake records (light grey points) for the crest and the toe
areas respectively. The mean value of this response across the canyon surface (grey crosses)
and on the irregularity points (black stars) is also shown as well as the design model for the
crest using Equations [7.3] and [7.6] (full black line for the mean value and dotted for the
standard deviation) for the crest and toe areas respectively.
The proposed design equations for the mean value of topographic amplification at the
crest plot comparably close to the mean value of the response resulting from the earthquake
records. The design model is conservative for most of the spectral periods since it lies above
the mean value of the records (Figure 7.24). However, for period T=0.5sec a larger deviation
from the mean of the records is observed. This period lies in between the fundamental 1D
crest oscillation modes and is where the maximum topographic amplification factor is observed
in scaled input pulse period terms (see Chapter 4). The design model resulting from the
wavelets also slightly underestimates the topographic amplification close to the crest for this
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period (see panel for T=0.5sec in Figure 7.9). Using the mean model plus one standard
deviation though would predict the records response mean value at this period.
The design equation also underestimates the response for periods T=0.58 and 0.667sec
at the toe area. Since this area is affected by the crest oscillation, topographic factors extrema
occur at these periods as discussed in Chapter 4. A larger deviation of the design equation to
the wavelet analyses was also captured in this chapter (refer to relevant discussion for Figures
7.10 and 7.12). The design model mean value plus one standard deviation would also result
in a closer prediction of the expected response for those periods. As a result, larger deviations
of the design equation to the topographic factors for a horizontal earthquake input motion are
expected. Apart from the initial fitting of the equation using the wavelet motions, the differences
can be attributed to the different characteristics of the input motion. The derived equations
based on a simple pulse can capture the general trend of the variation of topographic factors,
however larger differences are expected due to the non-monochromatic nature of the
earthquake input motion.

Figure 7.24: Full dataset (light grey points) of the horizontal topographic amplification at the crest area resulting
from earthquake records imposed at the horizontal direction. Mean value of the response across the x-distance
(grey crosses) and on the irregularity point (black star) is also shown. Design model as calculated by Equation [7.3]
is superimposed on this figure.
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Figure 7.25: Full dataset (light grey points) of the horizontal topographic amplification at the toe area resulting from
earthquake records imposed at the horizontal direction. Mean value of the response across the x-distance (grey
crosses) and on the irregularity point (black star) is also shown. Design model as calculated by Equation [7.3] is
superimposed on this figure.

Figure 7.26 presents the difference between the numerical data and the design model
at the crest area (crest residuals) for the full dataset, the mean value across the canyon and
the mean value of the irregularity point. The value of the mean residuals is very close to zero
across the canyon for most of the spectral periods considered. For cases where the design
formula does not exactly match the response (T=0.42sec to 1sec), it is preferred for the
residuals to be negative, to achieve a conservative design model. The design model
underpredicts the expected response for distances xnorm≤1 for periods up to Tpscaled=0.5sec.
Overall, the design equation with an input period Tpscaled is shown to be a good tool for
predicting the spectral response at periods equal to Tpscaled resulting from an earthquake input
motion.
The response at the toe is more complicated. The design equation is able to predict the
resulting earthquake response at periods T=0.1sec to 0.42sec and for periods larger than
1sec. However, the response is underpredicted at periods 0.5-0.667sec as shown in the
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residuals variation with normalised distance in Figure 7.27. The proposed formula may not
capture the actual response very well at the toe, but it is conservative, except for periods
around 0.6sec where a positive residual of 0.5 shows that there is an under prediction of the
expected response.

Figure 7.26: Crest residuals (light grey points) with their mean values across distance (grey crosses) and on the
irregularity point (black stars).

The design model residuals are also plotted with every examined parameter of the
numerical investigation. Results are presented for spectral period equal to T=0.5secs in
Figures 7.28 and 7.29 for the crest and the toe areas respectively. The goodness of fit of the
design equations can be better examined in panel (b) for the full period range. As mentioned
before, the crest design equation results in negative residuals for the irregularity point and
mean value of residuals close to zero. This shows that the design model provides a good fit
to the overall trend of topographic amplification across the canyon. Panels c, d, e and f are
only presented for comparative purposes since they do not contain enough numerical results
for deducing conclusions due to the limited analyses in terms of canyon geometry performed
for the earthquake records input. Finally, panel (b) of Figure 7.29 for the toe area shows once

284

Chapter 7: Design Equations
more that the design equation is conservative for predictions at the toe point since all the black
stars are negative, except at periods 0.58 and 0.667secs where residuals are 0.2-0.25. The
mean response residuals are also either negative or zero, except the same periods where
they reach an amplitude of 0.5.

Figure 7.27: Toe residuals (light grey points) with their mean values across distance (grey crosses) and on the
irregularity point (black stars).
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Figure 7.28: Residuals at the crest area considering earthquake records in the horizontal direction and design
Equation [7.3]. Residuals variation with x-normalised distance (a), scaled input pulse period Tpscaled (b), slope angle
(c), crest-to-crest distance (d), slope height (e) and depth to bedrock (f). Results for all the panels except (b) are
presented for only one value of the scaled period (Tpscaled=0.5sec).
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Figure 7.29: Residuals at the toe area considering earthquake records in the horizontal direction and design
Equation [7.3]. Residuals variation with x-normalised distance (a), scaled input pulse period Tpscaled (b), slope angle
(c), crest-to-crest distance (d), slope height (e) and depth to bedrock (f). Results for all the panels except (b) are
presented for only one value of the scaled period (Tpscaled=0.5sec).
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7.2.2 Response resulting from earthquake records imposed bi-directionally in the
numerical domain
This section considers the use of the design formula to predict the ground surface response
at a canyon surface with bi-directional earthquake record input. The canyon geometry
examined is the same as that for the horizontal earthquake input (Lctc=280m, H=50m, z=125m
and slope angles of 45o and 90o). These analyses consider the “bidir” dataset as described in
Chapter 5. Thirty records were examined in total, 6 records per earthquake magnitude
considered. Both the horizontal and the vertical component of these records were considered
and imposed bi-directionally in the numerical domain. Those records are the same as those
imposed only in the horizontal direction (Ahrec dataset). Figures 7.30 and 7.31 depict the
resulting dataset (30 records are examined as a group) and its mean values with distance and
on the irregularity points. The proposed design equations are superimposed. Resulting
residuals using Equation [7.3] for the crest and the toe are shown in Figures 7.32 and 7.33
respectively.

Figure 7.30: Full dataset (light grey points) of the horizontal topographic amplification at the crest area resulting
from earthquake records imposed bi-directionally. Mean value of the response across the x-distance (grey crosses)
and on the irregularity point (black stars) is also shown. Design model as calculated by Equation [7.3] is
superimposed on this figure.
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The proposed mathematical formula for the crest captures the trend of the resulting
response. However, there are larger shifts from the bi-directional (bidir) numerical output than
those observed for the earthquake records imposed horizontally (Ahrec). This is reasonable
because the response in this case is a combination of two response components and although
the mean value of the response does not change shape with spectral period, the topographic
factors differ in amplitude for the horizontal and the bi-directional input. In this case, the
resulting residuals (Figure 7.32) are larger than those seen in Figure 7.26. The design model
is adequate for predicting the response at most spectral periods, though there is slightly larger
deviation from the numerical results for periods T=0.333sec and 0.5sec. A closer prediction to
the observed response resulting from the earthquake records is achieved when using the
mean plus one standard deviation of the design equations in those periods.

Figure 7.31: Full dataset (light grey points) of the horizontal topographic amplification at the toe area resulting from
earthquake records imposed bi-directionally. Mean value of the response across the x-distance (grey crosses) and
on the irregularity point (black stars) is also shown. Design model as calculated by Equations [7.3] is superimposed
on this figure.
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The response at the toe is also predicted having a conservative estimate for all spectral
periods except T=0.58-0.667sec (Figure 7.31). These are the same periods as those having
larger deviation for the horizontal input case. The toe residuals (Figure 7.33) are larger than
those for the crest, reaching the value of 0.5 at those two periods.

Figure 7.32: Crest residuals (light grey points) with their mean values across distance (grey crosses) and on the
irregularity point (black stars). Equation [7.3] has been used.

An overview of the variation of the residuals with input parameters is shown in Figures
7.34 and 7.35. It is only necessary to consider parameters xnorm and Tpscaled since only one
geometry is considered during this set of numerical analyses. The design equation gives a
good prediction for the crest area, predicting the crest mean response for all the spectral
periods with conservative estimates except at period T=0.5sec, where response is
underestimated (residuals=0.2). In conclusion, based on the analyses conducted, the design
equation can be used for cases of bi-directional earthquake input without much loss in
accuracy. The design model at the toe area performs worse than the crest design equation
but overall it provides a prediction of the mean response at the toe point of the slope.
Predictions deviate more from the response than in the case of the horizontal earthquake input
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as expected since the design model was derived considering only one component of the input
motion.

Figure 7.33: Toe residuals (light grey points) with their mean values across distance (grey crosses) and on the
irregularity point (black stars). Equation [7.3] has been used.
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Figure 7.34: Crest area residuals considering bi-directional earthquake records input and design Equation [7.3].
Residuals variation with x-normalised distance (a) and scaled input pulse period Tpscaled (b).

Figure 7.35: Toe area residuals considering bi-directional earthquake records input and design Equation [7.3].
Residuals variation with x-normalised distance (a) and scaled input pulse period Tpscaled (b).
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7.3

Conclusions

The current chapter gives an overview of the derived design equations for the mean and
standard deviation characterising the distribution of horizontal amplification factors at the
surface of canyon topographies. The design equations are based on numerical analyses
performed for canyons with step like slopes overlying rigid bedrock with wavelet input motions
imposed in the horizontal direction. Design equations for the crest and the toe areas of the
canyon are provided considering the ground response dependency on the input wavelet
period and the distance from the irregularity. Any further dependencies of the ground surface
response on the geometric canyon parameters were not incorporated in the model. This is
because the design equation becomes unnecessarily more complicated and there is only a
slight reduction in the model biases when these dependencies are considered (Section 7.1.2).
The effect of the numerical data selection was also qualitatively estimated by quantifying the
sensitivity of the regression coefficients to the number of analyses considered in the
regression process. It is shown that the variation of the regression coefficients with spectral
period is quite sensitive to the dataset size, especially at the canyon toe area. This is due to
the response dependencies on other geometrical parameters that have deliberately not been
accounted for at this stage. A simplified first approach for the horizontal topographic factors
estimation is then provided using the proposed equations.
However, the topographic amplification factors are seen to be affected by both the input
motion nature and characteristics (Chapter 5) and the presence of multiple soil layering and
water compressibility (Chapter 6), except the canyon geometry (Chapter 4). Literature review
studies also show that soil nonlinearity changes the topographic amplification variation across
a topographic feature (Chapter 2). Due to the effect of all these factors at a real site, further
complexity was not introduced to the design equations at this stage as a detailed site
investigation and additional analyses are needed to account for these parameters. The
proposed design model is highly idealised and there is lack of information about the behaviour
of real natural canyons. It is then better to neglect any secondary trends and focus on the
scaling of the main (large scale) features for a first design model proposal. Nevertheless, the
general applicability of the proposed equations is checked by comparing the topographic
factors resulting from the design model to analyses output of earthquake records imposed
either only horizontally or bi-directionally on the numerical domain. This is because it is seen
in Chapter 5 that the wavelets perform well in accounting for the expected topographic effects
related to earthquake input motions. The design equations are shown to be a good estimate
of the expected mean response across the canyon resulting from earthquake records.
However, underestimation of the response at distances close to the irregularity (xnorm≤0.5)
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results for spectral periods around T=0.5sec, especially at the toe area of the canyon. More
details on the use of the design equations in design analyses are provided in Chapter 8.
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8
DESIGN FRAMEWORK
The conclusions from the numerical analyses of the previous chapters are used in this chapter
to demonstrate the actual impact of topographic effects at a site location close to a canyon. In
that way, this chapter presents the methodology for considering the design equations of
Chapter 7 in design at empty canyon sites. The effect of the mean and standard deviation of
the predicted response at a site is first examined by performing probabilistic seismic hazard
analysis (PSHA) and comparing a site with pronounced topography to a site without any
topographic effects. A methodology is then proposed to account for topographic effects in
PSHA analyses as well as in design scenarios within the framework of Eurocode 8.
The current Eurocode design recommendations are discussed in relation to existing
studies in the literature. The design proposals for the modification of the nominal Eurocode
spectrum to account for topographic effects based on numerical analyses in the literature
studies are finally compared to the current design proposal. The simplicity of the proposed
design accounting for the estimation of horizontal topographic amplification factors at a canyon
lying on a single soil layer above rigid bedrock, neglecting soil nonlinear effects and presence
of realistic soil layering reflecting the geomorphology at a site is once more highlighted.
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8.1

Hazard curves at the canyon surface with consideration of

topographic effects
Probabilistic Seismic Hazard Analysis (PSHA) defines the rate of exceedance of a level of
some intensity measure, taking into account the site location and size of the area affecting this
location. PSHA for a hypothetical site without accounting for topographic effects is firstly
considered as a baseline. The subsequent case where topographic effects are included can
then be compared against this baseline. The baseline case is presented in Section 8.1.1 while
the case including topography is analysed in Section 8.1.2.

8.1.1 PSHA for a hypothetical site without accounting for topographic effects
One of the basic products of hazard assessment at a site are hazard curves. The steps of
performing the PSHA calculations and deriving the hazard curves for a hypothetical site
without accounting for topography are briefly summarised below. The study region is first
specified and all seismic sources within a certain distance from the site are considered in the
calculations. This distance is defined in order to capture all scenarios that might generate
motions of engineering significance at the site. The earthquake recurrence rate (ER) is used
to define how many times per year, on average, earthquakes of a given magnitude occur
within the study region. This rate is defined focusing only on seismogenic sources that are
located within the study region.
The conditional probability of exceeding a specific value of ground motion intensity for
each rupture scenario is then computed via a ground motion prediction equation (GMPE),
assuming each of these events actually happens. The same process is repeated for all the
values of the possible rupture scenarios resulting from all the sources in the study area.
Summation of all the probabilities results in the total probability of exceeding a certain intensity
value (PoE). The annual rate of exceedance (λ), expressing how many times per year a given
level of motion is exceeded, is the product of the probability of exceedance with the total rate
of earthquakes (above some minimum considered magnitude, mmin). Hazard curves simply
depict the annual rate of exceedance for a range of target intensity levels. For a spectral
acceleration intensity value (Sa), the annual rate of exceedance is given by:
𝑛𝑠𝑜𝑢𝑟𝑐𝑒𝑠 𝑛𝑟𝑢𝑝𝑡𝑢𝑟𝑒𝑠

𝜆(𝑆𝑎 > 𝑥) = 𝐸𝑅 · 𝑃𝑜𝐸𝑖𝑗 (𝑆𝑎 > 𝑥) = 𝐸𝑅 · ∑

∑

𝑗=1

𝑖=1

𝑃𝑟𝑢𝑝,𝑖𝑗 ∙ 𝑃(𝑆𝑎 > 𝑥│𝑟𝑢𝑝𝑖𝑗 )

[8.1]

The site conditions:
A hypothetical site is used as an example here for the derivation of hazard curves, firstly
without accounting for topographic amplification. The hypothetical site lies in California and is
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characterised by Vs=500m/s and z=125m. These parameters have been selected to be
consistent with the analyses performed for the topographic amplification calculations.
However, since the proposed design equations implicitly consider the Vs and z (see Equations
[7.1] and [7.2] of Chapter 7), the current methodology could be applied to sites characterised
by different values of Vs and z. The GMPE of Boore et al. (2014) is used herein with shear
wave velocity of the upper 30m of the ground (Vs,30) and depth to the 1km/sec velocity horizon
or sediment depth (z1) parameters corresponding to the values characterising the site (500m/s
and 125m). The sediment depth is the same as the depth to the half-space in this study. The
GMPE defines a normal distribution of the ground motion with mean and variance that depend
upon various predictor variables.
2
ln𝑆𝑎,𝐺𝑀𝑃𝐸 ~N(𝜇𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸 , 𝜎𝑙𝑛𝜇
)
𝑆𝑎,𝐺𝑀𝑃𝐸

[8.2]

The mean spectral acceleration is specifically provided by an equation of general form:

𝜇𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸 = 𝐹𝐸 (𝑴, 𝑚𝑒𝑐ℎ) + 𝐹𝑃 (𝑅𝐽𝐵 , 𝑴, 𝑟𝑒𝑔𝑖𝑜𝑛) + 𝐹𝑆 (𝑉𝑠,30 , 𝑅𝐽𝐵 , 𝑴, 𝑟𝑒𝑔𝑖𝑜𝑛, 𝑧1 )

[8.3]

The three components refer to the source (FE), the path (FP) and the site effects (FS) functions
and contain coefficients which change with spectral period. The mean and standard deviation
values can then be described as functions of spectral period. In what follows, the hazard
curves are derived for spectral acceleration at response periods equal to T=0.01, 0.02, 0.03,
0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5 and 10sec.
This is the same period range that the topographic response was calculated for, although the
procedure described herein is applicable to any other value of spectral period. The spectral
response at periods T=0.58 and 0.667sec is also computed since the range of spectral periods
equal to both the input pulse period (Tp) and the scaled input pulse period (Tpscaled) should be
covered for comparison purposes. More details on the three components of the GMPE can be
found in Boore et al. (2014). The assumed input values in Equations [8.2] and [8.3] (excluding
all the coefficients and model values that are period dependent) are presented in Table 8.1,
along with their definitions.
The variation of the mean spectral acceleration depends on the response period
considered and the actual sediment depth value. Some sensitivity checks are then performed
considering values of the sediment depth (z1) equal to 125m, 250m and 500m and the
proposed value of z1 in Boore et al. (2014) for unknown sediment depth conditions, to examine
any effect on the mean spectral acceleration value. The mean spectral acceleration value is
affected by change of the sediment depth parameter at spectral periods larger than
T=0.65sec. In this case, where z1 is considered to be equal to 125m, the largest effect on the
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mean is a 13% reduction in the mean spectral acceleration value resulting for unknown
sediment depth conditions at long periods. It is also found that a relative amplification to the
spectral acceleration resulting for unknown sediment depth conditions is generally expected if
considering sediment depth values z1≥217m.
Table 8.1: Input values for the Boore et al. (2014) ground motion model

GMPE element Definition

Assumed value Explanation

U, SS, NS, RS

Fault type parameters

U=0, SS=1,
NS=0, RS=0

Assumed strike slip fault

M

Moment magnitude

mi

The 1500 calculated magnitude
scenarios according to the source
assumptions (see below).

RJB

Joyner-Boore distance: the
closest horizontal distance
RJBij
from the site to the surface
projection of the rupture

The
1500
calculated
according to the fault
assumptions (see below).

Vs,30

Time averaged shear wave
velocity of the uppermost 500m/s
30m of the ground surface

Value chosen to be consistent with
the used value in the numerical
analyses of the canyon.

z1

Sediment depth: depth to
the
1km/sec
velocity 125m
horizon

Value chosen to be consistent with
the used value in the numerical
analyses of the canyon.

region

Parameter to consider
where the site of interest 1
lies

Assumed site in California

values
rupture

The source model:
The hypothetical model in this example comprises of a single fault source. This is very
unrealistic in nature, however, this assumption is made herein to ensure that predominantly
linear site response conditions exist and to mainly focus on the topographic effects and the
consequent changes on the hazard curves. A strike slip fault is considered for this earthquake
source scenario. The assumed fault geometry is shown in Figure 8.1. The fault is capable of
producing earthquakes with a variety of magnitudes. The fault is generating events with M≥5
following the doubly-bounded exponential distribution (Cornell and Vanmarcke, 1969) with
maximum magnitude M=8. The probability of observing these magnitudes needs to be
calculated in this case, 𝑃(𝑀 = 𝑚𝑖 ), as it contributes to the probability of the rupture 𝑃𝑟𝑢𝑝,𝑖𝑗 of
Equation [8.1]. The probability of observing these magnitudes, assuming that they are the only
possible magnitudes, is given by:

𝑃(𝑀 = 𝑚𝑖 ) = 𝐹𝑀 (𝑚𝑖 +

𝑑𝑚
𝑑𝑚
) − 𝐹𝑀 (𝑚𝑖 −
)
2
2
298

[8.4]

Chapter 8: Design Framework

where FM is the cumulative distribution function (CDF) of the exponential distribution:

𝐹𝑀 (𝑚𝑖 ) =

1 − 𝑒 −𝛽·(𝑚𝑖−𝑚𝑚𝑖𝑛 )
1 − 𝑒 −𝛽·(𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛 )

[8.5]

As seen in Equations [8.4] and [8.5], the 𝑃(𝑀 = 𝑚𝑖 ) is evaluated in this case using a discrete
approximation with magnitude mi discretisation considering varied magnitude values from
mmin=5 to mmax=8 for this example. The resulting range of m is equal to 30 discrete magnitude
mi values if the magnitude is split in bins of width dm=0.1 as shown below:

𝑚𝑚𝑖𝑛 +

𝑑𝑚
𝑑𝑚
≤ 𝑚𝑖 ≤ 𝑚𝑚𝑎𝑥 −
2
2

[8.6]

The probability density function of the exponential distribution is provided by:

𝑓𝑀 (𝑚) =

𝛽 · 𝑒 −𝛽·(𝑚𝑖−𝑚𝑚𝑖𝑛 )
,
1 − 𝑒 −𝛽·(𝑚𝑚𝑎𝑥−𝑚𝑚𝑖𝑛 )

[8.7]

𝑚𝑚𝑖𝑛 < 𝑚𝑖 < 𝑚𝑚𝑎𝑥

The parameter β in Equations [8.5] and [8.7] is usually connected with the b parameter of the
Gutenberg - Richter (1954) distribution as 𝛽 = log 𝑒 (10) ∙ 𝑏. A b value of 1 is assumed here,
similar to values commonly determined from real seismicity catalogues.

SITE
k=0

RJBij

4km
xij

Rstrike

k=0.5

RLDi
xpij

k=1
FL=200km

PLAN VIEW
Figure 8.1: The distance metrics for each rupture on the fault plane in relation to the site of interest.
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The rupture scenario:
The fault considered is a vertical strike slip fault that has a total length (FL) equal to 200km. In
this example it is discretised in 50 segments of 4km length. The hypocentre locations (xij) lie
at the middle of each segment so in Figure 8.1 if the fault spans from -100km to +100km, the
hypocentre locations lie at xij =-98km, -94km, -90km etc to +98km, with xij =0km in the middle
of the fault. The fault can generate earthquakes with an equal likelihood of occurring at each
hypocentre location. The chance that an earthquake of a certain magnitude has a hypocentre
point xij is considered so each hypocentre can generate the above calculated 30 magnitudes,
resulting in the total number of considered scenarios equal to mi=50·30=1500. The hypocentre
locations coincide with the epicentre ones at the ground surface since the fault is a vertical
strike slip one. The distance from the fault to the site considered should then be calculated for
each one of these scenarios.
The Joyner-Boore distance definition is used herein to be consistent with the GMPE of
Boore et al. (2014). The Joyner-Boore distance (RJB) refers to the shortest distance from a site
to the surface projection of the rupture. Assuming that all the earthquakes occur at the same
strike distance (Rstrike) equal to 100km, the resulting Joyner-Boore distance for each rupture
scenario is:

2
2
𝑅𝐽𝐵𝑖𝑗 = √𝑅𝑠𝑡𝑟𝑖𝑘𝑒
+ 𝑥𝑝𝑖𝑗

[8.8]

where xpij is the equivalent along strike distance to the closest point from the projection of the
site onto a fault and the rupture. The fault is deliberately positioned in a manner such that no
rupture is less than 100km from the site to minimise the chances of the site response being
nonlinear and to allow a focus upon the interaction between the linear site response and the
topographic effects.
It is assumed that each hypocentre location can generate ruptures with a rupture surface
that depends on the size of the event and the hypocentre location. The median subsurface
rupture length RLDi relationship to the considered magnitude mi value is given in km by Wells
and Coppersmith (1994):
𝑅𝐿𝐷𝑖 = 10(−2.57+0.62·𝑚𝑖)

[8.9]

Since the fault is a vertical strike slip one, the depth of each rupture is not needed here for the
calculation of the Joyner-Boore distance. The rupture length is schematically shown with a
grey rectangle in Figure 8.1 for an arbitrary hypocentre location. The resulting distance xpij for
each magnitude considered scenario depends on the relative location of the hypocentre xij to
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the rupture length RLDi, the length of the fault FL and the distance to the projection of the site
onto the fault trace k (see Figure 8.1). The datum of k is zero (k=0) at the -100km end of the
fault so k=0.5 places the projection of the site into the middle of the fault. xij is increasing
positively with the same direction as k. The five different possible ranges of the hypocentre
locations xij across the fault determine the xpij distances according to Equation [8.10]. The five
different cases are illustrated in Figure 8.2 for k=0.5 based on Equation [8.10]. The shown
lengths shown in this figure are not to scale. It is seen that cases A and B are symmetric views
of cases D and E. It is noted that the grey rectangles in Figure 8.2 do not represent the fault
rupture but only highlight the extend (range) of the possible hypocentre locations.

A:

𝑥𝑝𝑖𝑗 = min(0, −𝑘 · 𝐹𝐿 + 𝑅𝐿𝐷𝑖 ),

B:

𝑥𝑝𝑖𝑗 = min (0, 𝑥𝑖𝑗 +

𝑅𝐿𝐷𝑖
),
2

C: 𝑥𝑝𝑖𝑗 = 0,

D: 𝑥𝑝𝑖𝑗 = max (0, 𝑥𝑖𝑗 −

E:

−𝑘 · 𝐹𝐿 ≤ 𝑥𝑖𝑗 < −𝑘 · 𝐹𝐿 +

−𝑘 · 𝐹𝐿 +

−

𝑅𝐿𝐷𝑖
),
2

𝑥𝑝𝑖𝑗 = max(0, (1 − 𝑘) · 𝐹𝐿 − 𝑅𝐿𝐷𝑖 ),

𝑅𝐿𝐷𝑖
2

𝑅𝐿𝐷𝑖
2

𝑅𝐿𝐷𝑖
2

≤ 𝑥𝑖𝑗 < −

≤ 𝑥𝑖𝑗 <

𝑅𝐿𝐷𝑖
2

𝑅𝐿𝐷𝑖
2

𝑅𝐿𝐷𝑖
2

[8.10]

≤ 𝑥𝑖𝑗 < (1 − 𝑘) · 𝐹𝐿 −

(1 − 𝑘) · 𝐹𝐿 −

𝑅𝐿𝐷𝑖
2

𝑅𝐿𝐷𝑖
2

≤ 𝑥𝑖𝑗 ≤ (1 − 𝑘) · 𝐹𝐿

For example, cases A and E refer to the hypocentre being located very close to the edges of
the fault. Knowing the rupture length (and the earthquake magnitude considered), the distance
from the rupture to the projection of the site to the fault is calculated (for k=0.5 in this example).
Each time the rupture created at the hypocentre location and spreads towards the two ends
of the fault. Similarly, case C refers to the case where the hypocentre located at the middle
area of the fault so the rupture is at the same area with the site projection on the fault thus
xpij=0. Cases B and D finally consider intermediate possible hypocentre locations across the
fault length. In that way, the values of xpij, and consequently RJBij, are calculated for the 50
considered xij locations and the consequent RLDi resulting from the 30 earthquake scenarios
at each location. The probability of each rupture scenario (Prup,ij) is the combination of
probabilities resulting from each magnitude (P(M=mi)) and each distance. As each segment
creates a rupture, the probability of each distance is equal to the fraction of the number of the
fault segments (i.e. Pdist,ij=1/No of fault segments):
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𝑃𝑟𝑢𝑝,𝑖𝑗 = 𝑃(𝑀 = 𝑚𝑖 ) · 𝑃𝑑𝑖𝑠𝑡,𝑖𝑗 = 𝑃(𝑀 = 𝑚𝑖 ) ·
A

[8.11]

B

SITE
k=0
xij

1
50

SITE

RJBij

k=0

RJBij

xij

Rstrike

Rstrike

k=0.5

k=0.5

k=1

k=1

FL=200km

FL=200km

PLAN VIEW

PLAN VIEW

C

D

SITE

SITE

k=0

k=0
Rstrike

Rstrike=RJBij
xij

RJBij
k=0.5

k=0.5

xij
k=1

k=1

FL=200km
FL=200km

PLAN VIEW

PLAN VIEW
E

SITE
k=0

Rstrike
RJBij
k=0.5

xij

k=1

FL=200km

PLAN VIEW

Figure 8.2: The calculation of xpij in case k=0.5 for the different possible hypocentre xij locations across the fault
length. The sketch is out of scale.

302

Chapter 8: Design Framework

Hazard curves:
Hazard curves result from the derivation of the probability of exceeding specific levels of
ground motion intensity. Prediction models (i.e. GMPEs) are used to derive the mean and
standard deviation values of the considered intensity measure, which is a random variable
well-represented by a lognormal distribution. The spectral acceleration was chosen as an
intensity measure since the spectral response was considered in the derivation of the design
equations (Chapter 7. The target spectral acceleration values (Satarget) range from 10-4g to 10g
(101 values in total). The probability of exceeding a target spectral acceleration value (x) is
given by Equation [8.12].

𝑃(𝑆𝑎 > 𝑥│𝑟𝑢𝑝𝑖𝑗 ) = 1 − 𝛷 (

ln(𝑆𝑎𝑡𝑎𝑟𝑔𝑒𝑡 ) − 𝜇𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸 (𝑟𝑢𝑝𝑖𝑗 )
)
𝜎𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸 (𝑟𝑢𝑝𝑖𝑗 )

[8.12]

where Φ is the standard normal cumulative distribution function and μlnSa,GMPE and σlnSa,GMPE
are the predicted mean and standard deviation of spectral acceleration resulting from the
chosen GMPE so they depend on the different considered rupture scenarios.
The mean and standard deviation values are calculated for specific spectral period
values as mentioned before (i.e. 23 values). For each one of those values, the probability of
exceeding the 101 target spectral acceleration values is calculated by Equation [8.12].
Summation of the product of the probabilities resulting from Equations [8.11] and [8.12] gives
the total probability of exceeding a specific target (PoEij). This is described by the following
equation for the example target of Sa=x:
1500

𝑃𝑜𝐸𝑖𝑗 (𝑆𝑎 > 𝑥) = ∑ 𝑃𝑟𝑢𝑝,𝑖𝑗 ∙ 𝑃(𝑆𝑎 > 𝑥│𝑟𝑢𝑝𝑖𝑗 )

[8.13]

𝑖=1

This defines only one point on the hazard curve, providing the probability of exceeding the
target level of x. The hazard curve consisting of 101 points is found when repeating the same
procedure for the full range of targets (the 101 considered values). Assuming an earthquake
rate (ER) of 0.02 (source produces events of any magnitude above mmin at a rate of 0.02
events per year), one can calculate the annual rate of exceedance (λ), expressing how many
times per year a given level of motion is exceeded. This is the product of the probability of
exceedance with the earthquake rate as already described in Equation [8.1]. The resulting
hazard curves are shown in Figure 8.3, for the spectral period values equal to the scaled input
wavelet periods (Tpscaled).
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Figure 8.3: Hazard curves for 101 levels of target spectral acceleration, presented only for spectral period values
equal to the scaled input wavelet periods (Tpscaled).

Uniform Hazard Spectrum:
Another output of the hazard calculations is the uniform hazard spectrum (UHS), showing the
resulting spectral acceleration amplitude for a specific value of annual rate of exceedance. For
a structure with a design life of 50 years and design for an excitation level that has
P(n≥1│T)=2%, 10% and 20% chance of being exceeded in this period, the resulting annual
rates of exceedance (λtarget) are calculated using a Poisson distribution. The design motion
can be exceeded many times during a T=50 year time interval with the probability of
exceedance being calculated as:

𝑃(𝑛 ≥ 1|𝑇) = 1 − 𝑃(𝑛 = 0|𝑇) = 1 − 𝑒 −𝜆𝑇 ⇒ 𝜆 = −

ln(1 − 𝑃)
𝑇

so
𝜆𝑡𝑎𝑟𝑔𝑒𝑡 1,2,3

[8.14]

ln(1 − 0.02)
ln(1 − 0.1) ln(1 − 0.2)
=−
,−
,−
50
50
50
= 4.04 ∙ 10−4 , 0.0021 and 0.0045

corresponding to return periods (RP) (the reciprocal of the exceedance rate) of
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𝑅𝑃1,2,3 = 2475 , 475 and 224 𝑦𝑒𝑎𝑟𝑠

[8.15]

For each hazard curve, the spectral acceleration values corresponding to the three
target rates of exceedance are found with a logarithmic interpolation. A plot of the resulting
spectral acceleration with period forms the UHS for each annual exceedance rate. Three
curves corresponding to the examined rates are presented in Figure 8.4. It is noted here that
the spectral shape of Eurocode 8 is supposed to be comparable to the 475-year UHS
spectrum. Eurocode 8 considers PGA for determining the shape of the spectrum and allows
for two different sets of spectral shapes for different site classes in order to reduce the
divergence from the target UHS. One shape is associated with higher seismicity areas (type
1 anchored to earthquakes of magnitude close to Ms~7) and the other refers to less active
areas (type 2 appropriate for events with Ms=5.5). At any location where the dominant
earthquake event underlying the hazard is different from one of these magnitudes, the
spectrum will tend to diverge from the target 475-year UHS, especially at longer periods
(Bommer and Stafford, 2009). The hazard curves of Figure 8.3 and the UHS of Figure 8.4 for
this baseline case without topographic effects consideration are compared to the case where
topographic effects are considered in Section 8.1.2.

Figure 8.4: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates.
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8.1.2 Methodology for consideration of topographic effects within PSHA
The same procedure in terms of the derivation of hazard curves is followed here, however,
the focus is on the methodology of hazard estimation in sites with canyon topography. The
proposed design procedure follows Shahi and Baker (2011) who produced a methodology for
incorporating directivity effects into PSHA. Those effects are characterised by a pulse
presence in the velocity time history of the recorded earthquake motion. For this reason,
pulselike and non-pulselike terms refer to records that are affected by directivity or not
respectively. Explaining briefly this method, the presence of a pulselike and non-pulselike
motion is accounted for by an alteration of the used GMPE during the PSHA calculations.
Firstly, the records of the NGA database (Chiou et al., 2008) are split into pulselike and nonpulselike motions based on whether or not each record contains a pulse in the velocity time
history using the Baker (2007) algorithm. The metrics of both distributions are then determined
(the mean value and the standard deviation). The probability of exceeding a certain level of
ground motion intensity is calculated according to Equation [8.12], but separately for the
pulselike and non-pulselike motion groups, considering the mean value and standard
deviation of each group. The total probability theorem is implemented to calculate the overall
probability of the intensity measure (in this case spectral acceleration) exceeding a target level
(x) at a site:
𝑃∗ (𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧) = 𝑃(𝑝𝑢𝑙𝑠𝑒|𝑚, 𝑟, 𝑧) ∙ 𝑃(𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧, 𝑝𝑢𝑙𝑠𝑒)
+(1 − 𝑃(𝑝𝑢𝑙𝑠𝑒|𝑚, 𝑟, 𝑧)) ∙ 𝑃(𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧, 𝑛𝑜 𝑝𝑢𝑙𝑠𝑒)

[8.16]

where the probabilities of observing a pulse or not are calculated based on a regression model
predicting the probability of pulse occurrence given the source location and the site geometry.
This is because it is seen that the forward directivity effect, which is believed to be the cause
of pulselike ground motions, depends on the source to site geometry (Shahi and Baker, 2011).
The regression model is then fit to the fault parameters (which considers the fault to site
orientation and distance) to calculate the probability of observing a pulse or not.
This section presents a way to account for topographic effects within PSHA, adapting
this methodology. The current GMPEs are derived using ground motion databases with
records in different site locations. The topographic factors, however, cannot be applied directly
to the mean and standard deviation values of the ground motion model (μlnSa,GMPE and
σlnSa,GMPE). This is because the original dataset that the GMPE is based on, may already
include the effects of topography (within the aleatory variability). So if the topographic factors
are applied directly to the ground motion model, then the topographic effect may be double
counted. Therefore, the original GMPE needs to be adjusted by removing any existing
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topographic effects and then applying the topographic factors to the adjusted model. Generic
factors (or generic modified equations) that reflect each considered scenario need to be
derived without considering topography effects. These factors might be constant numbers or
functions or even factors that alter each of the coefficients of the GMPE of Equation [8.3],
taking into account a dataset composed of ground motions that are unaffected by topographic
effects. This could be done by either re-deriving separate models considering reduced ground
motion datasets that contain topographic effects or not, or by creating an adjustment for the
existing GMPE.
The ground motion database for the GMPE in use needs to first be inspected and
cleared from records that may contain topographic effects. Then the GMPE needs to be
recalibrated considering both the ground motion database with the topographic effects
consideration and the database without topographic effects. Two sets of new coefficients need
to be defined to determine the mean and standard deviation values of the GMPE in the case
where topography is considered and the case without topography. Adjustment factors of the
existing GMPE could also be defined, as the procedure already described requires a lot of
effort. To derive adjustment factors to the existing GMPE accounting for topography, the
residuals of the ground motion need to be determined based on the predictions of ground
motion using the GMPE and the reduced dataset of ground motions without topographic
effects consideration. A function which represents the correction of the GMPE needs then to
be fitted to the residuals. This might be a constant factor or a varying function depending on
the considered earthquake scenario or on other parameters.
Whichever method one choses to calculate the correction of the GMPE to account for
topographic effects, the resulting mean and standard deviation values of the GMPE after the
adjustment would relate to the mean and standard deviation of the original GMPE model
considering the equations below:
𝜇ln𝑆𝑎𝐺𝑀𝑃𝐸 ,𝑛𝑜 𝑡𝑜𝑝𝑜 = 𝐹1 + 𝜇𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸
[8.17]
𝜎ln𝑆𝑎𝐺𝑀𝑃𝐸 ,𝑛𝑜 𝑡𝑜𝑝𝑜 = 𝐹2 · 𝜎𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸
where the factors F1 and F2 represent the relationship of the ground motion metrics before and
after the adjustment. For simplicity the adjustment is represented here with these factors,
however, these could be functions depending on several parameters as explained above.
These factors will mainly represent the shift of the mean and standard deviation values with
spectral period.
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The topographic effects could then be accounted for by directly applying the mean and
standard deviation values of the topographic factors provided by Equations [7.3] and [7.6] in
Chapter 7 to the adjusted model using Equation [8.18].
𝜇𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜 = 𝜇𝑙𝑛𝑆𝐴ℎ + 𝜇ln𝑆𝑎𝐺𝑀𝑃𝐸 ,𝑛𝑜 𝑡𝑜𝑝𝑜

[8.18]

𝜎𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜 2 = 𝜎𝑙𝑛𝑆𝐴ℎ 2 + 𝜎ln𝑆𝑎𝐺𝑀𝑃𝐸 ,𝑛𝑜 𝑡𝑜𝑝𝑜 2
The correlation term in the standard deviation of Equation [8.18] is missing because it is
assumed that the standard deviation of the topographic factors and the standard deviation of
the adjusted GMPE model excluding topographic effects are two uncorrelated variables.
The total probability theorem could be then used as in Equation [8.16], to calculate the
overall probability of the spectral acceleration exceeding a target level (x) at the site of interest.
This reduces to calculating the probability of exceeding the Sa target for the “topo” case using
the mean and the standard deviation values of the distribution as shown below:
𝑃∗ (𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧) = 𝑃(𝑡𝑜𝑝𝑜|𝑚, 𝑟, 𝑧) ∙ 𝑃(𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧, 𝑡𝑜𝑝𝑜)

𝑃(𝑆𝑎 > 𝑥|𝑚, 𝑟, 𝑧, 𝑡𝑜𝑝𝑜) = 1 − 𝛷 (

ln(𝑆𝑎𝑡𝑎𝑟𝑔𝑒𝑡 ) − 𝜇𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜
)
𝜎𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜

[8.19]

[8.20]

PSHA for the hypothetical site location:
The same hypothetical site with that described in Section 8.1.1 is considered here, assuming
the same characteristics for the site location, the source model and the rupture scenarios. The
only difference to the calculation of the previous section is that the site location is assumed to
be a point on the canyon geometry in order to account for the topographic effects. The total
probability can be calculated by Equations [8.18] to [8.20], following the procedure described
in the previous section.
To establish whether the GMPE database contains records affected by topography, a
check on the considered database for the GMPE by Boore et al. (2014) that was also used in
the previous section is firstly performed herein. This GMPE is derived based on records of the
PEER NGA-West2 database. Details of all the records in the database are provided by
Ancheta et al. (2014), with no explicit reference to topographic effects in the database records.
However, Chiou et al. (2008) and Chiou and Youngs (2014) who use the PEER NGA-West
database (which was used as the base for the NGA West2 database), claim that it includes
records that have been effected by topography (e.g. Tarzana Cedar Hill Nursery, Pacoima
Dam left abutment). The authors claim that many records of this database may be affected by
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topography since those effects have not been assessed for any of the records. For this reason,
topography should be considered as part of the variability into the proposed GMPEs that use
the same database. However, the relatively small number of records that are known to have
issues are not canyons and should not have a strong impact upon the models so the
comments from the above mentioned authors on the database are not considered to be
relevant to the current study. Even if topographic effects are considered to be embedded in
the GMPE by Boore et al. (2014), then any recordings related to canyon topographies should
be identified. These records are not easily identifiable thus the current assumption is that there
are no records in the NGA-West2 database that are related to canyon topography effects.
The mean and standard deviation values of the GMPE by Boore et al. (2014) can then
be used to derive the mean and variance considering topography based on Equations [8.18]
to [8.20]. Both metrics are defined as a linear combination of uncorrelated variables. These
metrics are considered without adjustment (so factors F1 and F2 are considered as equal to 0
and 1 respectively) as the database is assumed that does not contain records affected by
canyon topography as mentioned above. The probability of exceedance for the examined site
location for this example which lies on top of a canyon is given by:
1500

𝑃𝑜𝐸𝑖𝑗,𝑡𝑜𝑝𝑜 (𝑆𝑎 > 𝑥) = ∑ 𝑃𝑟𝑢𝑝,𝑖𝑗 ∙ 𝑃(𝑆𝑎 > 𝑥│𝑚𝑖 , 𝑅𝐽𝐵𝑖𝑗 , 𝑡𝑜𝑝𝑜)

[8.21]

𝑖=1

Since the mean and standard deviation values depend on the distance from the
topographic irregularity (i.e. they change with distance from the irregularity), the resulting
calculations are performed for several points across the canyon. For illustration purposes,
curves are shown for three locations across the canyon with normalised distances xnorm=0, 0.5
and 4. These locations are selected because they represent the response at the irregularity,
roughly maximum response across the canyon and response at free field (which should just
be identical to the baseline case). Therefore, they are representative of the topographic
amplification variation across the canyon. The resulting hazard curves are provided in Figures
8.5 and 8.6 for the crest and the toe areas respectively. Hazard curves are superimposed on
those calculated without topographic effects for comparison purposes.
The hazard curves for the three considered points at the crest area differ depending on
the spectral acceleration level of interest. For very low intensity shaking, which is dominated
by frequent small earthquakes (i.e. very small values of spectral acceleration Sa<0.001g), the
target motion is so low that all the scenarios exceed this level by a lot regardless of whether
topographic effects occur or not. Even if topographic factors were large then there would be
no effect on the hazard for sufficiently low Sa. Curves considering topography for areas very
far away from the irregularity (xnorm=4) are the same to those without topographic effects
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Figure 8.5: Hazard curves for 101 levels of target spectral acceleration, presented only for spectral period values
equal to the scaled input wavelet periods (Tpscaled). Curves calculated at the crest area of the canyon considering
topography are superimposed to those without topographic effects consideration.

(dashed line) as expected. This is because the added mean and variance due to topography
is zero by design (the functional form is chosen to taper to zero in the free field). For very large
spectral periods (T=2sec) hazard curves are not affected by topography, while for periods
smaller than T=0.25sec only points on the irregularity are affected. This is reasonable since
the change of the response at the crest area is noticed for the spectral period range between
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Figure 8.6: Hazard curves for 101 levels of target spectral acceleration, presented only for spectral period values
equal to the scaled input wavelet periods (Tpscaled). Curves calculated at the toe area of the canyon considering
topography are superimposed to those without topographic effects consideration.

0.333sec and 1sec (refer also to Chapter 4). The limits of this range correspond to the
fundamental periods (in scaled terms) of a 1D soil column with height equal to the canyon
crest height. The soil layer response at the crest affects largely the topographic response, as
also observed by the topographic amplification variation in Chapter 4. For periods intermediate
to the fundamental modes of the 1D crest, topography has an additive effect on the hazard
since the mean value of the topographic factor has been added to the mean value of the “no

311

Chapter 8: Design Framework
topo” distribution. Hazard curves for this reason lie above the “no topo” curves. For spectral
periods of T=0.333sec and 0.42sec though, the hazard considering topography is lower,
reflecting the de-amplification noticed for points close to the irregularity. Any change of the
hazard curve shapes reflects changes in the variance of the distributions. The standard
deviation is larger for points lying closer to the irregularity, which affects the longer spectral
acceleration values where the hazard curves considering topography change shape (their
slope is slightly different). At higher ground motions, and therefore at lower return periods, the
curves spread due to the larger variance that changes the shape of the tail of the distribution.
Similar conclusions result from the hazard calculations at the toe area. Hazard curves
considering topography have a larger shift from the “no topo” case for all the points across the
toe area due to the crest-to-crest distance dependency. For narrower canyons, the response
does not reach the free-field response at the middle of the canyon thus the mean value of the
distribution at large distances is not always zero. This has an additive effect on the hazard
which is observed from the shift of the points with xnorm=4. The difference between the hazard
curves considering topography for the toe area and the “no-topo” case is larger than the
difference between the same hazard curves for the crest area. More “topo” curves lie below
the “no topo” for the toe area, reflecting the generally observed de-amplification in the vicinity
of the canyon toe.
Moreover, UHS are calculated at the same three points across the crest and toe areas
regarding the normalised distance from the irregularity. Figures 8.7 and 8.8 summarize the
comparison of the UHS resulting for the “no topo” case with the cases where topography was
considered for each one of the three examined points (a, b and c for xnorm=0, 0.5 and 4
respectively). The UHS is calculated using the same exceedance probabilities as in the “no
topo” case (black curves of Figures 8.7 and 8.8 are the same with those of Figure 8.4 for the
three probability levels). The UHS for xnorm=4 at the crest area is exactly the same as that for
the “no topo” case that is why the plot for this point is not shown. The additive effect of
topography is obvious for distances of xnorm=0 and 0.5 in all the period range. The effect of
topography results in a second peak of the spectrum between T=0.333sec and 1sec, at
periods around 0.5sec.
The spectral response at the toe is more complicated, the UHS for areas far away from
the irregularity differs only slightly from the UHS without topography (due to free field that is
not fully reached at the middle of the canyon). An additional hazard is also evident with two
peaks ranging from T=0.25secs to 0.667sec and from 0.667secs to 2sec. The peaks lie exactly
at 0.333sec and 1sec which are the fundamental periods of the crest of the canyon in scaled
terms. The effect of the 1D crest response on the topographic amplification of the toe area is
also reflected in these calculations (see also the topographic amplification at the toe in Chapter
4).
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Figure 8.7a: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates (line type refers to
the same levels as in Figure 8.4) and the point across the crest area of the canyon with xnorm=0.

Figure 8.7b: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates (line type refers to
the same levels as in Figure 8.4) and the point across the crest area of the canyon with xnorm=0.5.
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Figure 8.8a: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates (line type refers to
the same levels as in Figure 8.4) and the point across the toe area of the canyon with xnorm=0.

Figure 8.8b: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates (line type refers to
the same levels as in Figure 8.4) and the point across the toe area of the canyon with xnorm=0.5.
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Figure 8.8c: Uniform Hazard Spectrum calculated for three levels of annual exceedance rates (line type refers to
the same levels as in Figure 8.4) and the point across the toe area of the canyon with xnorm=4.

Finally, the shift of the UHS due to topography in relation to the spectral period can be
observed by plotting the ratio of the UHS considering topography to the baseline UHS across
the spectral period range. This is shown in Figures 8.9 and 8.10 for the crest and the toe areas
of the canyon respectively. These ratios refer to the topographic amplification of the ground
motion which as expected is more pronounced closer to the topographic irregularity (i.e. higher
ratios for xnorm=0 both at the crest and the toe areas). The ratios vary with spectral period but
are similar for all the return periods so the three curves for different λ mostly coincide in these
figures. The shifts of the plots for different λ values are particularly seen for xnorm=0 at the crest
area of the canyon. These relate to the model variability 𝜎𝑙𝑛𝑆𝑎,𝐺𝑀𝑃𝐸 which depends on the
earthquake scenario considered and particularly the earthquake magnitude according to the
equation by Boore et al. (2014). Even though the scenario considered is 100km away from
the site in this example, the largest considered magnitude scenarios have a measurable
response at small spectral periods. This is related to nonlinear soil effects that are reflected to
the UHS motion variation at the small spectral periods range. However, constant mean
𝜇𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜 and standard deviation 𝜎𝑙𝑛𝑆𝑎,𝑡𝑜𝑝𝑜 values due to topography are considered in PSHA
calculations irrespective of the target Satarget that is why the ratios are almost equal for any
return period considered.
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Figure 8.9: Ratio of the Uniform Hazard Spectrum considering topography to the UHS without topographic effects
consideration calculated for three levels of annual exceedance rates (line type refers to the same levels as in Figure
8.4) and the three points across the crest area of the canyon with xnorm=0, 0.5 and 4.

Figure 8.10: Ratio of the Uniform Hazard Spectrum considering topography to the UHS without topographic effects
consideration calculated for three levels of annual exceedance rates (line type refers to the same levels as in Figure
8.4) and the three points across the toe area of the canyon with xnorm=0, 0.5 and 4.
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8.2

Design recommendations

Topographic effects are rarely accounted for in seismic design codes. Details on the French
seismic code (AFPS, 1995) and Eurocode 8 (EC-8, 2005) recommendations for topographic
effects have already been presented in Section 2.6 of Chapter 2. In summary, design codes
generally account for the expected topographic factor resulting from response in the horizontal
direction (Ah). As discussed in Chapter 2, the minimum increase of peak ground acceleration
(i.e. the minimum proposed value for the topographic amplification factor) is 20% and 40% by
the French code and EC-8 respectively. This section summarises the proposed design
methodology based on the developed design equations and the hazard calculations using
PSHA. It should be clarified that the design method refers only to topographic amplification
factors defined in the horizontal direction (SAh). The numerical analyses of Chapters 4 and 5
imply that that the resulting vertical acceleration at the ground surface of the canyon due to
SV wave incidence is parasitic in nature and is not negligible. This produces large vertical
topographic amplification factors (SAv), especially in areas located very close to the irregularity
(xnorm≤0.5).
The numerical analyses of this study consist of topographic factors with comparable
amplitudes in the horizontal and vertical directions. Also, the distances behind the slope crest
and toe that are affected by topographic amplification are similar. Finally, the topographic
amplification factors occurring due to an earthquake input motion have comparable amplitudes
with the topographic amplification resulting from the Saragoni and Hart (1974) wavelet input
motions. Nevertheless, the response at the canyon surface after the occurrence of an
earthquake event in nature has three components of motion (one vertical and two horizontal
ones) and is not a result of a single horizontal input motion as assumed for the majority of the
performed numerical analyses in this thesis. In other words, parasitic vertical acceleration is
an additional component of the vertical acceleration at the ground surface resulting from the
earthquake occurring. The current study accounts only for the design of topographic factors
in the horizontal direction, unlike the other methods presented in literature which base the
design for the vertical factors on the parasitic nature of the vertical ground motion at the ground
surface of slopes (Assimaki et al., 2005c; Bouckovalas and Papadimitriou, 2006;
Papadimitriou and Kontogianni, 2013 already presented in Section 2.7 of Chapter 2). Design
of the vertical topographic factors is thought as appropriate to be based on records with input
in the vertical direction rather than deduct conclusions from the resulting parasitic vertical
component using a purely horizontal earthquake record input.
The following key points can be made in relation to the design equations proposed in
Chapter 7:

317

Chapter 8: Design Framework
-

Horizontal topographic factors are characterised by a distribution with mean value and
standard deviation provided by Equations [7.3] and [7.6] respectively. The distribution
of topographic factors depends on the normalised distance from the irregularity and
the scaled input wavelet period.

-

The response can be determined for specific values of the spectral period of interest
(refer to Tables 7.2 and 7.4 for the mean and standard deviation respectively). Those
may be taken as equal to the scaled period of the input wavelets (T=Tpscaled) analysed.

-

There is a provision for evaluating the response at any period of interest by
interpolating between the provided periods. Note that the interpolation should be
performed on the response (the resulting SAh values with distance) and not the
provided model coefficients (αi and βi for the mean and the variance).
The examined period range in scaled terms (Tpscaled=0.1sec to 2sec) corresponds to an

intermediate period range, where topographic factors reach their extrema. This is because the
fundamental modes of vibration of the 1D soil columns with thicknesses equal to the slope
crest height and the toe slope height lie in this scaled period range (see Figure 7.5). The
expected topographic amplification at lower or higher period ranges is insignificant in this
study. The response resulting from both the earthquake records and the wavelets in Figure
5.24 indicates the minimal topographic factor changes for the small period range (T<0.1sec)
and the large period range (T>2sec) as compared to the intermediate period range (T=0.1 to
2sec). For this reason a constant design model is provided to account for the small variation
of topographic factors around the irregularity for small and large period ranges. Topographic
factors can then be considered equal to those resulting for Tpscaled=0.1sec and Tpscaled=2sec for
the small (T=0.01 to 0.1sec) and the large (T=2 to 10sec) period ranges respectively.
All the above are summarised to the following:
0.36 · 𝑒 (−1.09·𝑥𝑛𝑜𝑟𝑚) · sin(2.01 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 1.85),
)={
𝛼4 · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚) · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝑎3 ),
−0.05 · 𝑒 (−6.50·𝑥𝑛𝑜𝑟𝑚) · sin(1.85 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 0.38),

𝑇 ≤ 0.1𝑠𝑒𝑐
0.1𝑠𝑒𝑐 < 𝑇 < 2𝑠𝑒𝑐
2𝑠𝑒𝑐 ≤ 𝑇

−0.66 · 𝑒 (−1.67·𝑥𝑛𝑜𝑟𝑚) · sin(1.05 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 1.95),
ln(𝑆𝐴ℎ 𝑡𝑜𝑒 ) = {
𝛼4 · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚) · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝑎3 ),
0.13 · 𝑒 (−10.66·𝑥𝑛𝑜𝑟𝑚) · sin(0.002 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 1.76),

𝑇 ≤ 0.1𝑠𝑒𝑐
0.1𝑠𝑒𝑐 < 𝑇 < 2𝑠𝑒𝑐
2𝑠𝑒𝑐 ≤ 𝑇

ln(𝑆𝐴ℎ

𝑐𝑟𝑒𝑠𝑡

𝑇 ≤ 0.1𝑠𝑒𝑐
0.1𝑠𝑒𝑐 < 𝑇 < 2𝑠𝑒𝑐
2𝑠𝑒𝑐 ≤ 𝑇

0.19 · 𝑒 (−1.89·𝑥𝑛𝑜𝑟𝑚) ,
= { 𝛽2 · 𝑒 (−𝛽1 ·𝑥𝑛𝑜𝑟𝑚) ,
0.02 · 𝑒 (−8.51·𝑥𝑛𝑜𝑟𝑚) ,

𝑇 ≤ 0.1𝑠𝑒𝑐
0.1𝑠𝑒𝑐 < 𝑇 < 2𝑠𝑒𝑐
2𝑠𝑒𝑐 ≤ 𝑇

0.25 · 𝑒
,
𝜎ln(𝑆𝐴ℎ ) 𝑐𝑟𝑒𝑠𝑡 = { 𝛽2 · 𝑒 (−𝛽1 ·𝑥𝑛𝑜𝑟𝑚) ,
0.02 · 𝑒 (−9.01·𝑥𝑛𝑜𝑟𝑚) ,

𝜎ln(𝑆𝐴ℎ ) 𝑡𝑜𝑒

[8.22]

(−0.72·𝑥𝑛𝑜𝑟𝑚 )
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The mean value of the horizontal amplification factor can be directly used to multiply
both the type 1 and 2 elastic response spectra provided in part 1 of EC-8 for any period of
interest and at any point across the canyon. As seen previously in Figures 8.9 and 8.10, the
ratio of the UHS considering topography to the baseline UHS simply represents the calculated
topographic factors based on the design equations of Chapter 7. It is also observed that the
variance does not significantly alter the factor values. Moreover, the Eurocode 8 spectra are
supposed to be similar to the 475-year UHS spectra (as also explained in Section 8.1.1). This
means that the Eurocode 8 spectra arise by considering different scenarios on the hazard
analyses with a potentially different factor to be applied based on the topographic
consideration. The current design model considers topographic factors with mean and
standard deviation values which are scenario independent. These considerations mean that
there should not be a significant error in multiplying the Eurocode spectra with the design
topographic factors based on the conclusions of the PSHA in the previous section. In fact,
both type 1 and type 2 spectra of Eurocode 8 for soil type B multiplied by the topographic
factors resulting for the three locations across the canyon (xnorm=0, 0.5 and 4) result in spectral
shapes similar to the UHS spectra for the “topo” case presented in Section 8.1.2 for the crest
and toe areas. For this reason, the EC-8 spectra comparison for the “topo” and “no topo” cases
is not presented herein. However, it is noted that the GMPE used is based on a lot more
ground motions than the topographic factors derived in this study which are based on limited
numerical analyses. This results in limited chances to identify any trends in the resulting
ground surface response so it is possible and highly likely to identify mean and standard
deviation values of topographic factors which depend on the earthquake scenario considered
if a larger ground motion database is used for their derivation. Consequently, the proposed
model would then need to be adjusted based on the variation of the factors with the different
considered scenarios.
A schematic illustration of the proposed methodology to consider topographic effects in
design is shown in Figure 8.11. The Eurocode 8 design refers to the above discussion, while
in case of probabilistic calculations, mean value and variance of the horizontal amplification
factors can be used in hazard calculations based on Equations [8.18] to [8.21] to derive the
total probability of exceeding any spectral acceleration target of interest.
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Figure 8.11: Schematic illustration of the proposed design methodology.

320

Chapter 8: Design Framework
The current design proposal is also compared to design recommendations for
topographic amplification factors presented in the literature (Assimaki et al., 2005c;
Bouckovalas and Papadimitriou, 2006; Papadimitriou and Kontogianni, 2013). As discussed
in Section 2.7 of Chapter 2, these studies propose equations to determine the topographic
amplification factors that can be used to multiply the elastic response design spectrum of EC8. They all refer to a single slope geometry above a half-space. A detailed comparison of those
studies is already provided in Chapter 2 thus the focus of this section is to further compare the
literature results with the current design framework in terms of the horizontal topographic
amplification factors. The same slope characteristics to those reported in literature are used
here (Vs=500m/s, i=30o, H=50m and H/λ=0.2 and 0.45 corresponding to Tp=0.5sec and
0.22sec respectively). It is already mentioned (Chapter 2) that the difference of the slope
height of H=40m by Assimaki et al., (2005c) and H=50m by Bouckovalas and Papadimitriou
(2006) and Papadimitriou and Kontogianni (2013) does not significantly affect the resulting
topographic amplification variation. For this reason, only curves proposed in the literature for
H=50m are presented in the following figures for direct comparison with the current study.
The main difference between the design methodology proposed here and the existing
methods is that the response at a specific spectral period depends on analyses with an input
motion wavelet with period (Tp) equal to the spectral period of interest (T). Larger topographic
amplifications in comparison to the literature results are generally expected from the current
study, firstly due to the presence of the rigid bedrock that is seen to largely affect the amplitude
of topographic amplification in Chapter 4. Also, the proposed equations do not depend on the
slope angle parameter. It is already discussed (in Chapters 4 and 7) that the topographic
amplification increases with increasing slope angle, with the largest observed topographic
amplification factor amplitudes occurring for the vertical slope configuration. Since the design
equations are derived considering the full range of slope angles (i=10o to 90o) and more
analyses have been performed for a vertical slope configuration, the proposed design is
expected to be more conservative than the methods identified in the literature based on i=30o.
Both Assimaki et al., (2005c) and Papadimitriou and Kontogianni (2013) focus on the
maximum topographic amplification variation with spectral period at the crest area,
considering a period range between T=0sec and T=3sec. Comparative plots of the current
design to the literature studies are provided in Figure 8.12. The full dataset with its distribution
metrics and the mean and variance of the irregularity points are plotted on top of the literature
design curves (black lines) and the current design equation (grey lines). The upper two panels
plot the full dataset considering z=125m, 250m and 500m while the lower show only the
numerical analyses with z=500m to highlight the observed topographic amplification factor
amplitude difference resulting from the rigid bedrock assumption in this study. It is observed
that if the design was only based on the numerical dataset with z=500m, the topographic factor
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prediction would be comparable to the design equations previously proposed in literature.
However, for shallower depths to bedrock the characteristic peaks of TAF at the spectral
period range of T=0.333sec to 1sec should not be neglected. These are strongly related to
the 1D crest site response as discussed in Chapter 4. Topographic amplification factors are
then both dependent on presence of the rigid bedrock and the site response of the irregularity.

Figure 8.12: Topographic amplification function variation with spectral period. Comparison of the current design for
the crest area (grey line) to the ones proposed by Assimaki et al. (2005c) (dashed black line) and Papadimitriou
and Kontogianni (2013) (full black line). The full dataset for the derivation of the current design model is provided
in the upper panels while the dataset with z=500m in the lower ones. Different curves for H/λ=0.2 and 0.45 are
provided by Papadimitriou and Kontogianni (2013) in the left and the right plots respectively.
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The studies identified in the literature focus on the maximum value of the horizontal SAh
distribution across the examined slope. The designs proposed have a maximum response
variation with spectral period at T=0sec (see Figures 2.32 and 2.34 of Chapter 2). However,
the spectral response in this study depends on the corresponding value of the input
wavelength. The spectral period of T=0sec is considered in the graphs presented here only to
enable comparison with equations presented in the literature. However, since Papadimitriou
and Kontogianni (2013) derive a design equation based on input wavelet frequencies of
H/λ=0.2 and 0.45, the application of the current design proposal to these two periods is also
examined. The methodology that can be used to derive the topographic amplification factor
distribution across the canyon based on Figure 8.11 is as follows.
1. Determine the spectral periods of interest:
T=0sec and T=0.5sec and T=0.22sec corresponding to H/λ=0.2 and 0.45
respectively (using Vs=500m/s and H=50m). In this design, T=Tp.
2. Derive the TAF distribution with distance from the irregularity:
Using Equation [7.3] for the crest and the toe of the canyon and the coefficients from
Table 7.2 of Chapter 7:
ln(𝑆𝐴ℎ ) = 𝛼4 · 𝑒 (−𝛼1 ·𝑥𝑛𝑜𝑟𝑚) · sin(𝛼2 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 𝑎3 )
Spectral Period
T (sec)

Crest area

Toe area

α1

α2

α3

α4

α1

α2

α3

α4

0.10

1.09

2.01

1.85

0.36

1.67

1.05

1.95

-0.66

0.20

0.79

2.03

2.19

0.39

2.19

0.001

0.95

-0.75

0.25

3.54

2.47

0.96

0.30

0.40

0.02

3.06

-6.48

0.50

1.06

0.86

1.55

0.46

0.55

0.48

2.28

-1.08

For T=0sec: this period is smaller than T=0.1sec thus the design equation is constant and
topographic amplification factor amplitudes result from the coefficients provided for T=0.1sec:
Crest: ln(𝑆𝐴ℎ ) = 0.36 · 𝑒 (−1.09·𝑥𝑛𝑜𝑟𝑚) · sin(2.01 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 1.85)
Toe: ln(𝑆𝐴ℎ ) = −0.66 · 𝑒 (−1.67·𝑥𝑛𝑜𝑟𝑚) · sin(1.05 · 𝜋 · 𝑥𝑛𝑜𝑟𝑚 + 1.95)
The response in the literature is derived for a half-space, comparable to the case of a depth
to bedrock value equal to z=500m in this study (see Chapter 4 using the conclusions of Tripe
et al. (2013) and the conclusions of the current study on the comparison of the depth to
bedrock effect on the canyon response considering or not a rigid bedrock presence). The
Tpscaled parameter is used in the current design so the analysed values of T=Tp=0.22sec and
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0.5sec in the literature correspond to 0.22sec and 0.5sec for z=125m and 0.055sec and
0.125sec for z=500m in the current design, as 𝛵𝑝𝑛𝑜𝑟𝑚 = 𝑇𝑝 ·

125
.
𝑧

The resulting variation across

the canyon for the periods of 0sec, 0.125sec, 0.22sec and 0.5sec is presented in Figure 8.13.
For T=0.125sec and 0.22sec, the response is found using interpolation between the periods
of T=0.1 and 0.2sec and T=0.20 and T=0.25sec respectively.

Figure 8.13: Topographic amplification function variation with distance from the irregularity corresponding to
spectral periods of T=0sec, T=0.125sec, T=0.22sec and T=0.5sec.
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3. Calculate the absolute distance in km:
The topographic factors with distance are plotted in km in the literature (see Figure
2.35 of Chapter 2) so the normalised distance xnorm should be calculated in km in
order for the distributions of TAF in this study to be comparable to those from the
literature. According to Equations [7.1] and [7.2], the distance x is equal to
x=xnorm·Vs·Tpscaled·z/125, where the input wavelet period Tp is equal to the Tpscaled and
the spectral period of interest.

𝛵𝑝𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑇𝑝 ·
𝑥𝑛𝑜𝑟𝑚 =

125
𝑧

125
𝑥
125
𝑥
·
=
·
𝑧 𝑉𝑠 · 𝑇𝑝𝑠𝑐𝑎𝑙𝑒𝑑
𝑧 𝜆𝑛𝑜𝑟𝑚
𝑝

For T=Tp=0.1, 0.2, 0.25 and 0.5sec respectively, the distance x is determined in km.
The comparison to the literature design curves is shown in Figures 8.14 and 8.15
both for z=125m and z=500m. It is seen that the x parameter is the same for z=125m
and z=500m for same input Tp due to the above normalisation equations in this
study.

Figure 8.14: Topographic amplification function variation with distance from the irregularity. Comparison of the
current design across the canyon (grey line) with T=0sec to the ones by Assimaki et al., (2005c) and Papadimitriou
and Kontogianni (2013). Shading highlights the limits of the horizontal amplification factor in Papadimitriou and
Kontogianni (2013), given as SAh between 1.0 and 1.1 (see Section 2.7 of Chapter 2).
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Figure 8.15: Topographic amplification function variation with distance from the irregularity. Current design across
the canyon (grey line) with T corresponding to Papadimitriou and Kontogianni (2013). Comparison to the design
equations by Assimaki et al., (2005c) and Papadimitriou and Kontogianni (2013). Shading highlights the limits of
the horizontal amplification factor in Papadimitriou and Kontogianni (2013), given as SAh between 1.0 and 1.1 (see
Section 2.7 of Chapter 2).

The left panels of Figures 8.14 and 8.15 correspond to H/λ=0.2 while the right to
H/λ=0.45 as the design by Papadimitriou and Kontogianni (2013) is different for these two
values. The current design curves are presented for T=0sec in Figure 8.14 to be consistent
with the spectral period of the design curves from the literature, while the current design for
spectral periods corresponding to the H/λ values examined by Papadimitriou and Kontogianni
(2013) are plotted in Figure 8.15 for comparative purposes. The design curves by Assimaki et
al., (2005c) are the same in every figure.
The current design for T=0sec is comparable to values proposed in literature for the
crest area of the slope (x=-1 to 0km). The larger topographic amplification at the toe area (x=0
to 1km), when compared to the single slope case, is related to the proximity of the two canyon
slopes. For this reason, larger differences between the proposed design to the literature ones
are observed. Assimaki et al., (2005c) predict the large topographic amplification amplitude
that occurs at the crest point although numerical analyses are based on the half-space
assumption and a mild slope configuration (i=30o). The design by Papadimitriou and
Kontogianni (2013) is more conservative across the x-distance since they provide an envelope
of the expected TAF fluctuation. The current design overestimates the topographic factor
amplitude for z=500m since the derivation of the design equations was based in a full
numerical dataset considering z=125m, 250m and z=500m. The resulting topographic factor
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amplitudes are larger than what is expected for the half-space case, considering that the
design equations were shown to predict the mean response of the full dataset.
A larger variation of the proposed design values from previously proposed expressions
is observed for the spectral periods corresponding to the input wavelet periods (Figure 8.15).
For T=0.22sec, both the expressions from the literature at the crest area are similar to the
current one. The methods presented in the literature examine a single slope so the response
at the toe is expected to be smaller than the response predicted in this study due to the
absence of the effect of the crest-to-crest distance in the results when compared with the
current study. The response at the toe area is indeed smaller in Assimaki et al. (2005c) while
Papadimitriou and Kontogianni (2013) provide a more comparable relationship to the current
proposal as their design factor varies between 1.0 and 1.1. Finally, the proposed design value
for T=0.5sec herein is not comparable to the ones in literature for the toe area. The response
maximises for this period due to the large site response effect on topographic amplification.
The effects of the crest-to-crest distance and the presence of the rigid bedrock in this study
result in increased TAF amplitudes compared to those predicted using the methods given in
the literature, especially for this period. The current proposal is conservative in terms of the
amplitudes of the topographic factors for z=500m because of the formulation of the design
equations. Overall Assimaki et al., (2005c) predict a similar response at the crest to the current
proposal. This may be related to the nonlinear analyses and the material heterogeneity that is
considered to derive the design proposal in their study. These factors may generate a more
complicated response, comparable to the depth to bedrock effect of the current study.

8.3

Conclusions

This chapter has presented a proposed framework to predict the mean and standard deviation
values characterising the distribution of horizontal amplification factors at the surface of
canyon topographies for use in design. The design framework is based on the design
equations derived for canyons with step like slopes overlying rigid bedrock that were presented
in Chapter 7. The importance of including topographic amplification variation into the design
of structures lying close to topographic irregularities is firstly highlighted. A methodology is
developed to incorporate the proposed design equations into design methods using Eurocode
8 and PSHA calculations for an assumed scenario of a fault rupture.
The current framework is also compared to published research considering the factors
to be applied in the design code provisions to estimate topographic factors at the crest area
for single slope topographies lying above a half-space. A comparison of the current proposal
to the previously proposed methods was performed, resulting in a discussion of the
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parameters that may affect each of the design proposals. The observed differences between
the proposed designs are mainly due to the presence of the stiff bedrock interface in this study
that results in a strong dependency of the topographic factors on the site response at the site
of interest. The development of a design framework for the expected horizontal ground motion
around topographic features is a general improvement to the existing code provisions. Finally,
understanding topographic factor dependencies and providing the methodology for
incorporating its distribution into hazard assessment is an important step to designing at sites
with irregular ground conditions. However, the proposed design equations are simplified as
already mentioned in Chapter 7. This may explain the differences observed between this study
and the results obtained by applying methods proposed in the literature. While the depth to
bedrock parameter and the canyon geometry were analysed, in contrast to the single slope
above a half-space scenario considered in the literature, any effect of the underlying soil
parameters and nonlinear soil behaviour is not accounted for (as in the study of Assimaki et
al., 2005c). For this reason, extensive analyses considering different soil layering conditions,
realistic location of the water table and nonlinear soil behaviour need to be performed to create
the database that could be used for the derivation of more advanced design equations
including these parameters. The sharpness of the extrema observed for the analyses in this
study are expected to reduce once these other attributes as varied. The system response will
be influenced by the additional damping to the soil nonlinearity as also seen in the literature
(refer also to Sections 2.5.3 to 2.5.5. of Chapter 2).
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9
CONCLUSIONS AND RECOMMENDATIONS
The variation of topographic amplification at the ground surface of a canyon geometry lying
on a soil layer above rigid bedrock has been extensively examined in the current research. A
large number of analyses have been performed to investigate the influence of specific
parameters on this variation. The parameters considered were the canyon geometry, the input
motion nature (wavelets or earthquake records) and the input motion characteristics (input
motion period, earthquake magnitude and frequency), the direction of the input motion (SV
and P wavelets or unidirectional or bidirectional earthquake records), the soil layer stiffness
profile with depth (uniform and non-uniform stiffness with depth and two layered profile) and
the water compressibility. A design framework has been proposed based on the results of
most of these analyses. The basic conclusions related to the numerical analyses performed
in each of the thesis chapters are summarised here and recommendations for future research
are provided, taking into account the design framework proposal of this study.
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9.1

Effect of wavelet input motion on the surface response of empty
canyons

The set of analyses that refer to wavelet input motion consider an empty canyon lying on a
homogeneous, isotropic and elastic soil layer of thickness z above rigid bedrock. A comparison
of the topographic amplification using Saragoni and Hart (1974) and Ricker (1953) wavelets
as SV input motions showed that the Saragoni and Hart (1974) wavelets result in more
conservative topographic amplification factor amplitudes. The topographic factors from both
wavelets are characterised by the same extrema locations across and adjacent to the canyon
but the amplitudes for the Saragoni and Hart (1974) input motion are higher that the
topographic factor amplitudes for the Ricker (1953) wavelet. The Saragoni and Hart (1974)
wavelets also better represent the frequency content of a recorded earthquake event because
the acceleration time history of this motion contains multiple peaks with different amplitudes.
For this reason, the Saragoni and Hart (1974) wavelets were considered throughout the thesis
as the wavelet excitation imposed either horizontally (SV waves) or vertically (P waves) on the
numerical domain.
The input pulse period and the horizontal distance from the irregularity can be examined
in a scaled format, i.e. normalising by the input motion wavelength. The benefit of using these
normalisations is that topographic amplification extrema across the canyon surface can then
be aligned for different scenarios considered. These extrema locations are found to mostly
depend on the site response of the canyon, thus they can be predicted if the H, Vs and z values
are known.
The variation of topographic amplification factors with input motion period (Tp) is
characterised by extrema locations at the crest and toe areas that depend on the site response
of the 1D crest and 1D toe respectively. The topographic factors at the canyon crest area
maximise between the H/λp values corresponding to the 1st and 2nd fundamental modes of the
1D crest. This is related to the definition of the topographic amplification factor, which is
expected to achieve a maximum for the minimum values of the transfer function and vice
versa. For this reason, topographic maxima are generally more pronounced in the lower
frequency range site response (smaller transfer function values). The same conclusion applies
at the toe area, where the topographic maxima occur at H/λp ratios equal to the fundamental
modes of vibration of the 1D crest. This shows that the 1D crest response is very important
for determining the topographic response peaks at the canyon. Topographic amplification
generally has larger amplitudes close to the topographic irregularity and reduces to the freefield value away from the crest and the toe areas. Parasitic topographic amplification factors
maximise at the same H/λp values with the main component of the topographic factors. The
parasitic response is also larger close to the crest and reduces to zero far away from the crest
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and the toe points. The response at the middle of the canyon is always zero in this research
due to the symmetry of the geometry and the vertical incidence of the considered input motion
(zero angle of incidence).
Similar topographic amplification amplitudes are spatially and temporally observed for
canyons with comparable H/Vs or H/z ratios for horizontal wavelet incidence i.e. vertically
propagating SV waves. This is because the site response of the 1D crest which is related to
the topographic amplification extrema locations, is similar for canyons with comparable H/Vs
or H/z ratios. When the height of the canyon slope is varied, there is a shift in the extrema
locations of the topographic factors are translated in terms of H/λp, for canyons with same Vs/z
ratios. The amplitudes of the topographic factors also seem to depend on the relationship of
the crest-to-crest distance to the 1D crest site response. The extrema are firstly more
pronounced for incident wavelengths comparable to the canyon dimensions in agreement with
the literature. It is also shown that larger topographic amplitudes are expected when the
canyon width is between the wavelengths corresponding to the 1st and 2nd fundamental modes
of vibration of the 1D slope crest. The resulting response at the ground surface is similar to
the single slope case for canyon widths larger than 500m for the considered input motion
wavelengths in this study. Therefore, a distance of approximately 500m is identified as the
limiting distance for the interaction of the two canyon slopes for the canyon geometries and
input motions considered in this study. A comparable distribution of the topographic factors is
expected for canyons with same H/Lctc, H/z and z/Lctc ratios. When the three ratios are
simultaneously equal for two canyons, the canyons have similar shapes (they are a scaled
version of each other) and comparable response in terms of amplitude and response shape
with distance from the topographic irregularity is thus expected. The canyon slope angle
variation is shown to affect in a smaller extend the ground surface response. Higher
topographic amplification amplitudes generally occur for steeper slope geometries and in
particular for the vertical slope configurations examined compared to the milder slope angles.
However, care should be taken when accounting for this response since it is mostly localised
in areas very close to the irregularity (xnorm≤0.5) for both wave incident directions (both for SV
and P waves).
Regardless of the input wavelet direction, any change of a vertical canyon dimension (H
and z here) is expected to cause a variation in the vertical component of the topographic
amplification factor amplitudes at the ground surface. Similarly, any change of a horizontal
canyon dimension (Lctc here) mainly effects the horizontal component of the expected
topographic factors and especially the toe area of the canyon for cases of Lctc≤500m when the
two canyon slopes interact with each other. As a result, the crest-to-crest distance and the
canyon slope are not identified as major parameters that alter the topographic distribution at
the ground surface for P input wavelets propagating in the vertical direction herein.
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The parasitic topographic amplification factors are comparable in amplitude to the main
component of the response (either vertical or horizontal depending on the examined
component of the input motion). This is observed even for mild canyon geometries and is an
indication that the parasitic response cannot be generally neglected. The existing studies in
literature examining the topographic amplification at the surface of single slopes above halfspace with SV input motions, include design recommendations for both the horizontal and the
parasitic vertical components of the ground amplification factors (Assimaki et al., 2005c;
Bouckovalas and Papadimitriou, 2006; Papadimitriou and Kontogianni, 2013). The design
equations developed here aim to give a simplified first order approximation of the expected
horizontal component of the canyon surface response. It is seen that parameters like the
presence of multiple soil layering or soil nonlinearity might also effect the ground surface
response but their effect is currently difficult to estimate without extensive parametric analyses.
Apart from these uncertainties that still need to be accounted for, the proposed design
equation for the estimation of the horizontal topographic factors is seen to generally provide a
conservative estimate of the mean response resulting from a bi-directional earthquake input
motion. Any deviations from this conclusion which exist in areas with xnorm≤0.5 for the spectral
period range of T=0.5-0.667sec (Section 7.2.2) could be further investigated in the future,
recalibrating the model using a bi-directional input motion.

9.2

Effect of earthquake records on the surface response of empty
canyons

The numerical analyses in Chapter 5 considered the topographic amplification variation at a
canyon surface lying on a homogeneous layer over rigid bedrock. A suite of 30 recorded
earthquakes was considered as an input motion, using either only the horizontal component
of the records or simultaneously the horizontal and vertical components. This set of analyses
investigated whether simple input motions in the form of wavelets could be used to predict the
topographic amplification resulting from more complicated input motions like earthquakes. The
majority of the existing studies focus on the incident motion characteristics that influence the
topographic amplification variation and do not consider the suitability of wavelet motions as
an input excitation.
The variation of the topographic amplification factors does not seem to be greatly
affected by the earthquake magnitude, thus the response resulting from the suite of 30 input
motions is considered as a group characterised by a mean and a standard deviation value in
this study. A comparison of the response resulting from the wavelets to the mean response of
the 30 earthquake records shows that the wavelet analysis can generally produce comparable
topographic amplification variation to the variation observed using the earthquake records, if
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wavelets with Tp equal to the spectral period of interest are considered. This means that the
response resulting from the wavelet pulses with an input period Tp equal to the spectral period
of interest produces similar fluctuations of topographic amplification with spectral period to that
resulting from earthquake records. The response shape away from the irregularity fluctuates
as a function of the input motion wavelength (λp) for the wavelet pulses or wavelengths
resulting from the spectral periods (λ=Vs·T) for the records. The area close to the irregularity
that is strongly affected by topography is located at maximum normalised distances to the
input motion wavelength xnorm=x/λp=2.
For input periods Tp or for spectral response periods equal to the fundamental modes of
the crest or the toe, the topographic effect minimises because the soil layer amplification
dominates the response. Due to the definition of the topographic amplification, its resulting
values are very small at these periods. For any other period intermediate to the crest or toe
fundamental modes, the soil layer amplification is sufficiently small for the topographic
phenomena to be observed and the topographic response maximises. These conclusions
further support the effect of the canyon geometry on the resulting topographic amplification at
the canyon surface as seen in Chapter 4.

9.3

Effect of other parameters on the ground surface response

The majority of the numerical analyses in this thesis are performed for a soil profile
characterised by a uniform stiffness variation with depth and drained soil conditions. Limited
analyses for a specific geometry were performed to assess the effect of any variation of these
parameters on the canyon surface response. A comparison of the topographic factor
difference between a soil profile of uniform stiffness and profiles with stiffness increase with
depth or a two layer profile was firstly performed. Both wavelets and earthquake records are
used as horizontal input motion. It is seen that if the stiffness profile is non-uniform there is an
effect on the topographic amplification factor amplitudes in the smaller spectral period range
(T≤0.333sec). Both the horizontal and the parasitic vertical topographic amplifications are
enhanced in that range, especially at the crest area of the canyon. The response variation
with distance across the canyon is similar to that resulting from a use of a uniform stiffness
profile, however the response in the case of uniform stiffness is characterised by larger
topographic factor amplitudes. Similar conclusions result from the comparison of the response
at the canyon surface considering a uniform soil stiffness variation and non-uniform profiles,
with earthquake records input excitation.
Studies documented in the literature have also shown that the soil layer stiffness
variation with depth and the presence of multiple layers are important parameters to consider
since the resulting topographic amplification and created wave field are considerably different
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from the uniform single soil layer case (Assimaki and Gazetas, 2004; Assimaki et al. 2005a,
2005b, 2005c; Asimaki and Mohammadi, 2017). The analyses presented in this thesis confirm
the importance of these parameters, but do not suggest large differences in topographic
amplification extrema locations with frequency or large differences in amplitude as observed
in the literature. Performing site specific analyses is thus necessary to confirm the results of
the current research. Extensive parametric analyses are also needed to highlight the overall
effect of these parameters on the response, determine which parameters differentiate
significantly the response to the uniform profile and include these parameters in the design
equations.
The effect of water compressibility was assessed by comparing the topographic factor
variation resulting for different water compressibility values using the same canyon geometry.
The combined effect of water compressibility and non-uniform stiffness variation was
examined. The parasitic vertical topographic factor amplitudes are influenced by the inclusion
of the water compressibility in the analyses. Accounting for water compressibility results in
reduction of the topographic amplification factors at the crest area and increase of the factors
at the toe at the period range of T=0.333 to 0.5sec. Larger differences in the topographic
amplification factors amplitudes are observed due to the inclusion of water in the case of a
uniform stiffness profile than in the case of a non-uniform soil stiffness profile.
For simplicity in the analyses taking water compressibility into account, the water table
is assumed to be at the ground surface which is rather unrealistic for areas close to the crest
of the canyon slope. This is not considered to significantly affect the distribution of the
topographic factors, however, it was not altered herein as these analyses form the basis of a
more extensive parametric study that generally needs to be performed to assess the impact
of these parameters on the topographic response of a canyon. More parametric analyses
considering also a simultaneous presence of all the above mentioned parameters should be
performed, although it is seen that each of them individually will not result in major alterations
to the topographic factor variation across the canyon.

9.4

Design equations and framework

The design equations developed in this study are based on numerical analyses performed for
canyons with step like slopes overlying rigid bedrock with wavelet input motions imposed in
the horizontal direction. The input wavelet period and the distance from the irregularity are two
of the parameters that influence the horizontal topographic amplification variation and are
currently incorporated in the design equations. The depth to bedrock is implicitly considered
as it is used in the normalisation equations of distance from the irregularity and input motion
period (xnorm and Tpscaled). Sensitivity checks were also quantitatively performed to estimate the
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effect of the size of the dataset used on the resulting coefficients within the regression process.
It is shown that the variation of the regression coefficients with spectral period is quite sensitive
to the dataset size, especially at the toe area of the canyon. This is due to the response
dependencies on other geometrical parameters that have not been accounted for at this stage.
Biases of the design equation are still observed, related to the effect of the slope angle,
the slope height, the crest-to-crest distance and the depth to bedrock geometrical parameters.
These parameters are on purpose not incorporated in the design equations. This is because,
there is no need to increase the complexity of the model at this stage as it would still not
account for parameters that would certainly alter the ground surface response (linear and
drained soil behaviour is considered and multiple soil layering is not taken into account). A
simplified design model to account for the horizontal topographic amplification factors as a first
approximation is then proposed. The general applicability of the proposed equations is
checked by comparing the horizontal topographic factors resulting from the design model to
analyses output of earthquake records imposed either only horizontally or bi-directionally on
the numerical domain. It is seen that the design equations based on wavelet input motions are
a good estimate of the expected mean response across the canyon resulting from earthquake
records. However, underestimation of the response at distances close to the irregularity
(xnorm≤0.5) is observed for spectral periods around T=0.5sec, especially at the toe area of the
canyon.
The design equations describing the fluctuation of the mean value and the standard
deviation of the horizontal topographic factors across the canyon and the spectral period range
are then used to develop a complete design methodology. An example of a hypothetical site
located in California is firstly used to highlight the differences of the resulting hazard curves
between a site located at flat ground and one close to a topographic feature. The uniform
hazard spectra (UHS) at both sites are compared and it is seen that the spectra considering
topography at the crest area have higher spectral amplitudes at a period range between
T=0.333 to 1sec and a second peak at around T=0.5sec. The spectra at the toe area are
characterised by two additional peaks at T=0.333sec and 1 sec. It is then observed that
topographic amplification peaks are located at spectral periods related to the fundamental
periods of the 1D crest and the 1D toe of the canyon, as well as the fundamental modes of
the canyon slope (Tslope). This is a similar conclusion to those of Chapter 4 in terms of the
variation of topographic amplification magnitude with input motion period. The ratio of the UHS
at the site location considering topography to the UHS at flat ground is shown to be
comparable to the horizontal topographic amplification factors of this thesis. This observation
indicates that the UHS without topographic effects could be multiplied by the mean value of
the proposed horizontal topographic amplification factors provided in Chapter 7 to derive the
UHS characterising a site affected by topography. In case of using Eurocode 8 to design at a
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location affected by topography, both types 1 and 2 elastic design spectra for the different soil
site categories could then be directly multiplied by the mean value of the horizontal
topographic factors derived in Chapter 7 of this study, considering the spectral period of
interest. This is because the UHS derived for a return period of 475 years should in theory be
the same as the elastic design spectrum of Eurocode 8. It is mentioned here that unlike the
UHS spectra comparison, the proposed amendment of the Eurocode spectrum considering
the topographic factors of this study neglects the standard deviation values.
The mean response of topographic factors of this study are finally compared to the
topographic factors proposed in the literature to alter the Eurocode 8 design recommendations
(Assimaki et al., 2005c; Bouckovalas and Papadimitriou, 2006; Papadimitriou and
Kontogianni, 2013). It is seen that the proposed topographic factor amplitudes resulting from
the current study are generally larger than the ones proposed in literature. This is attributed to
the presence of the rigid bedrock in the numerical results of this study, which generally
increases the resulting topographic factor amplitudes at the ground surface (Chapter 4).
Despite the fact that the depth to bedrock parameter and the canyon geometry are also
included in the analyses of this study in contrary to the single slope above half-space in the
literature, any effect of the underlying soil and nonlinear soil behaviour is not accounted for
(as in the study of Assimaki et al., 2005c). For this reason, no definite conclusions could be
made on the differences between the resulting factors in this study and those in the literature
until more extensive analyses are performed with different soil layering conditions, realistic
location of the water table presence and consideration of nonlinear soil behaviour. This would
assist to the development of a larger database of numerical results that could be used for the
derivation of more advanced design equations including these parameters. It would then be
easier to highlight the weight of the effect of each input parameter to the resulting topographic
amplification variation.

9.5

Recommendations for further work

As mentioned above, this study presents a first approach to account for the variation of the
horizontal topographic factors at a canyon irregularity based on a homogeneous, elastic soil
lying on a rigid bedrock. The extensive literature review and numerical simulations performed
during this research shows that topographic amplification at a site is not only related to the
geometric characteristics of the irregularity in presence. The site response is an important
parameter that interacts with topographic geometry and changes the wave scattering
mechanisms in the ground. For this reason, the outcomes of this study could be used as a
first approach to consistently account for topography effects in the design. Due to the
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complicated nature of topographic effects, more research should be performed to properly
account for them into ground motion prediction equations.
An extensive review of the parameters that affect the response at a canyon irregularity
is already performed in this study. The rigid bedrock presence is one of the parameters that is
not used in many literature studies thus it was thought as appropriate to consider the rigid
bedrock presence assumption throughout this thesis. For this reason, multiple parametric
studies are performed to account for the effect of the geometric canyon parameters on the
ground surface response in case of a rigid bedrock presence. However, the design equations
contain biases which are related to the effect of the slope angle, the slope height, the crestto-crest distance and the depth to bedrock on the ground response. An updated version of the
design equations considering these parameters could be developed in the future.
Also, design equations are provided for the horizontal component of the topographic
amplification at the ground surface. High amplitudes of the parasitic vertical component are
highlighted in Chapters 4 and 5. In fact, the parasitic vertical response amplitude is sometimes
comparable to that of the horizontal component, especially at areas close to the topographic
irregularity. Design equations are not derived for the parasitic motion because this is an
additional component to the response in reality as the input motion comprises of three
components. Numerical analyses could then be performed considering bi-directional input
motion analyses in plane strain conditions to derive a more realistic design proposal for the
vertical response at the canyon surface.
The current design equations are derived based on wavelet input motions. The wavelets
are shown to be a good tool for predicting the response resulting from earthquake records.
However, the design equations currently under predict the response resulting from
earthquakes at areas very close to the irregularity (xnorm≤0.5) and at specific spectral periods
especially at the toe of the canyon (around T=0.5sec). The earthquake analyses are limited to
examination of a single canyon geometry so further parametric investigation needs to be
performed for a similar range of geometric parameters to that used herein to ensure that the
observed biases still exist.
The effect of a non-homogeneous soil layer should be estimated by considering multiple
shear wave velocity profiles with depth or shear wave velocity variation in space. The studies
of Assimaki et al. (2005a, 2005b, 2005c) are a useful tool towards this direction. However, the
presence of rigid bedrock could change the predicted topographic amplitudes and this is a
parameter that should also be considered. The presence of multiple soil layers with different
impedance ratios between the soil layers should also be accounted for in the design based on
the conclusions of Chapter 6. The studies of Assimaki and Gazetas, (2004), Jeong and
Assimaki (2015) and Asimaki and Mohammadi (2017) set the scene on the expected response
in case softer soil layers are lying close to the ground surface. However, there is still a need
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for quantifying which of the soil properties mostly influence the ground surface response and
to derive a relation of this effect.
Analyses could also be performed for a combination of all the above mentioned factors
as most of them would affect the surface response on a soil site in nature. Current literature
contains many numerical analyses for realistic soil conditions examined as case studies
(Bouchon and Barker, 1996; Gazetas et al., 2002; Assimaki and Gazetas, 2004; Assimaki et
al., 2005b; Semblat et al., 2005). Nevertheless, multiple analyses need to be performed to
quantify which of the input parameters are controlling the response in case all of the above
mentioned conditions are simultaneously present. Design equations could then be derived
based on the conclusions of these advanced numerical analyses. The current GMPEs could
then be altered to consider and additional topographic factor as its influence by the changing
parameters would be known.
Last but not least, soil nonlinear behaviour has not been examined here. Many studies
in literature consider this behaviour but do not contain a large number of parametric analyses
to be able to define which of the input soil parameters mostly affect the ground surface
amplification. Some of these analyses consider a single soil slope above half-space (Assimaki
et al., 2005a, 2005c; Jeong and Assimaki, 2015), while others incorporate the combined soil
equivalent linear behaviour and rigid bedrock presence in the response (Rizzitano et al.,
2014). Nevertheless, more research needs to be performed to draw solid conclusions on how
soil nonlinearity affects the topographic amplification variation.
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A
APPENDIX
Summary of the topographic amplification variation at the crest and the toe areas with xnormalised distance (panel a), normalised input pulse period (panel b), slope angle (panel c),
crest-to-crest distance (panel d), slope height (panel e) and depth to bedrock (panel f). Results
for all the panels except (b) refer to a specific value of the normalised period.
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.1sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.16sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.2sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.25sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.333sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.42sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.5sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.58sec

361

Appendix A: SAh to varied parameters of the numerical model

Crest area – T=0.667sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=1.0sec
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Appendix A: SAh to varied parameters of the numerical model

Crest area – T=2.0sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.1sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.16sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.2sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.25sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.333sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.42sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.5sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.58sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=0.667sec
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Appendix A: SAh to varied parameters of the numerical model

Toe area – T=1.0sec

374

Appendix A: SAh to varied parameters of the numerical model

Toe area – T=2.0sec
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B
APPENDIX
Summary of the proposed design equation for the horizontal topographic amplification at the
crest and the toe areas with x-normalised distance depending on the dataset size. The
proposed design model based on Equation [7.3] is presented with full line in the first panel
referring to the full dataset and with dashed line in all the other panels for comparison
purposes. The full line of each panel refers to the design Equation [7.3] with regression
coefficients dependent on the considered dataset.
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Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

378

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

379

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

380

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

381

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

382

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

383

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

384

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

385

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

386

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

387

Appendix B: SAh to x normalised distance for different analysed datasets

Crest area

388

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

389

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

390

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

391

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

392

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

393

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

394

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

395

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

396

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

397

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

398

Appendix B: SAh to x normalised distance for different analysed datasets

Toe area

399

Appendix B: SAh to x normalised distance for different analysed datasets

This page is intentionally left blank.

400

